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Application note

How to design a transition mode PFC boost pre-regulator based on L6462A

Introduction

This application note describes the main steps to design a transition mode (TM) power factor corrector (PFC) boost pre-
regulator based on the L6462A [1] controller.

The L6462A is a control IC specifically designed for a PFC boost topology operating in TM with frequency reduction at medium-
light load (valleys skipping), suitable for building cost-sensitive and energy efficient solutions.

It embeds a special implementation of current mode control that enables wide-range-mains operation with low THD over a
broad load range with no need for input voltage sensing. A pair of internal special circuits (CRG and CRS circuit) shape the
reference for the peak current of the inductor to maintain a sinusoidal input current regardless of converter’s operation, whether
TM or DCM (Discontinuous Conduction Mode). In this way it is possible to improve efficiency at intermediate and light loads with
minimum impact on input current distortion.

The device at full load and low AC line synchronizes the turn-on of the power switch to the valley of the ringing following boost
inductor’s demagnetization (valley switching — quasi resonant operation). At high AC line and as the load is reduced, the IC
skips ringing valleys to reduce the operating frequency progressively so that, though keeping valley switching, the converter
operates in DCM to optimize the efficiency.

Boost inductor demagnetization sensing is done via the gate driver output (GD/ZCD multifunction pin); no auxiliary winding or
other interface components are needed.

Figure 1. Typical application based on L6462A

LB D

YO >—e O
Vout
Rep 1 (400V)
Vec=9t0 27 V
B . ;
oO— = Cn B Gpizep M
Vac vee L6462A = Cour
(90V to 265V) oD comp cs
£ i RS [] RFB L
CVcc CFS CFP B
-|- Res T
O

ANG6378 - Rev 1 - March 2026 www.st.com

For further information, contact your local STMicroelectronics sales office.



ANG6G378

Control technique

Control technique

ANG6378 - Rev 1

L6462A implements a peak-current mode control operating in TM/DCM (skipping the valleys) with valley turn-on
as illustrated by the basic schematic in Figure 2.

Figure 3 and Figure 4 show the key waveforms both on the switching cycle time scale and on the line frequency
time scale when the boost PFC works in TM. Figure 5 and Figure 6 the same when the Boost PFC converter
works in DCM.

Considering the Figure 2, the basic turn-on and off mechanisms of the MOSFET are not different from those of
the traditional current mode control method. Switching cycles (i.e., MOSFET’s turn-on) can be initiated by either
the ZCD (Zero current detector) block that senses boost inductor’'s demagnetization or by the Starter block when
no signal is coming from the ZCD block. In steady-state operation, all cycles are initiated by the ZCD block by
synchronizing them to the drain voltage reaching the valley of the ringing that occurs after demagnetization (valley
switching).

The end of the ON-time of the power MOSFET is determined by comparing in the PWM comparator the signal on
pin CS (that is a ramp proportional to the instantaneous inductor current /,(£,8)) to the current reference

Vcs rer(6). When the two signals are equal a reset signal is given to the PWM latch and the power MOSFET is
switched off.

Figure 2. Control loop connections
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The trans-conductance Error Amplifier V/A compares a portion of the output voltage VoyT, brought at its inverting
input externally available on pin FB via the resistor divider Rrg_p-Rrg |, with an accurate internal reference
VEB_Rer (2.5 V typ.) connected to the non-inverting input, and generates an error signal V¢ proportional to their
difference. If the bandwidth of the error amplifier, essentially determined by the frequency compensation network
connected between pin COMP and ground, is narrow enough — typically below 20 Hz — and a steady-state
operation is assumed, the V¢ error signal available at pin COMP can be regarded as a DC level, at least as a first
approximation. Referring to the L6462A datasheet, the V¢ voltage is then used by the CRG circuitry that, based
also on the FW and Q signals, generates a voltage expressed by:

Equation 1

Vin(6)

Ve(0) = K1V Vour

(1)

where Ky is the circuitry gain (constant term) V;x(6) = |[V4c(8)| = Viy, pi - sin @ (with 0 < © <11, as a result of the
rectification operated by the input bridge) is the instantaneous line input voltage.
Equation (1) shows as the V(8) voltage is proportional to the V|n(8) input voltage and to the V¢ control voltage

like in a standard current-mode PFC, but without using the standard multiplier block and without the AC line
sensing.

