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GreenChip SSL8516T PFC and flyback controller

1. Introduction

2. Features

The SSL8516T is an integrated PFC and flyback controller in an SO16 package. Both
controllers operate in Quasi-Resonant (QR) mode and in Discontinuous Conduction Mode
(DCM) with valley detection. They are independently switched.

The PFC output power is on-time controlled for simplicity. Sensing the phase of the mains
voltage is not required. The flyback output power is current-mode controlled providing
good input voltage ripple suppression.

The integrated communication circuitry between the controllers does not require
adjustment.

Remark: The voltage and current levels contained in this application note are typical
values. The specification of the pin level spreading is given in the SSL8516T data sheet.

Remark: If a parameter value in this application note is different from the value in the
applicable data sheet, the data sheet is leading.

This application note describes the functionality of the SSL8516T and the adjustments
required within the power converter application.

The large signal parts of the PFC/flyback power stages and the coil/transformer design
and data are not included in this application note.

The GreenChip features allow the design of reliable, cost-effective and efficient
Switched-Mode Power Supplies (SMPS) using a minimal number of external components.

2.1 Key features

¢ PFC and flyback controllers integrated in one SO16 package

* PFC and flyback controllers operate at independent switching frequencies

* No external hardware required for the communication between the controllers
* High level of integration, resulting in a low external component count

¢ |ntegrated mains voltage enable and brownout protection

¢ Fast-latch reset function implemented

* Power-down functionality for low standby mode power requirements

2.2 System features

AN11486

¢ Safe restart mode for system fault conditions

¢ High-voltage start-up current source (5 mA)

* Reduction of HV current source (1 mA) in safe restart mode
* Wide V¢ range (13.4 V to 38 V)

* Vcc UnderVoltage LockOut protection (UVLO)

* MOSFET driver voltage limited
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¢ Easy control of start-up behavior and V¢ circuit
¢ General-purpose input for latched protection
* Internal IC OverTemperature Protection (OTP)

* Accurate PFC switch-on/switch-off control using flyback switching frequency
measurement

* One high-voltage spacer between the HV pin and the next active pin

¢ Open pin protection on the VINSENSE, VOSENSE, PFCAUX, FBCTRL, and FBAUX
pins

2.3 PFC features

* Fixed output voltage boost converter

* QR/DCM operation with valley switching

* Frequency limitation at 400 kHz to minimize mains current harmonics
* ton controlled

* Mains input voltage compensation for control loop to achieve a good transient
response

¢ OverCurrent Protection (OCP)
¢ Soft-start and soft-stop

* Open/short-circuit detection for PFC feedback loop: no external OverVoltage
Protection (OVP) circuit required

* Adjustable PFC switch-off delay
* PFC switch-on/switch-off overriding functionality

2.4 Flyback features

* FR/QR/DCM operation with valley switching

* Frequency Reduction (FR) with an adjustable minimum peak current and valley
switching to maintain high efficiency at low output power levels

* Frequency limitation (130 kHz) to reduce switching losses and ElectroMagnetic
Interference (EMI)

¢ Current mode controlled

¢ OQvercurrent protection

¢ Soft-start

* Accurate OVP through auxiliary winding

* Time-out protection for output overloads and open feedback loop, available as safe
restart protection
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3. SSL8516T schematic

Figure 1 and Figure 2 show the schematic diagrams of a typical application for a constant
current output application.

PFC inductor charge loop

F1 PFC inductor discharge loop
LF2 R1 BD1 L1 / D1
mains - + v ~l
inlet CX £<-H->T'M l -7 ’ St Vbus
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Fig 1. SSL8516T schematic including EMI filter and PFC part
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4. Pin description

4.1 Pinning diagram

Vee [ [16] HV
GND [2] [15] Hvs
FBCTRL [ 3] [14] PFCTIMER
FBAUX [4 | [13] FBDRIVER
LATCH [5 | © [12] PFCDRIVER
PFCCOMP [6 | [11] PFCSENSE
VINSENSE [7 | [10] FBSENSE
PFCAUX [8 ] [ 9] VOSENSE
aaa-002623
Fig 3. SSL8516T pinning diagram

4.2 Pin descriptions

Table 1. SSL8516T pin description
Pin number |Pin name Functional description summary
1 Vee Supply voltage: Vyip = 0.6 V; Vgtartup = 22.3 V; Vihuvro) = 13.4V

When mains voltage is applied, the V¢ pin capacitors are charged to Vgiarup by the internal
HV current source Iyy. When Vee < Vg, Iny is limited to 1.1 mA. This feature prevents that

the IC overheats when the V¢ pin is short-circuited. When Vyip < Ve < Vstartup, the initial Iy
is 5 mA to enable a fast start-up.

During safe restart, when Vo) < Vee < Vstartup, IHv IS limited to 1 mA again to reduce the
safe restart duty cycle. The lower duty cycle results in reduced input power during fault
conditions. When Vstyp is reached, Iy is pinched off and Ve is regulated to Vsigyp until
the flyback starts.

See Section 5.2 for a complete description of the start-up sequence.
GND Ground connection

FBCTRL Control input for flyback for direct connection of the optocoupler

When Vegetre > 4.9 V, the flyback delivers maximum power. The flyback enters FR mode
when 0.54 V < Vegetre < 4.0 V. The flyback driver stops switching when Vegetr < 0.54 V.

The built-in logic controls an internal 29 pA current source liFscTry) that is connected to the
pin. lorEacTrL) Can be used to implement a time-out function for detecting an open control
loop or a short circuit of the flyback output. For testing purposes, the time-out function can be
disabled by connecting a 180 kQ resistor between pin FBCTRL and ground.

4 FBAUX Input for flyback auxiliary winding for transformer demagnetization detection, OverVoltage
Protection (OVP) of the flyback, and, if necessary, mains dependent OverPower Protection
(OPP).

The demagnetization detection on the FBAUX pin and the valley detection on the HV pin
determine the flyback switch-on timing in the valley. A flyback OVP is detected at

IeBaux > 300 pA (into the IC). Internal filtering prevents false detection of an OVP. The
flyback OPP starts at Irgayx > 100 pA (out of the IC).

AN11486 All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2014. All rights reserved.

Application note Rev. 1 — 17 July 2014 7 of 53




NXP Semiconductors AN11486

GreenChip SSL8516T PFC and flyback controller

Table 1. SSL8516T pin description ...continued

Pin number |Pin name Functional description summary

5 LATCH General-purpose latched protection input

When Vcc reaches Vgigryp, the LATCH pin capacitor is charged to 582 mV before the PFC
and flyback controllers can be switched on. The latched protection is triggered when
ViatcH < 494 mV. The PFC and the flyback are then switched off.

The internal logic controls an internal 30.5 uA current source o atcHy Which connects to the
pin. With loatch), connecting a Negative Temperature Coefficient (NTC) resistor to the
LATCH pin enables an optional latching temperature protection.

6 'PFCCOMP Frequency compensation pin for the PFC control loop
Input for on-time modulation of the PFC gate drive signal.

When PFC is off, the PFCCOMP pin is clamped to a low voltage of 3.32 V or 1.18 V
(determined by Vinselycimp) 0N the VINSENSE pin) and an upper voltage of 3.75 V.

7 'VINSENSE Sense input for mains voltage
The VINSENSE pin has several functions:
® Mains voltage start level: Vgiarvinsensg) = 1.16 V
* Mains voltage stop level (brownout): Vgiopvinsense) = 0.89 V
® Mains voltage compensation for the PFC control-loop gain bandwidth
® Fast-latch reset: Vg, = 0.75 V
¢ PFCCOMP clamp select threshold: Vinselycimp = 2.0 V
* Enter standby mode: Vi gy = 385 mV
* Exit standby mode: Vinpdjexit = 460 mV

The Vvinsense must be an averaged DC value, representing the AC line voltage. The
VINSENSE pin is not used for sensing the phase of the mains voltage.

8 'PFCAUX Input from an auxiliary winding of the PFC coil for demagnetization timing and valley
detection to determine the PFC switch-on timing

To prevent pin damage due to lighting surges, always connect a 5 kQ series resistor between
the auxiliary winding and this pin.

9 VOSENSE Sense input for the PFC output voltage, open-loop and short-circuit detection:
* PFC output voltage start level Vinstaryvosense = 0.5 V

* PFC output voltage stop level Viystop)vosensg) = 0.4 V

* PFC output voltage regulation; Viegvosense) = 2.5 V

* PFC soft OVP (cycle-by-cycle): Voypvosensg) = 2.62 V
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Table 1. SSL8516T pin description ...continued