The V() voltage is then managed by the CRS circuitry that opportunely shapes the Vg(8) voltage in order to
achieve ideally sinusoidal input current. As reported in the L6462A datasheet [1], the resulting internal current
reference voltage can be expressed by:
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Equation 2

~ T(6) Vin, pk
Ves rer(6) = GerVe Ton(0) + Tew(8)  Vour

sin@ (2)

where Gg¢p is the equivalent multiplier gain (see Electrical characteristics table in the L6462A datasheet for
details), Ton(B) is the power switch on-time interval (Q=High), Tew(0) is the time interval while the boost inductor
is demagnetizing (FW=High) and T(B )= Ton(0) + Tew(B) + Ty is switching period (where Ty, is the time interval
while the boost inductor is fully demagnetized). It is wort noticing that when the converter operates in TM
operation (Ty = 0), the resulting current sense reference voltage is sinusoidal as in a standard TM PFC boost
controller.

Figure 3. Key waveforms of the circuit in figure 1 in Figure 4. Key waveforms of the circuit in figure 1 in
TM (valley switching) operation — Switching cycle TM (valley switching) operation — Line cycle time
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The internal current reference voltage Vs rer(9) is then compared with the current sense V() pin voltage,
which is proportional to the inductor current through the current senser Rg resistor. Neglecting the mainly negative
contribution of the ringing current to the average inductor current during Ty in DCM operation, the relationship
between the peak value I ,,(8) and the average value /.(6) of the inductor current in a switching cycle becomes:

Equation 3

Ton(6) + Trw(6)

' Ika(G) i (3)

Reminding that /; px(0) = Vcs rer(0) / Rs, the resulting average inductor current and then input current 1;5(8), is
found from Equation (3) and Equation (2):

Equation 4

Vinpk
Vour

G ,
Lin(6) =1,(0) = % Ry sin@ (4)

"Rs
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which is sinusoidal and in phase with the V|N(B) input voltage (ideally zero-THD and unity-PF) regardless of
whether the boost PFC converter works in TM or in DCM (valley skipping).

Figure 5. Key waveforms of the circuit in figure 1 in  Figure 6. Key waveforms of the circuit in figure 1 in
DCM operation with valley switching — Switching DCM operation with valley switching — Line cycle
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Finally, it is worth noticing that is possible to relate the control variable V to the operating conditions of the boost
PFC converter (input voltage V5(8) and output load) by multiplying Equation (4) by the input voltage Vn(0) thus
determining the instantaneous input power Pin(8):

Equation 5

2
1 G ViN, pk 9
Pin(8) = Vin(6) - I1n(0) = 5 % ' VC'T;T- sin@ (5)

which pulsates sinusoidally at 2-f;,e from 0 to twice dc input power Py, which is found by averaging Equation (5)
over a line half-cycle:
Finally, reminding that P\\ = PouT / 1, solving Equation (6) for V¢ results:

Equation 6
2
1 G VIN, pk
Piv= [y Vin(8) - I1n(6) d6 = T RLSR Ve VOST (6)
Equation 7
Vo= 4-Rs Poyr  Vour _ 2:Rs Pour . _Vour @)
Ger n VIN,ka Ger n VIN, rms2
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With TM operation, as the load decreases fg,, increases and a mechanism of frequency limitation and foldback is
introduced in the L6462A to prevent fg, from reaching too high values and efficiency from quickly dropping at
medium/light load. Specifically, at low AC line, when Vcomp voltage is lower than the Vcomp_1g1-2 threshold the
turn-on of the MOSFET is no longer commanded on the first valley of the drain voltage ringing after the
demagnetization but on n-th valley of the ringing. A “valley counter” based on the ZCD pulse detection is
implemented and the number of skipped valleys (n-1) is increased in discrete steps progressively longer and
longer as Vcomp gets lower and lower due to a load decrease, as shown in the diagram of Figure 7 (turn-on at
valley number n=1, n=2, n=3, n=5, n=8, n=13). In this way, converter’s switching frequency is forced to
increasingly lower values (Frequency foldback), thus also reducing all frequency-related losses. At high AC line,
VS operation is always enabled regardless of Vcoump voltage. This reduces the THD of the input current by

improving its shape close to the zero crossings of the line voltage (crossover distortion) and may slightly improve
efficiency as well.