Pin number |Pin name Functional description summary
10 FBSENSE Flyback current sense input
On this pin, the sum of three voltages is measured. The voltages are:
® Flyback current x sense resistor
® ladj(FBSENSE) % Series resistance
* Delay compensation voltage
Selecting the proper resistor values for the FBSENSE circuit:
® Prevents or minimizes the risk of flyback transformer saturation
* Allows some adjustment for switching on or switching off the PFC controller
* Allows a system that operates line voltage independently
Vsense(fh)max = 945 mV at dV/dt = 0 mVus. Vsense(b)min = 232 mV at dv/dt = 0 mV/us.
Vsense(fo)min IS related to the adjustable peak current through the flyback transformer when
flyback is operating in frequency reduction mode.
There are two internal current sources connected to this pin:
° |start(soft)fb =60 pA
® ladjFBSENSE) = 2.1 pA
The internal logic controls Iswnsoftyio Which is intended to implement a soft-start function for
the flyback controller. The flyback driver only starts when Isiarsomyf Can charge the soft-start
capacitor to a voltage > 0.55 V. A minimum soft-start resistance of 15 kQ is required to
ensure that the flyback controller is switched on.
ladj(FBSENSE) IS intended to support the switch-on/switch-off adjustment of the PFC.
11 PFCSENSE |PFC overcurrent protection input
The PFCSENSE pin limits the maximum peak current in the PFC transformer. It is a
cycle-by-cycle protection. The PFC MOSFET switches off when Vprcsense > 495 mV (at
dVv/dt = 0 mV/us).
The logic controls a 60 A current source lgtarysoftyprc Which connects to this pin. lsgrsotyprc
is used to implement a soft-start and soft-stop function for the PFC to prevent audible noise.
The PFC driver only starts when lsiarysoftyprc €an charge Vprcsense > 0.5 V. The soft-start
resistance must exceed 15 kQ to ensure PFC start-up.
12 PFCDRIVER PFC MOSFET gate-driver output
13 FBDRIVER Flyback MOSFET gate-driver output
14 PFCTIMER | The PFC switch-on/switch-off control and timing
The PFC is switched on without delay. The timer delays the switch-off of the PFC when the
load of the flyback is removed or minimized.
Switch-off is triggered when two conditions are met:
* The filtered flyback operating frequency < 53 kHz (FR mode only)
® VercTiMER > 3V
An externally applied voltage on the PFCTIMER pin can overrule the automatic PFC
switch-on/switch-off:
i VPFCTIMER < 1.03V: PFCison
® VpecTiver > 4.4 V: PFC is off
15 HVS High-voltage safety spacer; not connected
16 HV High-voltage input for the internal start-up current source (to charge V¢cc) and valley sensing

input of the flyback

Valley detection input: The combination of demagnetization detection at the FBAUX pin and
valley detection at the HV pin determine the switch-on timing of the flyback MOSFET in the
valley.

AN11486
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5. System description and calculation

5.1 PFC and flyback start conditions

Figure 4 shows the enable conditions of the PFC and the flyback during initial start-up. If
start-up problems occur, check these conditions with an oscilloscope to find the cause of
the problem. The conditions rely on dynamic signals (see Figure 5).

LATCH > 582 mV —»| FBSENSE (soft-start) > 0.55 V —»,

PFCSENSE (soft-start) > 0.5 V. —>

PFC switch flyback switch
VINSENSE > 1.16 V —>| AND on signal FBCTRL<7.75V — AND [— . signal
VOSENSE > 0.5V —»|
IPFcCoMP > -55 pA —> PFC switch on signal —»|
aaa-013013 aaa-002535

a. PFC

Fig 4. Controller enable conditions at initial start-up

AN11486

b. Flyback

5.2 Initial start-up sequence

At initial power-on, the IC has the following start-up sequence (see Figure 5):

1.

The HV current source Iy is set to 1.1 mA and the V¢ pin capacitance is charged to
0.60 V to allow short-circuit detection at the V¢ pin.

. At Vce =0.60V, Iy set to 5 mA and the V¢ pin capacitance is quickly charged to

Vstartup-

At Vstartups IHv is pinched off. The 30.5 pA LATCH pin current source loatcHy IS
switched on to charge the LATCH pin capacitance. The PFCSENSE and FBSENSE
soft-start current sources are switched on.

. When the LATCH pin capacitance is charged to 582 mV, the PFC can start switching

when Vyosense > 0.5 V and Vyinsense > 1.16 V.

Two additional conditions that must be met to enable the PFC driver are:

— The PFCSENSE pin soft-start capacitor is charged to 0.5 V

— The PFCCOMP pin capacitance is charged to either 1.19 V or 3.32 V, depending
on Vyinsensk (Vingsencimp) @nd Iprccomp > =55 pA

Conditions to enable the flyback driver are:

— The PFCSENSE pin soft-start capacitor is charged to 0.5 V

— The PFCCOMP pin capacitance is charged to either 1.19 V or 3.32 V, depending
on Vyinsenske (Vingselycimp) @nd Iprccomp > =55 pA

When flyback increases its output voltage, the auxiliary winding takes over the V¢

supply.

If the flyback feedback loop signal is open (due to a fault), the time-out protection on

pin FBCTRL is triggered. Both converters are switched off, Vcc drops to VinuvLo), and

the IC performs a safe restart. During safe restart Iy is set to 1 mA to charge the V¢
pin capacitance.
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9. AtVce = VinwvLo) lengow) Charges the Ve pin capacitance to Vsiarup. The sequence
is continued at step 3 above.

IHv —
// ] Vstartup
/ [~ VinuvLo)
Voo =4 Vlrip
f Vstart(VINSENSE)
VINSENSE ——
e —— Ven(PFCCOMP)
PFCCOMP —
Ven(LATCH)
LATCH —
PROTECTION — I-I _
«—t— soft-start

PFCDRIVER — " I-L"J-LI-LI-LI-LI-I

J— soft-start

I
PFCSENSE —
| N
|
|

FBSENSE —

FBDRIVER — (LI I
/\} Vto(FBCTRL)
FBCTRL —
/_\\\_-
Vih(start)VOSENSE
VOSENSE —
Vo — _
chargingVCC __
capacitor starting normal protection restart
converters  operation aaa-011585

Fig 5. Start-up, normal operation and restart sequence

In safe restart mode, the controller goes through the steps 3 to 9 as described in
Section 5.2. The PFC and flyback soft-start capacitors can be chosen independently to
set the soft-start time.
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5.3 Vcc supply

In a constant current output LED driver, the output voltage can vary from Vo(min) t0 Vo(max)
with a ratio of 3. The V¢ is derived from the auxiliary winding of the flyback transformer,
which can cause high power dissipation in case of no-load.

Figure 6 shows options for V¢ generation to supply the SSL8516T:

* Basic application for fixed output voltage applications (see Figure 6 (a))
* Vcc application for an LED driver with large V, range support (see Figure 6 (b))

* Reduced standby power compared to Figure 6 (b), Vcc takeover in case of no-load by
diode D3 (see Figure 6 (c)).

* When PFC is always enabled, the bus voltage can be used as fixed reference during
the primary stroke of the flyback (see Figure 6 (d)).

D1
T
D1 T R1 R2
—<t—> D2 FBAUX o 1 D2
D V > q V
R1 R2 g ° it 2 R ©
o— }+—— + s
FBAUX & o1 Vce © < c1
D3 R3
la +
Ve © A 1<t ‘ D =c2 =c4 =cC3
.l.cz Tc3 § | o4
-1
J; DNy b
aaa-012681 J7 aaa-012680
a. Fixed output voltage example b. Linear regulator example
|D15] T
D2
R1 R2 $ v
FBAUX o — 4 ° D1
D3 P +
c1 Vo
[—|€_ D4 .
Ve © Q1 l I<} C1
f] R3 | ==c3
+ D
—=C2 ==c4 [
== D5 <
Ny %
é aaa-012679 2aa-012682
c. Takeover by D3 at Vg, = Vomay) d. Using primary stroke with PFC always on
Fig 6. Vcc supply circuit diagrams
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5.4 Mains voltage sensing and brownout

The VINSENSE pin senses the mains input voltage. When Vynsense > Vstart(VINSENSE)
and all the other start conditions are met (see Section 5.1), the PFC starts switching.

When Vynsense < Vstopvinsense), the PFC stops switching. The flyback driver continues
switching until the maximum flyback on-time protection tonn) > ton(hymax is triggered.
When this protection is triggered, the IC stops switching and enters safe restart mode.

Vvinsense Must be an average DC value, representing the mains input voltage. The
system works optimally using a time constant of approximately 150 ms for the VINSENSE
pin RC filter.

R5

R9
VINSENSE IC

C6 R14

<k

aaa-012827

Fig 7. VINSENSE circuit

5.4.1 Discharging the mains input capacitor

For safety reasons, discharge the ElectroMagnetic Compatibility (EMC) input filter
X-capacitors CX with a time constant of t < 1 s.

The replacement resistor Ry and CX determine the time constant.
Tyinsense = Ry CX (1)
RV can be calculated with Equation 2:

R1 - (R5+ R9 + R14)

RV = R1+ (2)
R1+R5+R9+R14
Where:
e R1=R2
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Brownout voltage adjustment

The rectified input voltage is measured using resistors R1 and R2. R1 must be equal to
R2. The average rectified line voltage is calculated with Equation 3:

v - 242,

ac(avg) ~—

ac(rms) (3)

The brownout level is calculated with Equation 4:

v = . y Ry+R5+R9+R14 B
bo = 2A/§' stop(VINSENSE) ° R14 4)

Where:

* Vsiop(vinsensg) = 0.89 V
* Vy, is the RMS AC mains voltage at which the PFC converter stops

At a brownout threshold of 68 V (AC) and in compliance to IEC-60950 chapter 2.1.1.7
discharge of capacitors in equipment (Ref. 3). Example values are shown in Table 2.

Table 2. VINSENSE component values

CX total R1 R2 R5 + RO R14
220 nF 2 MQ 2 MO 560 kQ 47 kQ
330 nF 1.5 MQ 1.5 MQ 820 kQ 47 kQ
470 nF 1MQ 1MQ 1.1 MQ 47 kQ

3.3 uF for capacitor C6 and 47 kQ for resistor R14, sets the recommended ~150 ms time
constant for the VINSENSE pin filter.

Internal OverTemperature Protection (OTP)

The IC has an internal temperature protection to protect the IC from overheating. The IC
stops switching when the junction temperature exceeds the thermal shutdown
temperature. As long as the OTP is active, the V¢ capacitor is not recharged from the HV
mains. When the V¢ supply voltage is not sufficient, the OTP circuit is supplied from the
HV pin. The internal OTP is not a latched protection. A safe restart is performed when the
internal OTP is released.

LATCH pin

The LATCH pin is a general-purpose input pin which can be used to disable and latch both
converters. The pin sources a bias current lo_atch of 30.5 pA for the connection of an
NTC resistor. When ViarcH < VproyLaTcH), Switching of both converters is stopped
immediately. Vcc starts cycling between ViyuyviLo) and Vseartup Without a restart at Vsgaryp. A
mains power cycle (switch-off/switch-on) triggers the fast-latch reset circuit using the
VINSENSE pin and resets the latch.

At start-up, the LATCH pin capacitance is charged above VenatcH) before both
converters are enabled. The LATCH pin is charged when V¢ reaches Vsatup.

A 10 nF capacitor is placed between the LATCH pin and the IC GND pin to prevent false
triggering. When the LATCH pin function is not used, place a 10 nF capacitor on the pin.
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LATCH
5

Cc18

GND

aaa-012823

Fig 8. Usage of the LATCH pin protection

Latching on application overtemperature occurs when Ry < 16.2 KQ.

- Vprot(LATCH) _ 494 mVv _ 16.2 kO
loateH) 305 pA

Where:

* Ropis R28 + R35

Fast latch reset

(®)

A power cycle (switch-off/switch-on) resets the latched protection. After the input voltage
is switched off, Vyinsense decreases. When Vyinsense < Vir the fast-latch reset circuit is
triggered but does not reset the latched protection. After the mains input voltage is

applied, the Vynsense increases again. The latch is only reset when

Vvinsense > (Viir + Viirnys))- The system restarts when the Ve pin is charged to Vgartup.
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6. PFC description

The PFC controller operates in either QR mode or DCM mode with valley detection to
reduce the switch-on losses. The maximum switching frequency fswprcymax Of the PFC is
limited to 400 kHz. One or more valleys are skipped to keep the frequency below

fsw(PFC)max-

The PFC is designed as a fixed boost converter. The resistors connected to the
VOSENSE pin set the PFC output voltage.

The PFC is switched off automatically with a delay (default PFCTIMER pin application) to
ensure high efficiency at low output currents. The switch off delay prevents audible noise
caused by PWM / dynamic loads. After switch-off, the electrolytic bus capacitor voltage
Vpus drops to the peak of the mains voltage.

6.1 PFC output voltage and voltage control

The PFC control in the SSL8516T is on-time controlled. The IC does not require mains
phase angle sensing. To obtain a good Power Factor (PF), Total Harmonic Distortion
(THD), and a class-C Mains Harmonics Reduction (MHR), the on-time is kept constant
during the half sine wave.

The VOSENSE pin senses the PFC output voltage. The pin is the input of a
transconductance error amplifier with a reference voltage of Viegvosensg). The error
signal (2.5 V — Vyosense) amplified by 77 pA/V (gm) to a current in the PFCCOMP pin.
VpEccomp and VVINSENSE determine the PFC on-time.
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Fig 9. PFC converter on-time control

AN11486

R13, C8, and C7 at the PFCCOMP pin are intended to stabilize the PFC control loop. The
equation for a boost converter transfer function contains the square of the mains input
voltage. In competitor controllers without mains compensation, the result is a low
regulation bandwidth for low mains input voltages and a high regulation bandwidth for high
input voltages. The result can be that at high mains input voltages, it is difficult to meet the
MHR requirements. The SSL8516T uses the mains input voltage measured through the
VINSENSE pin to compensate the control loop gain as a function of the mains input
voltage. As a result the gain is constant over the entire mains input voltage range.

Vvinsense Must be an average DC value, representing the mains input voltage. The
system works optimally with a time constant of ~150 ms on the VINSENSE pin RC filter.

During low-power mode operation and start-up, the PFCCOMP pin is clamped to a
minimum voltage of 3.32 V or 1.18 V and a maximum voltage of 3.75 V. The minimum
clamp voltage depends on Viyselcimp 0N the VINSENSE pin. This clamp limits the
maximum power that is delivered when the PFC switches on. The maximum clamp
voltage ensures that the PFC returns from low-power mode to its normal regulation point
in a limited time.
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6.2 Mains Current Harmonics (MHR)

For lighting applications, the mains current harmonics MHR must comply with class C
requirements of IEC 61000-3-2. It is important to achieve a good THD over a wide input
voltage range and output power range.

CZLi’eJ - iC4 "
e T

<+

R5

—————————————— c5 R7
|
| fine tune R5 and R9 with an : |
| adjustable resistor |
| | R9
| Rs  C5 ! . VINSENSE |
I R9 It ' [¢]
' | PFCCOMP
S _| 6
2
R13 GND
C6 R14 - C7 Cc8
I I I aaa-013210

Fig 10. MHR optimization

There are multiple causes why the mains current is distorted.

6.2.1 Residual C1 voltage

Residual voltage on capacitor C1 can cause the diode bridge current to stop. The residual
voltage depends on the load and the value of the capacitance (C1 + C2) after the bridge
diode. Light load conditions leave more energy in the C1 capacitor.

Vmains(t) +2- Vf(bridge) < VCl(t) (6)
Where:

* Vmains(t) iS the momentary mains voltage

* Vipridge) is the forward voltage of a bridge diode

6.2.2 PFCinductor energy too low

Near the mains voltage, zero crossing, the energy in the PFC inductor is not sufficient to
charge the Q1 drain capacitance and transfer energy to the bus capacitor C4. Certain
offset energy in the PFC inductor is required.

i 2_1

_ 2
> Lerc  lokprey = 5 Capre) * Vbus )
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Where:

* Lpgc is the PFC inductance

* lpkprc) is the peak current set by the actual PFC on-time

* Cq(pro) is the total capacitance on the drain of Q1 (Coss + Cstray)
* Vpus is the actual bus voltage

6.2.3 Bus voltage ripple

The bus voltage ripple with a frequency of 2 x f,c causes a modulation of the tonprc)
because of the VOSENSE pin error amplifier. The 2 x 4. ripple voltage is out of phase
with the mains current, causing the mains current to be slightly asymmetrically distorted.

6.2.4 Valley hopping

At the maximum PFC frequency of 400 kHz, the PFC controller enters DCM and it starts
valley hopping. When the PFC controller transits from the first valley to the second, the
mains current drops because the PFCDRIVER duty cycle decreases with a discrete step.
This discrete step increases the THD.

6.2.5 MHR improvement guidelines
In order to improve the THD, the following measures must be taken:
* The total capacitance (C1 + C2) after the bridge must be small to minimize residual
voltage.

* To reduce capacitance after the bridge, consider to move the differential mode EMI PI
filter (C1, L1, C2) before the bridge diodes.

* To modulate tonprc), add capacitor C5 in the circuit. As a consequence lpkprc) from
Equation 7 increases near the zero crossing and energy is transferred to C4.

* The PFC NMOST drain capacitance Cqyprcy must be minimal

¢ Choose a relatively slow PFCCOMP time constant (10 Hz) for minimum distortion
from the 2 x f, bus voltage ripple.

¢ To use the full frequency operating range of the PFC controller, choose the highest
possible for Lpec. Move the valley hopping angle towards the zero crossings. The
frequency at low mains and high mains must not cause ringing of the EMI filter.
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6.3 PFC output voltage

The PFC output voltage Vpysavg)prcon IS Set using a resistor divider between Vy,s and the
VOSENSE pin. In normal operation mode, Vs is regulated so that Vyosgnse equals

Vreg(voSENSE) at 2.5 V.

D1

PFC stage B— Vous

Cc4 R4

.||_"+_

IC

e

R12 Place C10, R15 and R12
25 nA L é as close as possible to

VOSENSE pin VOSENSE

[(e]

2 c10 R15

J7GND I
aaa-012825

Fig 11. PFC output voltage setting

The VOSENSE pin has an integrated protection circuit and current lyrotvosense) to detect
an open circuit pin.

The bus electrolytic capacitor voltage Vpysavg)prcon Can be calculated with Equation 8:

R4+R12+R15+1) - 25(R4+R12+R15+1) ®)

Vbus(avg)PFCon = Vreg(VOSENSE)( R15 R15

Where:

* lprot(vosense) = 25 nA is neglected
* R15 advised < 120 kQ

The PFC converter only operates nicely when:

Vbus(avg)PFCon >V hains (RMS) - J2+10V )

Always keep the bus voltage ripple below the bus capacitors voltage rating.

Capacitor C10 filters noise and prevents false triggering of protection modes because of
MOSFET switching noise. False triggering of the Voypvosense) protection can cause
audible noise and disturbance of the AC mains input current.

A time constant between 500 ps and 1 ms at the VOSENSE pin is sufficient:
500 us<R15-C10<1 ms (20)

Place resistors R15 and R12 and capacitor C10 as close as possible to pin VOSENSE.
Use the IC GND for resistor R15 and capacitor C10.
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The OVP level is 5 % above regulation level which allows the average bus voltage to be
close to the voltage rating of the capacitor. However, the allowed ripple on the bus
capacitor is limited because of the OVP level. The minimum bus capacitor value is:

c4 _ Vo(max) ) Io(max) . Vreg(VOSENSE) (11)

min — 2
T fac(min) ’ Vbus(avg)PFCon “MNtotal

Voup(voSeNSE) ~ Vreg(VOSENSE)

Calculation of the PFC soft-start components

Soft-start and soft-stop are implemented using the R8 and C3 network that is connected
to the PFCSENSE pin.

|_. Istart(soft)PFC < 60 A

a
L | @— SOFT-START

SOFT-STOP |«
CONTROL

R8 R11_ PFCSENSE |11

C3 J-
R7 IC11

Fig 12. PFC soft-start and soft-stop

OocCP

IC

aaa-012820

To enable PFC start-up, the total series resistance must be > 15 kQ, so
Vstart(softyprc = 0.5 V is reached.