Figure 7. Turn-on valley number (n) vs. Vgcomp map
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Note: to avoid unwanted valleys jump, the ripple on COMP pin has to be lower than the valley skipping hysteresis
thresholds (200mV typ., see L6462A datasheet). This can be easily guaranteed selecting the appropriate
compensation networks (Cgp capacitor value). See Section 2.3 paragraph for more details.
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2 L6462A biasing circuitry

In the following section is described the selection of the components around the L6462A.

2.1 Output voltage divider resistors
In steady-state condition the FB pin is equal to the internal voltage reference Vrgr, so the programmed output

voltage Voyr results:
Equation 8

Rrp H)
4 =Vser |1+ 55— 8
our = Vrer ( Rrp L (8)

where the upper resistor Reg_H can be selected based on the maximum power dissipation Py of the resistor
divider network:
Equation 9

Vour”
Rpp y = P, 9)

Typical value of Rrg 4 resistor (which is typically composed by a series of resistors to sustain the high voltage
drop Vour) in the range of 5-15 mW to limit the power dissipation Py at few tens mW.

The Rpp_| resistor is then selected based on the desiderated output voltage Vouyr:
Equation 10

VREF
Rpp = Rrp_p* Vour— Vaer (10)

2.2 Current sense resistor
The current sense circuitry, which is typically composed by the parallel of two or more resistor (film or SMD type)
to sustain own power dissipation, is placed in series to power MOSFET source and its equivalent resistor value
Rs has to be opportunely selected to handle the maximum output power (Poyt max) also in the worst-case
condition (e.g. at minimum input rms voltage Vac min)- In particular, the Rg resistor value impacts on the voltage
dynamics of pin CS and pin COMP.
Referring to the datasheet, the controller embeds an over current comparator OCP1 that limits the peak inductor
current implementing a cycle-by-cycle over current protection. To maximize the dynamic of the CS voltage pin, the
OCP1 is typically selected equal to the maximum output load considering the worst-case condition (minimum
input voltage, minimum overcurrent internal threshold):

Equation 11
1N Vac,min" PF

= (11)
2\/7 ) POUT,max

Rs_ocp1 = Ves_ocpt,min

where Vs ocp1 is the internal over current threshold, h the estimated converter’s efficiency and PF the expected
power factor.

Considering Equation (7) and considering that the COMP pin voltage is V¢ + 0.3 V (typ), the resulting current
resistor that guarantee the respect of the dynamic of the pin COMP (e.g. voltage lower than the minimum upper
saturation voltage Vcompmin) is:

Equation 12

Ger,mi Vac, in”
s conr = (Vaown = 03): S0 1 Vi 12

To guarantee both the previous two conditions, the current sense resistor Rg has to be selected equal or lower
than the minimum:
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Equation 13

Rs = min (Rs ocp1, Rs_comp) (13)

Compensation network

Figure 8 shows the small signal model of the PFC converter, where the power stage has been represented with
the equivalent Norton circuit and the ESR (Equivalent Series Resistance) of the output capacitor has been
neglected (cross over frequency fc of the PFC converter is much lower than ESR frequency zero f, gsr=1/2 1 -
ESR - Cour).

Figure 8. Small signal model of the PFC converter
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Considering Equation (7) and considering that Poyt = VouTt * louT, the large signal control-to-output transfer
function of the PFC converter based on the L6462A is:

Equation 14
lovr=Ve g7~ 7 (14)

and then the equivalent Norton current generator results:
Equation 15

511\] = 6VCaIOUT = 5VC GCR n

2 (15)

Still starting from Equation 14, the equivalent Norton resistor results:
Equation 16

_ _ 9Voyr _ Rour
Ry = —aIOUT - (16)

It is interesting to note that the equivalent Norton resistance is lower than in a standard multiplier-based PFC
converter where Ry=Royr. Figure 9 shows the equivalent small-signal model of the converters in the Laplace

domain, assuming as output load a DC-DC converter: in this case the equivalent load resistance §Royr is
negative and equal to the Royr that is the equivalent large signal load resistance