R7 + R8 + R11 > 15 kQ (12)
The total soft-start time or soft-stop time is:
Vstart(soft)PFC = R8-C3 (13)

The PFCTIMER pin switching off PFC always ends with a soft-stop. However, there is an
exception to this rule: no soft-stop occurs when Vqypvosensk) IS triggered.

Keep tstart(softyprc Within a range between 2 ms and 5 ms:

2ms<R8-C3<5ms (14)

PFC demagnetization and valley detection

The PFC MOSFET is switched on after the PFC transformer is demagnetized. The
internal circuitry connected to the PFCAUX pin detects the end of the secondary stroke. It
also detects the voltage across the PFC MOSFET. The next primary stroke is started
when the voltage across the PFC MOSFET is at its minimum level. Switching at the
minimum voltage level (valley switching) reduces switching losses and EMI.

The maximum switching frequency of the PFC converter is limited to 400 kHz. One or
more valleys are skipped to keep the frequency < 400 kHz.
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When the PFCAUX pin does not detect demagnetization, the controller generates a
Zero-Current Signal (ZCS) 48 s (= tigemag)prc) after the last PFC gate signal. When a
valley signal is not detected on this pin, the controller generates a valley signal 4.2 ps
(= torec)prc) after demagnetization was detected.

L1

N .
%] Vpus

C1 Cc2

IS

D2

Q1
R3

R7
]R10

<+
<+

C4

o |
| S
3
| |
+—]F

PFCAUX PFCDRIVER

GND

<G+—]n

aaa-012818

Fig 13. PFCAUX circuitry

6.5.1 PFCAUX winding and circuit design

Vprcaux Must be as close as possible to the absolute maximum voltage rating of +25 V of
the PFCAUX pin. This setting ensures valley detection at low ringing amplitudes.

The maximum number of turns of the PFCAUX winding is calculated with Equation 15:

\
_PFCAUX(max)
< PECAUX(max "N

(15)
VL(PFC)max P(PFC)

Naux(PFC)

Where:

* Vprcaux(max) IS the absolute maximum rating of the PFCAUX pin (25 V)
* VL (PFc)max is the maximum voltage across the PFC primary winding
* Nprre) is the number of turns of the PFC primary winding

The PFC output voltage Vy,s during the PFC OVP conditions determines the maximum
voltage across the PFC primary winding and is calculated with Equation 16:

i _ VovggVOSENSE) Vv _ 262V Vv
L(PFC)max — " Ybus(avg)PFCon ~ 9 5y/ ~ "bus(avg)PFCon

Vreg(VOSENSE) (16)

= 1.048 - Vbus(avg)PFCon
Where:
* Vhus(avg)PFcon iS the average bus voltage when the PFC is enabled

Place a resistor voltage divider between the auxiliary winding and the PFCAUX pin when
a PFC coil with a higher number of auxiliary turns is used. The total resistive value of the
divider must be < 10 kQ to prevent a valley detection delay due to parasitic capacitance.
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The polarity of the signal at the PFCAUX pin is reversed compared to the PFC MOSFET
drain signal.

To protect against electrical overstress during lightning surge events, always add a 5 kQ
resistor between the PFC auxiliary winding and the PFCAUX pin. To prevent incorrect
valley switching of the PFC because of external disturbances, place the resistor as close
as possible to the IC.

PFC on/off
The advantages of PFC on/off functionality are:

* Disabled: improvement of overall efficiency at low output power
* Enabled: improvement of power factor and harmonics of the line current

In FR mode, the auto PFC on/off control mainly depends on fsyn). fswn) is a result of:

* Primary flyback inductance
¢ Output power
¢ OQutput voltage

Figure 14 shows the conditions to switch on/off the PFC (FR mode only).

fsw(fb) < 73 kHz
VFBCTRL > 3.75V
SFBDRIVER > 50 %

ton(fb) > 19 Hs
fsw(fb) < 53 kHz
tofi(fb) > 28 ps()

aaa-012830

* For this condition the PFCTIMER is ignored. VegctrL > 3.75 V overrules this condition.

Fig 14. Automatic PFC on/off state transition
The application can overrule the automatic PFC on/off (see Section 6.6.1.2).
Remark: Vyinsense < Vstop(vinsense) disables PFC switching anytime.

Loy must not exceed Lpm)max t0 ensure active PFC at output power Pyprc)swon-

Lp(fb)max = (17)
1
2
L/(Z’Po(PFC)swon'fsw(fb)swon(PFC)) 1 + 1 )_Hc ) EC)T Cd(fb):|
sw swon
Nip Vous(minyprcoft  NipVo
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Where:

* fsw(fb)swon(PFc) IS 73 kHz

* n is the flyback controller efficiency, typically 0.95

* Vbus(min)PFcoff IS the minimum mains voltage (AC) when the PFC is off
* Np is flyback turns ratio Np(fb)/Ns(fb)

* V, is the output voltage

* Poprc)swon is the output power at which the PFC must be enabled

* Cq(m) is the total capacitance on the drain of the flyback switch

In a typical LED driver, the V, varies from Vomin) t0 Vomax)- fsw(tb)swon(prc) is lower at
Vo(min) because of the longer tofn) time. NipVomin) must be used in Equation 17.

If the PFC is off, the peak of Viains(min) must trigger PFC on transition. In Figure 15 the
expected bus voltage waveform is shown for Poprc)swon @t Vmains(rms)min = 85 V (AC).

aaa-012831

160

|Vmains(min)|

Vbus(min)
120

~ P
80 \ 7/

; A\ /
N/

time (ms)

Fig 15. Vpyusmin) waveform with PFC disabled at Po(prc)swon

Substitution of the known variables results in Equation 18 for Ly(fb)max-

L

p(fb)max =
1
2 (19
2-73 kHz-P
(/\/ o(PFC)onJ . [ 1 + N Vl J +73 kHz -t - Cd(fb)
Mib Vmains(rms)min/\/é fb Y o(min
Where:

* Vmains(rms)min IS the minimum RMS mains voltage (AC)
* Vo(min) is the minimum output voltage

The primary inductance must be:

L <L

p(fb) p(fb)ymax (19)
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PFCTIMER pin circuit

When the output power drops to below the PFC switch-off level, the PFCTIMER pin
delays the PFC switch-off. The switch-off delay prevents that the PFC repeatedly switches
on and off due to fast, large, dynamic load changes. It results in reduced audible noise.

Different pin applications can overrule the PFCTIMER pin switching on/off automatically.

Automatic PFC on/off
The default application of the SSL8516T enables automatic PFC on/off functionality.
A capacitor connected to an internal current source determines the PFC switch-off delay

time typrc)swott- Capacitor C9 is charged from 0 V to 3 V during the delay time. The PFC
typically switches off using a soft-stop when Vprctimer > 3 V.

low-power ——
L Q low-power delay
s (PFC on)
14
PFCTIMER aaa-013328
T C9

Fig 16. PFCTIMER pin circuit

AN11486

Equation 20 shows how to calculate typrc)swoff:

Vv
Stop(PFCTIMER) _ g 3V (20)
source(PECTIMER) 4.7 pA

taPFC)swoff = Cg|

Where:
* The PFCTIMER capacitor C9 must be > 1 nF
When the PFC is switched on, the IC discharges capacitor C9.

An output power below the Poprc)swort l€vel for a short time results in the charging of
capacitor C9. However, if Vprctiver remains under 3 V, the capacitor immediately
discharges when P, > Poprc)swoft. The PFCDRIVER signal operates continuously during
these load changes at the output (see Figure 17).

When P, < Poprc)swort during a time that allows Vprciver to exceed 3V, the PFC
switches off.

When P, > Poprc)swon, the PFC switches on immediately and capacitor C9 is discharged.
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Fig 17. PFCTIMER pin waveform

6.6.1.2 Overruling automatic PFC on/off

The PFC controller is typically switched on or switched off using the filtered flyback
operating frequency. However, if necessary, the PFCTIMER allows override of this
functionality. The conditions for overruling the PFCTIMER are:

* Vpectiver < 1.0 V: PFC is on
d VPFCTlMER > 4.4 V: PFC is off

For applications that require the PFC to be on all the time, a 0 Q resistor can replace
capacitor C9.

If a dynamic control signal is used to operate the PFCTIMER pin, the recommended C9
capacitor value is 1 nF. This value results in the shortest PFCTIMER pin response time to
an external control signal. Correct timing is important if an external dynamic signal is used
to override the PFC, especially when switching on the PFC.

Operate VprcTiver Close t0 4.6 V (VineofPEcTIMER(max) When the PFC is switched off. It
minimizes the external driver current required to override the PFC and it allows a fast
response to the external PFC switch-on signal.

To force PFC on, sink current out of PFCTIMER pin:

lprcTiMer > 47 HA (21)

To force a PFC switch-off, source current into PFCTIMER pin:
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Vth(off)PFCTIMER(max) 46 V 22)

lpFcTIMER > = lprcTiMER > 7 = lPreTIMER > 115 MA

Rsink(PFCTIMER)min

Figure 18 shows two example circuits to overrule the auto PFC on/off functionality. The
optocoupler transistor operates as a current source. The constant current through the
optocoupler diode determines its output transistor current setting. Both examples can
handle optocoupler dark current up to 10 pA.

override override
Vce signal Vce signal
4
[] 1.3MQ [] R rd R1
3
D
14 PFCTIMER l'>= Ic 14 PFCTIMER
J- 4 1 ) 1
c9 A Co - Z
) 1nE £ Ut /SD U1 GND 1nF N 6sv SZ)
T 3 2 T 2
aaar(-)13561 aaa-013562
a. Force PFC on b. Force PFC off
Fig 18. PFC override control examples

7. Protections

AN11486

7.1 VOSENSE OverVoltage Protection (OVP)

Vpus Overshoot occurs on C4 at the initial start-up and in case of large load steps. The
relative slow response of the PFC control loop causes this overvoltage. The PFC control
loop response must be slow to guarantee a good power factor and MHR performance.
The VOSENSE pin OVP limits the overvoltage on C4.

If Vovpvosensk) is triggered, the PFC MOSFET is switched off immediately regardless of
the on-time setting. The switching of the PFC MOSFET is inhibited until

Vvosense < 2.62 V. OVP is triggered when the resistor between the VOSENSE pin and

ground is open (due to a fault). The maximum bus voltage Vyysmax) during overshoot is:

v - Vovg(VOSENSE).V _ 262V
bus(max) Vreg(VOSENSE) bus(avg)PFCon 25V bus(avg)PFCon (23)

= 1.048 - Vyyscavg)pFcon
Where:

* Vbus(avg)PFCon IS the average bus voltage when the PFC is on.
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7.2 VOSENSE open and short pin detection

The VOSENSE pin has an integrated protection circuit to detect an open and short
circuited pin. The VOSENSE pin also senses open resistors in the voltage divider. It is not
required to add an external OVP circuit for the PFC.

When the pin is open, an internal current source Iprotvosense) charges the VOSENSE pin.
The PFC stops switching when Vyosense > Vovpvosense). An internal voltage clamp limits
Vvosense- The same condition applies when only resistor R15 is open.

The PFC is not switching when Vyosense < Vinstop)vosense. This condition is applicable
when the VOSENSE pin is shorted to ground or if resistor R4 or R12 is open.

7.3 VINSENSE open pin detection

The VINSENSE pin has a protection circuit to detect an open pin. An internal current
source ljvinsense) pulls down the pin < Vgiopvinsense) when the pin is open.

7.4 OverCurrent Protection (OCP)

The overcurrent protection limits the maximum current through the PFC MOSFET. The
current is sensed with resistor R7 in series with the MOSFET source. The MOSFET is
switched off immediately when Vprcsense > Vsense(prcymax- OCP is a cycle-by-cycle
protection.

To avoid false triggering of the PFC OCP by the flyback converter switching noise, keep a
margin of 100 mV. False triggering of PFC OCP causes disturbance to the AC mains input
current. To suppress any external disturbance, place a small capacitor C11 of between
100 pF and 220 pF next to the PFCSENSE pin.

100 pF < C11 < 220 pF (24)

The current sense resistor R7 can be calculated with Equation 25:

Vsense(PFC)max - Vmargin - 049%5V-01V
ka(PFC)max ka(PFC)max

R7 =

(25)

Where:

* lpkPFC)max IS the maximum peak current at the high output load and low mains
Ipk(PFC)max is th [ PFC k he high load and | i
while the PFC operates in QR mode.

The maximum peak current for the PFC operating in Quasi-Resonant (QR) mode is
calculated using Equation 26:

P
2ﬁ.££ﬂ§.¥) 1.1

I _ 2“/§Pi(max) 1.1 _ MNtotal

pk(PFC)max — vV - vV

(26)

mains(rms)min mains(rms)min
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Where:

* Pomax) is the maximum output power of the flyback.

¢ Afactor 1.1 is used to compensate the dead time between zero-current in the PFC
inductor at the end of the secondary stroke and the detection of the first valley in
quasi-resonant mode.

* Niotal IS the expected efficiency of the total converter at maximum output power at low
mains. Use 90 % for the initial design.

®* Vmains(rms)min IS the minimum RMS mains input voltage.

AN11486 All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2014. All rights reserved.

Application note Rev. 1 — 17 July 2014 29 of 53




NXP Semiconductors AN11486

GreenChip SSL8516T PFC and flyback controller

8. Flyback description

8.1

AN11486

Flyback operation modes

At initial start-up, the flyback controller starts at the maximum output power. So the system
starts in Quasi-Resonant (QR) mode. The flyback controller passes through three
operation modes from maximum to minimum output power (see Figure 19):

* Quasi-Resonant (QR) mode
¢ Discontinuous Conduction Mode (DCM)
* Frequency Reduction (FR) mode

The internal demagnetization detection and valley switching circuitry is active in all
operating modes.

FR DCM, QR

130

Ipk(min)

fsw(fb) adjust

(kHz)
73
PFC off PFC on

53

FR: Frequency Reduction
DCM: Discontinuous Conduction Mode
QR: Quasi Resonant

output power
aaa-011590

Fig 19. Flyback operation modes

The SSL8516T flyback controller waits until the transformer is demagnetized and at least
one valley has appeared before it is magnetized again for the next cycle.

Vbus Vo
L., o
I T > (o

+
D) lC13
16 HV J

FBAUX R23

aaa-013574

Fig 20. HV pin and FBAUX pin
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The FBAUX pin detects demagnetization via the auxiliary winding. The HV pin detects the
bottom of the valley via the drain of the MOSFET or the central tap of the primary winding.

The power conversion can be calculated with Equation 27:

_1 2
Po = 5 Lociby  Toketny  Tswry * Mo (27)

Where:

* Lpm) is the flyback transformer primary inductance
* k) is the flyback transformer primary peak current
* fsw(m) is the flyback controller operating frequency
* N is the flyback controller efficiency
L) is selected at the start of the design. Ip(b) is regulated to meet the output power

demand in QR and DCM mode. The switching frequency fsy ) is a result of external
application parameters and IC parameters.

External application parameters:

* Transformer turns ratio N,

* Primary inductance Ly

* Drain source capacitance of the flyback switch Cgy)
* Input voltage Vs of the flyback stage

¢ Qutput voltage V,

¢ Control loop feedback signal VegetrL

IC parameters:

¢ Oscillator setting
* Peak current setting
* Demagnetization detection

* Valley detection

8.1.1 Quasi-Resonant (QR) mode

The flyback operates in QR mode at high and maximum output power. The peak current
control sets the output power P,. Reducing lpkb) results in a lower P, and a higher
operating frequency until fsy)max is reached. QR mode can easily be recognized. The
primary switching cycle starts at the bottom of the first valley and Vsense(th) > 232 mV.

The Vegctre pin sets the primary peak current lpyp) limit level Vsense(tb)-
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Vsense(fb)——————————— _____/

0.5

0.4
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0.2
0 2 4 6 8 10
VFBCTRL

Fig 21. Vsense(tb) Setting as function of Vegcrre

In QR mode, the PFC switch-off timer is never started.

Equation 28 shows the relationship between the Vsense(f) Voltage and the flyback peak

current:
— VR36 — Vsense(fb) — VR29 B VRSO ~ VR31
o) = R3p R36
(28)
1 _ Vsense(tn) = ladjresense)(R29 + R30) — (l4irasense) * lroo) - R31
Where:

®* Vsense(fb) Varies between 232 mV and 545 mV
* lagjrBsENSE) IS @ 2.1 pA current source inside the IC; connected to pin FBSENSE
* Ir20 ® Vpus / R20

D3
T
Vbus g |'>= Vo
L 3 L
c4 R20 L ; C13

D5

R24
Ic 13 FBDRIVER — =
-m —
4 Q3
2.1 pAii 3 — i
10 | FBSENSE R29 R30 R31
01FBSENS  —

2
I C20
iGND I c19 H

|£ R36
aaa-012826

Fig 22. Flyback adjustment circuit
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Discontinuous Conduction Mode (DCM)

P, decreases when Iy is reduced and more than one valley is skipped. It results in
fsw(b) operating just below fsymax (130 kHz). The operating mode switches from DCM to
FR mode at VegctrL €quals Vgarireayr (4.0 V).

Sometimes DCM is not reached when the selected primary inductance of the inductor is
high. In this case, flyback skips DCM when it is reducing power. It jumps directly from
QR mode to FR mode.

In DCM, the PFC switch-off timer is not started.

Frequency reduction and PFC on/off control

At medium and low output power, lpk(b) is fixed. The operating frequency controls P,. P,
and fqyp) are linearly related during this type of control. In this application note, it is called
operating in Frequency Reduction (FR) mode. The minimum switching frequency in FR
mode is 0 Hz.

In FR mode, VegcTrL does not set the peak current. It sets the operating frequency. The
minimum primary peak current lpymin through the Ly, is kept constant in FR mode.

DCM R
FR C Q
130
fsw(fb)
(kHz)
fsw(fb)QR(min)
53
QR: Quasi Resonant
20 +—— DCM: Discontinuous Conduction Mode
/ FR: Frequency Reduction
0
0.54 0.77 2.80 4.00 4.90
VEBCTRL (V)
aaa-012913
Fig 23. Flyback frequency control

The ratio Ipkymin * lpkfb)max Mainly depends on the sense resistor R36 and R30 assuming
that the core does not saturate at lpknmax- D€Creasing the output power reduces the
operating frequency. As a result of the frequency limit, more valleys are skipped.

Only in FR mode, fsy () determines when the PFC is on or off.
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8.2 Flyback protections

8.2.1 Short circuit at the FBCTRL pin
If the FBCTRL pin is shorted to ground, switching of the flyback controller is inhibited.

8.2.2 Open FBCTRL pin

Pin FBCTRL connects to an internal 7 V voltage source (see Figure 24) via an internal
13.2 kQ resistor and a series switch. When VegctrL > 5.5V, the series switch opens and
the 13.2 kQ resistor disconnects. Pin FBCTRL is biased with 29 uA lEgcTRL)-

When Vegetre > 7.75 V, a fault is assumed. The flyback and PFC switches are switched
off and a safe restart is initiated. An internal pull-down switch on the FBCTRL pin is
activated during the safe restart.