SRour = — Royr = — Vour/lour- As a result the equivalent output resistance is Royt/2 (Rn //-RouT)-
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Figure 9. Small signal model — control-to-output transfer function.
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The control-to-output transfer function results:
Equation 17

2
. VIN, pk ROUT

Voue(S) _ Gep i .
2 1+s-Royr-Cour

GCO(S)= m_ 4RS n

(17)
Vour

where it is interesting to note that the frequency pole fy, o = 1/2 1 Royt Cout depends on the load condition

and the low-frequency gain depends on input/output voltage set-points. The previous equation can be rewritten in
the form:

Equation 18

— GO
Geo(s) = TF5 6,0 (18)

2
GCR VIN,pk

where Go = 771" o2 “Rour » tp_co = Rour-Cour
our

The control loop compensation network (composed by the Rgs, Crs, Cep components) is placed between the
COMP pin and GND as shown in Figure 10, and the transfer function is:

Equation 19

v (s) Rpp 1, 1

H(s) = ¢ = . =

© Vout(s)  I™E4 Rpp_ + Repit s+ (Crs + Crp)
1 + s RFS " CFS

' Crs Crp
L+s-Rps: (CFs+CFP

that can be rewritten in the form:

Equation 20
_ H, 1+s-t,
HEO) = T =
_ 9Im_ga* Rrp_L . _ . _CrsCrp
where H, = tz=Rps*Crs, = Rps' ¢ “re

(RFBL + RFBH) (CFS + CFP)'

Equation (20) shows as the transfer function introduces two poles (one in the origin to achieve the DC output
regulation) and one zero. It shows also that the compensation network transfer function has a non-zero gain at
the second harmonic of the line frequency (2 *fi Ng) and this introduce a third-harmonic distortion of the current
reference. In other words, the output voltage ripple AVoyt (2 *fNg) is not eliminated by the compensation
network and so its present at the COMP pin voltage (AVcoup = AVoyr - |H(G 21+ (2 frine)| = AVour - Hap)
introducing a distortion of the current reference Vcs rer. Considering that the output voltage ripple (peak-to-
peak) is:

Equation 21
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Loyt 21)

AVour = 57 fune - Cour

it is possible to demonstrate that the third-harmonic distortion of the current reference is given with a good
approximation by:

Equation 22
AVecomp AVoyr | H
Dy = 1, 2 - 1. z 2f (22)
2 Veomp— Veo 2 Veomp— Veo

where Vg is the “zero-power” level of the control voltage (Vcg = 0.3 V)

Figure 10. Small signal model — control-to-output transfer function
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The open loop transfer function then results:

Equation 23
_ ) _ G, H, 1+s-t,
FS) = 6eol®) ) = T35 5> THse) (23)
and considering that s=jw, it can be rewritten in the form:
Equation 24
1422
. G, H 1 2m-f,
27 fp_co 2 fp

To achieve a good closed-loop stability and THD performance, the compensation network is then designed using
the following rules:

. f=fp_co, to compensate the pole of the control-to-output transfer function and achieve the system stability.
2:-D3-(V -V
. Hyp = 3° Veome o) , to set the maximum third-harmonic distortion D3% (at the maximum input
AVoyr/2
voltage condition).
. f, position to achieve the desiderated phase-margin (Fy,).
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Figure 11. Asymptotic Bode Diagram - module
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Based on the previous considerations, and assuming Cgp<<Cfg, the suggested compensation network results:

Equation 25
_ 2:D3-(Veomup—Veo) _ 2:D3-V¢
Hap = AVouyr/2 ~ AVoyr/2 (25)
Equation 26
_ _ 1
fz_ fp_co_ ZH'ROUT'COUT (26)
Equation 27
B fz 2 fLng - Hap* G, tan(1h5 * dm ) o7
fp = 5 (27)
(tan( 155 - #m))
Equation 28
Im_Ea" Rrp_L 1
Cop = I L 28
FP ™ Rpp L+ Rppn 2m 2fynp Hof (28)
Equation 29
fo—Ff
Crs= Cpp* pfz - (29)
Equation 30
1
Rpc= — 30
FS 21- fz . CFS ( )