8.2.3 Time-out flyback control loop

A time-out function is set using resistor R27 and capacitor C23 to protect against the
following faults:

¢ Qutput short circuit at initial start-up
* Open flyback control loop

The time-out protection initiates a safe restart.
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55V Vv 29 pA

7.75V %
13.2kQ

time-out - _ _ FBCTRL R21

|
R27 >|<_i
=
c17

C23

|
I

aaa-012824

a. Circuit diagram

VFBCTRL

output
voltage — |
target output restart target output
voltage not reached voltage reached
within time-out time within time-out time
aaa-002675

b. Timing diagram

Fig 24. Flyback time-out protection

A noise filter (C17 = 220 pF; R21 = 10 Q) located close to pin FBCTRL avoids
interference by PFC MOSFET switching or HF noise (e.g. GSM phone). Resistor R27 and
capacitor C23 set the time delay for Vegetre to reach 7.75 V. Resistor R27 is required to
separate the relatively high-value time-out capacitor C23 from the control loop response.
The value of resistor R27 must be > 30 kQ.

The flyback time-out time ty,) can be calculated with Equation 29:

AV I -R27
tio(tn) = C23 - to(FBCTRL) _ po7. 003 In( to(FBCTRL) ) 29)
to(FBCTRL) to(FBCTRL)en
Where:

* AViorrcTRL) = Vio(FBCTRL)trip — Vio(FBCTRL)en = 7.75 —5.5=2.25V

If the flyback time-out protection is not required (e.qg. for testing or debugging purposes), it
can be disabled. Place a 180 kQ resistor between pin FBCTRL and ground.
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8.2.4 Flyback OverVoltage Protection (OVP)

To disable both controllers when overvoltage is detected at the output of the flyback, the
IC has an internal OVP circuit.

The voltage on the flyback transformer secondary winding during the secondary stroke is
a reflection of the output voltage plus the voltage of the secondary rectifier.

During the secondary stroke, the voltage on the auxiliary Vayyr1) winding equals:

Naungbg (30)

Vaux(Tl) = (Vo + Vrectifier)' Ns(fb)

Where:

* V, is the output voltage
* Viectifier IS the voltage across the output rectifier when conducting
* Naux(t) is the number of auxiliary turns

Ns(fb) is the number of secondary turns

The total series resistance R23 + R41 located between the auxiliary winding and the
FBAUX pin converts Vg,x(t1) to current in pin FBAUX.

Vbus _L Vo
+ D3
ca R19 3

$ 1 g

+
D C13

16 2V . s

FBAUX R23

IS

aaa-013574

Rovp = R23 + R41
Fig 25. Flyback OVP circuit

An internal integrator filters noise and spikes. The output of the integrator connects to a
counter. The counter prevents false OVP detection which can occur during ESD or
lightning events.

The OVP condition is met when Iegaux > 300 pA. If the internal integrator detects OVP,
the counter increases by one. If OVP is detected during the next switching cycle, the
counter increases by one again. If no OVP is detected during the next switching cycle, the
counter decreases by two. (The minimum value is zero.) If the counter reaches six, the IC
assumes a true overvoltage.

Both converters are switched off immediately and a safe restart is initiated.
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The OVP level can be calculated with Equation 31.:

Na (fb)
Nux ) “Vocovp) * Vrectifier) = Velamp(FBAUX)
R23 + R41 = s(fb)

lovp(FBAUX)

Nauxth) (31)
fb

Naux ) “Vocovp) * Vrectifier) = 0.92

= R41 = s(fb) 10k

300 pA
Where:

* Ns(b) is the number of turns on the secondary winding

* Naux(fb) is the number of turns on the flyback transformer auxiliary winding

Vo(ovp) IS the output voltage OVP level

* Viectifier IS the forward voltage of the secondary rectifier (0.6 V for diode)
* Veamp(FBAUX) IS pin FBAUX positive clamp voltage 0.92 V

* lovp(FBAUX) is the OVP protection level

* R23is 10 kQ placed close to the IC pin

To avoid OVP triggering in normal operation, take the tolerances on loypFaaux) iNtO
account for Vqoyp) calculation.

The maximum series resistance calculation is based on the demagnetization threshold.

R <Vth(comp)FBAUX(min) _60mVv _ 923 kO 32)

ov
P lorot(FBAUX)min 65 nA

Keep some margin and keep Rqyp < 650 kQ. Higher values can cause slow output voltage
rise during initial start-up which can trigger the time-out protection because the
demagnetization function is disturbed.
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8.2.5 OverPower Protection (OPP)

The SSL8516T is a fixed boost PFC controller. So the OPP is not required when using the
default application where Vyysavg)prcon is fixed over the full mains voltage range. Diode
D7 and resistor R23 disable the OPP (see Figure 26). The current flowing out of pin
FBAUX is limited to < 100 pA.

VFBSENSE
(mV)
545
400
-360 -100 0
IFBAUX (MA)
aaa-002678
Fig 26. OPP level adjustment
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9. Large signal component values calculation

Table 3 shows the initial requirements of an LED driver as example.

Table 3. Initial design requirements
Requirement Symbol Choice Example
low input voltage  Vacrmsymin 90 V (AC) 100 V; —10 % margin

high input voltage ~ Vacrmsymax | 305 V (AC) 277 V; +10 % margin
THD at 305 V (AC) can be compromised when
a 450 V bus capacitor is used

output voltage Vo(min) 16V Vomax) * Vo(min) = 3:1
Vo(max) 48V
output current logmin) 160 mA 75 W; 10 % dimmable LED driver
lo(max) 16A
holdup time tholdup 0ms lower output capacitance and bus capacitance
can be used when no hold up time is required
flyback MOSFET  |Vps(oymax 800V allows high NgVo:
voltage rating * lower voltage stress on the secondary
rectifier

® less turn on losses due to deeper valley

fast transient - no (CC output) |a smaller Cy s can be used when no transient
support support is required when PFC is switched off

9.1 Bus capacitor
For the bus capacitor value calculation, several constraints apply:
* Voltage rating
* OVP level on the VOSENSE pin

¢ Holdup time
¢ Auto PFC on/off with load step support

9.1.1 \Voltage rating
The target is to use a single 450 V bus capacitor CA4.

Veaman = 450 V

Vbus(avg)PFCon = Vmains(rms)max' “/é = 305“/2 =431V

Vbus(ripple)pp(max) = 2(VC4(max)_Vbus(avg)PFCon) =38V

The minimum bus capacitance due to the allowed voltage ripple based on the C4 voltage

rating is:
C4... = Vo(max) ) Io(max)
rating 2.1t-f Y i Y] -
ac(min) bus(ripple)pp(max) bus(avg)PFCon total (33)
~c4_ = 4816 - 166 uF

rating = 5 7. 50.38.431.0.9
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Where:

* fac(min) is the minimum mains frequency 50 Hz
* Notal IS the total efficiency

9.1.2 OVP level on the VOSENSE pin
The minimum bus capacitance due to OVP on the VOSENSE pin is:

c4 _ Vo(max) ) Io(max) Vreg(VOSENSE)
ovp ~ ¢ 2 v -V
4 -1 facmin) - Vousavg)PFcon ~MNiotal  OVP(VOSENSE) ™ “reg(VOSENSE) (34)
48 - 1.6 2.5
=C4,,,= . =153 uF
P 4. n.50.431%.09 262-25
9.1.3 Holdup time
The minimum capacitance due to the holdup time requirement is:
2- Vo(max) ’ Io(max) t
Nt “tholdup
C4ho|up = V 2
(V _ bus(ripple)pp(max)) _vV 2
bus(avg)PFCon 2 bus(holdup)min
(35)
2-48-1.6 0
0.95
= C4h0|dup = 38 2 2: 0 MF
(431 - -—) - 100
2
Where:

* Vbus(holdup)min IS the minimum bus voltage at which the flyback stage can still transfer
Pomax), typically between 60 V and 100 V

* n is the flyback efficiency (assumption: 0.95)

9.1.4 Auto PFC on/off
Here is a rule of thumb for the minimum bus capacitance supporting auto PFC on/off
function and wide mains applications with certain load step requirements:

¢ Constant current LED drivers 0.3 uF/W (smooth load steps):
Clprconott = 03 uF-P

o(max)
¢ Constant voltage LED drivers 1.0 uF/W (large load steps):
C4PFConoff =10pF-P

o(max)
Transient step response support is not required (see Table 3):
= Clprconoft = 0.3 UF - Py(max) = 0.3-48-1.6 = 23 puF (36)

Ca> maX(C4rippIe’C4ovp’C4hoIdup'C4PFConoff)

(37)
= C4>max(16.6,15.3,0,23) > 23 uF
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The value chosen for capacitor C4 is 22 uF.

The recalculated peak-to-peak bus voltage ripple with the selected bus capacitor C4 is:

P

o(max)

Vous(ripple)pp =
us(ripple)pp 2-m- fac(min) -C4. Vbus(avg)PFCon *MNtotal (38)

48 -1.6

= Vous(rieplepe = 577507 22 WF-431.09 286V

The final bus voltage with the selected bus capacitor C4 can be set:

Vbus(ri 28.6
Vbus(nom) = Vt:4(ma><)_ﬁ'('r'lzp_pI_e)'p"[2 = 450_""2'— =43BV (39)

PFC inductance

The minimum PFC switching frequency requirement at full load determines the maximum
PFC inductance. At low line, the primary stroke is dominant and at high mains the
secondary stroke is dominant, both conditions must be checked:

2
Vmains(rms)min ) (Vbus(nom) - “/é i Vmains(rms)min)

Leecowtine) = P

2. f o _omax)

sw(PFC)min bus(nom)
Mtotal (40)
2
_ 90"-(435-.42-90 —
= Lprc(owtine) = ( 48A~/_16 )_ = 1679 mH
2-20 kHz - — - 435
Where:

* fswercymin (Minimum PFC switching frequency) = 20 kHz

2
Vmains(rms)max ) (Vbus(nom) _ "/é ) Vmains(rms)max)

Lprc(highline) = P

ogmaxg

2. fsw(PFC)min : : Vbus(nom)
MNtotal (41)

2

_ 300°-(435-./2-300) _
= Lprc(highline) = ( 8. 16 ) = 803 uH
2-20 kHz - ——— - 435
Lerc <MIN(Lpeciowtine): LrEc(highline)) <803 nH (42)

Reflected output voltage

The reflected output voltage V, (equals Ng,V,) is a compromise between the flyback
MOSFET voltage rating Vpsimax and secondary rectifier reverse voltage rating.

* High Ng,: More voltage stress on the flyback MOSFET
* Low Ng,: More voltage stress on secondary rectifier

The leakage inductance of the flyback transformer generates a ringing voltage on the
drain at switch-off. Allow at least 20 % of the Vpgi)max Margin as starting point.
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700V
= — — — Y IWWWMMM s sy — — — — — — — — — 777Vbus+vr
Vbs(fb)
L e e Vbus
oV
time

aaa-013605

Fig 27. Flyback MOSFET drain voltage Vpsp) With ringing

The reflected output voltage V, is super-imposed on the Vs during the secondary stroke.

0.8- VDS(fb)max = Vbus(max) + Vr = Vbus(max) + Nfb : Vo(max)
Noctn) (43)
o(max)

= Vbus(max) + Ns(fb)

Where:

* Vps(thmax IS the flyback MOSFET maximum drain source voltage
* Vhus(max) IS the maximum bus voltage

¢ V, is the reflected output voltage

* Vomax) is the maximum output voltage

The peak voltage during ringing in applications can be minimized with the flyback clamp
circuit with diode D4, resistor R16, and capacitor C12.

9.3.1 Primary flyback inductance (Lpt))

At full power, the system must operate in QR mode at the highest efficiency possible. The
results is an optimized transformer design with accompanying Isab), Lp(fb), and
fswitb)Qr(min)- SO, the flyback inductance is selected based on the desired minimum
operating frequency in QR mode at Pomay).
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FR DCM, QR
130
fsw(fb)
(kHz)
fsw(fb)QR(min)
53
QR: Quasi Resonant
20 +—— DCM: Discontinuous Conduction Mode
FR: Frequency Reduction
0
0.54 0.77 2.80 4.00 4.90
VEBCTRL (V)
aaa-012913
Fig 28. Minimum frequency in QR mode
The equation for the primary flyback inductance is:
Loty =
: (44)
2 44
|:(A/2 ’ F)o(max) i 1Esw(fb)QR(min)J . ( 1 + 1 ) +f - IC :|
sw(fb)QR(min d(fb
Ntb Vbus(min) NV (T)QR(mIm ®
Where:

* fsw(tb)or(min) Minimum flyback switching frequency in QR mode
* N is the flyback controller efficiency, typically 0.95

* Vpus(min) is the expected minimum bus voltage

* Npy is flyback turns ratio Npn)/Nsfn)

* V, is the output voltage

* Po(max) is the maximum output power

* Cy(m) is the total capacitance on the drain of the flyback switch

To ensure that the PFC is on at Poprcyswon, the L) must not exceed the value Lyto)max
when the auto PFC on/off function is used (See Section 6.6).

Lp(fb)max =
1
2(45)
2-73 kHz - IDo(PFC)swon ) 1 + 1 +f . fC
n 5 NeV sw(fb)QR(min) * d(fb)
fb Vimains(rms)min * 2 fo¥o
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Where:

* Vmains(rms)min IS the minimum mains voltage (AC)

* Vo(min) i the minimum output voltage

* N is the flyback controller efficiency, typically 0.95

* Ny is flyback turns ratio Npi)/Nsfn)

* Poprc)swon is the output power at which the PFC must be enabled
* Cq(m) is the total capacitance on the drain of the flyback switch

The effects of the primary inductance Ly, are:

* High value: Small PFC switch on/off hysteresis

* Low value: Lower efficiency due to flyback switching losses

Flyback peak current (lpfb))
The output power Py, is calculated with Equation 46:

1 2
Po =5 Loy Tokeiny * fsweib) * Mip (46)

In QR and DCM modes, VegcTrL Sets the flyback peak current Iy, fswb) is a result.
In FR mode, VegcTrL Sets fswb); lpk(b) is fixed at its minimum level lpo)min-

Maximum flyback peak current (Ipkfbymax)

To prevent saturation of the flyback transformer, the OverCurrent Protection (OCP) limits
Ipk(fo)- A saturated core deteriorates the overall system performance. Saturation causes
more stress, EMI, and, in the worst case, a system failure.

Nggfb) i Bmax i Ae (47)

| =
sat(fb) Lp(fb)

Where:

* Np(b) is number of primary turns
* Bmax iIs maximum flux density at expected high operating temperature
* A, is effective core area

The flyback transformer must never saturate, not even at high temperatures. To avoid
saturation due to component spread, a margin of minimal 10 % must also be applied.

0.9- Isat(fb) > ka(fb)max (48)

Minimum flyback peak current (Ipfbmin)

The automatic PFC on/off function is based on fsy,). When the automatic on/off function
is used, Equation 49 applies:

_ 1 2
Po(PFC)on - E ’ Lp(fb)' ka(fb)min 'fsw(fb)swon(PFC) "Mib (49)
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Ipk(fymin CaN be calculated with Equation 50:

2-Pyprc
Iokcibymin = «/L I REERlen : (50)
p(fb) * Tsw(fb)swon(PFC) * Nfb

Where:

* fswitb)swon(Prc) = 73 kHz

The output power level Poprc)sworr at which the PFC switches off, is:

_1 2
F)o(PFC)swoff - é : I-p(fb) : ka(fb)min : fsw(fb)swoff(PFC) "Mty (51)

Where:

* fsw(tb)swofiprc) = 53 kHz

Furthermore, the ratio between lpymax and Ipkmin) cannot be lower than 2.35:

\Y

I I sense(fb)max
pk(fbymax = !pk(fbymin * v

sense(fb)min

(52)

545 mV __ lpk(bymax
| L 2.35
= Tpk(foymax = 'pk(fbymin " 535"y = Lok(tbymin gl

9.3.3 Flyback adjust by FBSENSE pin circuit
The FBSENSE pin functionality is:

* Set lpkfoymax
* Set Ipkb)min

T1 D3
Vous ® |'>= Vo
L. 3IE T
y Cc4 R20 D ; C13

D5

R24
Ic 13 FBDRIVER — 4
Rl
21 “Al — —
10

FBSENSE R29 R30 R31
|£ R36
aaa-012826

2 C20
J7GND c19 m
Resistor R29 and capacitor C19 prevent that the FBSENSE pin is charged negative

because of disturbances on the sense resistor R36.

!

Fig 29. Flyback adjustment circuit
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9.3.3.1 Flyback current sense resistor R36

9.3.3.2

9.3.3.3

AN11486

9.34

The sense resistor R36 can be calculated with Equation 53:

R36 = Vsense(fb)max_Vsense(fb)min _ 545 mV-232mV_ _ 313 mV (53)

ka(fb)max - ka(fb)min ka(fb)max - ka(fb)min ka(fb)max - ka(fb)min

FBSENSE noise filter resistor R29 and capacitor C19

The value of resistor R29 is between 680 Q and 2.2 kQ. The purpose of resistor R29 is to
prevent that capacitor C19 is charged due to negative voltage spikes on resistor R36.

A commonly used time constant for resistor R29 and capacitor C19 is approximately
220 ns. The filter capacitor at the FBSENSE pin can be calculated with Equation 54:

c1g = 22008 (54)
R29

The tolerance of capacitor C19 must be 10 % maximum. This tolerance limits the impact
on the overall spreading for the Pyprc)swon @and Poprc)swoft I€VeEls.

FBSENSE series resistance Rsrgsensk)

The total series resistance Rsrasense) between the FBSENSE pin and sense resistor
R36 determines the static offset voltage on the FBSENSE pin. Rsrgsensk) is used to
adjust the ratio between Ipkoymin and lpkb)max-

I \ \

pk(fb)max = Vsense(fb)min ka(fb)min " Vsense(fb)max (56)

lagjresense) * (okcbymax = Tpktoymin)

Rs(FBSENSE)

Where:

* lagjrsENSE) IS the 2.1 pA internal current source on the FBSENSE pin

Flyback switch-off delay compensation

Resistors R20 and R31 are intended to compensate the sum of these delays:

* Switch-off internal delay time tyrspriver) = 80 ns of the IC
* MOSFET switch-off delay time tywosremotr: typically 60 ns
¢ Delay time caused by resistor R29 and capacitor C19

If these delay times are not compensated, they lead to an increased Iy, vValue at a high
Vhus-

tacibyswoft = ta(FBDRIVER) T ta(MosreT)orf + R29 - C19 (57)

The increase of Ik depends on Vys:

bus
Alotny = 7 * tatb)swoff (58)
PO L 1)
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Vpus = 450 V -~

——
T e e

Ipk(foymin (dV/dt = 0)

Vpus = 90 V

time
aaa-013613

Fig 30. Ilpkbymin increase due to a switch-off delay

Alpk(ib) results in a voltage on resistor R36 which must be compensated as a function of
Vhus bY Ir2g through resistor R31:

Vb
lgao - R3L = Al gy - R36 = RZUOS R31 = Al g, - R36
(59)

:\/L”S-Rsl Vou -t -R36
R20 - L o(fh) d(fb)swoff ’

Vpus drops out of the equation:

R31 _ dgfb)swo f
-R36 60
R20 Lp(fb) (60)

R31 can be calculated once R20 is selected.

t
R31 = —d{—bﬂ"—” -R20-R36 (61)
p(fb)

R20 sets the current Irog through resistor R31. Choose Irog > 3 X lagj(FeSENSE):
Assuming Vi s » Vegsense -
V .
— R20 < ——2us(min)_ ©2
3 - Ladj(FBSENSE)

To meet the rated resistor voltage, R20 is typically constructed with several 0805 resistors
in series.

Remark: Always verify the actual tyosreT)swoff in the application prototype because of
different MOSFET types and different gate discharge resistors.
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9.3.5 Flyback soft-start
Soft-start is implemented using the RC network connected to the FBSENSE pin.

To ensure that Vgarysofyb IS reached and flyback start-up is enabled, the sum of resistors
R29, R30, and R31 must be > 15 kQ.

The flyback soft-start tsarsoftyi Must range between 5 ms and 10 ms. Furthermore,
tstart(softyfo Must be longer than the PFC soft-start time tsgarysoftyprc.

tstart(soft)fb > tstart(soft)PFC (63)
tstart(sotnin = 3 (R30+R31)-C20~7 ms (64)
AN11486 All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2014. All rights reserved.
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10. PCB layout considerations

A good layout is an important part of the final design. It minimizes many kinds of
disturbances and makes the overall performance more robust with less risk of EMI.
Guidelines for the PCB layout are:

AN11486

Separate large signal grounds from small signal grounds (PFC, FB, and IC).

Reduce the PCB area within the indicated large signal current loops (PFC inductor
and FB inductor currents) to a minimum. Each indicated large signal loop has its own
color in Figure 1 and Figure 2. Make the copper tracks as short and as wide as
possible.

The connection between both MOSFETs (PFC and flyback) and the IC driver outputs
must be as short as possible. To minimize inductance, use wide tracks. Increase the
distance between the copper tracks and/or use a separate guided ground track for
both connections. The separated guided ground track minimizes the coupling
between the PFCDRIVER and FBDRIVER signals. If it is impossible to place the
MOSFET and the IC close to each other, a circuit, like the one in Figure 31, can be
added.

The power ground and small signal ground are only connected with one short copper
track (make this track as short and as wide as possible). Preferably, it should become
one spot (connection between IC ground and STAR ground at the bus capacitor).

Use a ground shield underneath the IC, connect this ground shield to the GND pin of
the IC.

Place all series connected resistors that are fixed to an IC pin as close as possible to
that pin.

Heat sink can carry HF currents. Connect heat sinks which are connected to the
nearest corresponding ground signal of the component. Make this connection as short
as possible. Connect the heat sink of Q1 to the ground PFC and the heat sink of Q3 to
the ground FB. In typical applications, all primary components are often mounted on a
single heat sink. If so, make one wide copper track that connects all these grounds to
each other. Combine in this copper track the ground of the Pl filter (capacitors C1 and
C2).

Place capacitors C10 (VOSENSE), C17 (FBCTRL), C19 (FBSENSE), and C11
(PFCSENSE) (in order of priority) as close as possible to the IC. Reduce coupling
between the PFC switching signals (PFCDRIVER and PFCAUX) and the flyback
sense signals (FBSENSE and FBCTRL) as much as possible. The coupling reduction
minimizes the risk of electromagnetic interference and audible noise.
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Fig 31. MOSFET local turn-off circuit
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11. Abbreviations

Table 4. Abbreviations

Acronym Description

AC Alternate Current

DC Direct Current

DCM Discontinuous Conduction Mode

EMI 'ElectroMagnetic Interference

FR Frequency Reduction

GND ‘Ground

GSM Global System for Mobile communications
HV ' High-Voltage

IC Integrated Circuit

IEC International Electrotechnical Commission
LED Light Emitting Diodes

MHR 'Mains Harmonics Reduction

MOSFET Metal Oxide Semiconductor Field Effect Transistor
NTC 'Negative Temperature Coefficient

OCP OverCurrent Protection

OPP ‘OverPower Protection

OTP OverTemperature Protection

OVP ‘OverVoItage Protection

PCB Printed-Circuit Board

PF ‘Power Factor

PFC Power Factor Converter/Controller/Correction
QR ‘Quasi-Resonant

RMS Root Mean Square

SMPS 'Switched Mode Power Supply

SO Small Outline

SOl ‘Silicon-On-InsuIator

SSL Solid-State Lighting

THD ‘Total Harmonic Distortion

UvVLO UnderVoltage LockOut

ZCS 'Zero Current Signal

12. References

[1] SSL8516T data sheet — GreenChip PFC and flyback controller
[2] UM10776 user manual — SSL8516DB1195 75 W 1.6 A dimmable LED driver
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13.1 Definitions

Draft — The document is a draft version only. The content is still under
internal review and subject to formal approval, which may result in
modifications or additions. NXP Semiconductors does not give any
representations or warranties as to the accuracy or completeness of
information included herein and shall have no liability for the consequences of
use of such information.

13.2 Disclaimers

Limited warranty and liability — Information in this document is believed to
be accurate and reliable. However, NXP Semiconductors does not give any
representations or warranties, expressed or implied, as to the accuracy or
completeness of such information and shall have no liability for the
consequences of use of such information. NXP Semiconductors takes no
responsibility for the content in this document if provided by an information
source outside of NXP Semiconductors.

In no event shall NXP Semiconductors be liable for any indirect, incidental,
punitive, special or consequential damages (including - without limitation - lost
profits, lost savings, business interruption, costs related to the removal or
replacement of any products or rework charges) whether or not such
damages are based on tort (including negligence), warranty, breach of
contract or any other legal theory.

Notwithstanding any damages that customer might incur for any reason
whatsoever, NXP Semiconductors’ aggregate and cumulative liability towards
customer for the products described herein shall be limited in accordance
with the Terms and conditions of commercial sale of NXP Semiconductors.

Right to make changes — NXP Semiconductors reserves the right to make
changes to information published in this document, including without
limitation specifications and product descriptions, at any time and without
notice. This document supersedes and replaces all information supplied prior
to the publication hereof.

Suitability for use — NXP Semiconductors products are not designed,
authorized or warranted to be suitable for use in life support, life-critical or
safety-critical systems or equipment, nor in applications where failure or
malfunction of an NXP Semiconductors product can reasonably be expected
to result in personal injury, death or severe property or environmental
damage. NXP Semiconductors and its suppliers accept no liability for
inclusion and/or use of NXP Semiconductors products in such equipment or
applications and therefore such inclusion and/or use is at the customer’s own
risk.

Applications — Applications that are described herein for any of these
products are for illustrative purposes only. NXP Semiconductors makes no
representation or warranty that such applications will be suitable for the
specified use without further testing or modification.

Customers are responsible for the design and operation of their applications
and products using NXP Semiconductors products, and NXP Semiconductors
accepts no liability for any assistance with applications or customer product
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All information provided in this document is subject to legal disclaimers.

design. It is customer’s sole responsibility to determine whether the NXP
Semiconductors product is suitable and fit for the customer’s applications and
products planned, as well as for the planned application and use of
customer’s third party customer(s). Customers should provide appropriate
design and operating safeguards to minimize the risks associated with their
applications and products.

NXP Semiconductors does not accept any liability related to any default,
damage, costs or problem which is based on any weakness or default in the
customer’s applications or products, or the application or use by customer’s
third party customer(s). Customer is responsible for doing all necessary
testing for the customer’s applications and products using NXP
Semiconductors products in order to avoid a default of the applications and
the products or of the application or use by customer’s third party
customer(s). NXP does not accept any liability in this respect.

Export control — This document as well as the item(s) described herein
may be subject to export control regulations. Export might require a prior
authorization from competent authorities.

Evaluation products — This product is provided on an “as is” and “with all
faults” basis for evaluation purposes only. NXP Semiconductors, its affiliates
and their suppliers expressly disclaim all warranties, whether express, implied
or statutory, including but not limited to the implied warranties of
non-infringement, merchantability and fithess for a particular purpose. The
entire risk as to the quality, or arising out of the use or performance, of this
product remains with customer.

In no event shall NXP Semiconductors, its affiliates or their suppliers be liable
to customer for any special, indirect, consequential, punitive or incidental
damages (including without limitation damages for loss of business, business
interruption, loss of use, loss of data or information, and the like) arising out
the use of or inability to use the product, whether or not based on tort
(including negligence), strict liability, breach of contract, breach of warranty or
any other theory, even if advised of the possibility of such damages.

Notwithstanding any damages that customer might incur for any reason
whatsoever (including without limitation, all damages referenced above and
all direct or general damages), the entire liability of NXP Semiconductors, its
affiliates and their suppliers and customer’s exclusive remedy for all of the
foregoing shall be limited to actual damages incurred by customer based on
reasonable reliance up to the greater of the amount actually paid by customer
for the product or five dollars (US$5.00). The foregoing limitations, exclusions
and disclaimers shall apply to the maximum extent permitted by applicable
law, even if any remedy fails of its essential purpose.

Translations — A non-English (translated) version of a document is for
reference only. The English version shall prevail in case of any discrepancy
between the translated and English versions.

13.3 Trademarks

Notice: All referenced brands, product names, service names and trademarks
are the property of their respective owners.

GreenChip — is a trademark of NXP Semiconductors N.V.
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