Note: the output voltage ripple AVoyT (at 2 *fing) is not eliminated by the compensation network and so its
present at the COMP pin voltage. To avoid unwanted valley jump the ripple voltage at the COMP pin has to be
lower than the valley skipping hysteresis thresholds (200 mV typ., see L6462A datasheet on www.st.com). As
previously reported, the peak-to peak ripple results:
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Equation 31

. Rpp |,
AVeomp = AVoyr- |[H(G 21+ (2 frne)| = AVOUT'(_l_—‘R) (31)
FBj, FBy

. Im_EA
21+ (2 fng) - Crp

and solving Equation (31) for the Cgg capacitor results:
Equation 32

Rrp_L ] Im_EA
Rpp, + Rppyy) 27 (2 fLing min) © AVcomp,max

CrB,min = AVour, max* ( (32)

where AV compmax the maximum acceptable ripple on COMP pin voltage (e.g., AVcompmax = 175 mV to achieve
some margin).
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Gate driver

The GD/ZCD pin is the output of the driver block and is able to drive an external power MOSFET with at least 0.3
A source and 0.6 A sink capability.

The high-level voltage of this pin (Vgpn) is internally clamped at 10 V typ. to avoid excessive gate voltages in
case the controller is supplied with a high VCC value.

To avoid undesired switch-on of the external MOSFET due to some leakage current when the supply of the
L6462A is below the UVLO threshold, an internal pull-down circuit holds the pin low (the circuit guarantees 1.1V
maximum at Ig;nk=1 mA); in case of using an external pull-down gate resistor, select a value >100 kQ to avoid
reducing the sensitivity of the ZCD detection circuitry.

Figure 12. Typical gate driver network
(YY) ° ’|
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R orr Do orr
|

A gate resistor Rg_on in series to GD/ZCD pin is typically added to limit the high dv/dt at power MOSFET turn on.
To avoid excessive slowdown at power MOSFET turn-off, a second resistor Rg_off plus a signal diode can be
used as shown in Figure 12.

Typical values of these resistors are in the range of 15 Q+30 Q for Rg_on and 4.7 Q+10 Q for Rg ofr in a
standard PCB layout. In case of a PCB layout with long GD/ZCD and power GND return tracks, a higher gate

resistor values should be used to avoid excessive high frequency spike due to parasitic inductance (e.g.,30 Q+47
Q for RG_ON and 8.2 Q+20 Q for RG_OFF)-

page 12/33




ANG6378
L6462A biasing circuitry

ANG6378 - Rev 1

Zero-Current Detection (ZCD) circuitry - optional

As showed in the L6462A datasheet, the controller detects the zero-current condition (ZCD) through the
integrated current sensor on the pin GD/ZCD. In case one wants to increase the sensitivity of the internal current
sensor, it is possible to add a few pF external capacitor (Czcp) between the drain and the gate of the power
MOSFET, with a series resistor (Rz¢p) in the kQ (e.g., 1,10 kQ) to limit noise injection into the gate driver pin as
shown in Figure 13.

Figure 13. Optional supplementary external RC to increase ZCD circuit sensitivity
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As reported in the L6462A datasheet, the Igp sensed current during the drain oscillation has a sinusoidal shape
and its maximum is:

Equation 33

Ipmax(8) = 21+ fr - Crss - (Vour — Vin(0)) = Crss . Vour = Vin(6)) (33)

JL5Ca

where C,gs is the parasitic capacitance that exists between the gate and the drain terminals of the power
MOSFET. The right ZCD detection is guaranteed till the Igp may is higher than the internal arming threshold
(Icb_a=60 pA typ., see L6462A datasheet).

Solving Equation (33) for the Css capacitor, considering the maximum input voltage (Vac max) and 200 YA as
target value to achieve same margin, results:

Equation 34

Cros min = 200A - VL5Ca (34)

res (Vour = V2V a¢, max)
In case the selected power MOSFET has a Cyss < Crss min, the external Czcp capacitor has to be added to
achieve the 200 pA target (C,ss and Czcp capacitor are in parallel):
Equation 35
VLpCq
Crss (3%5)

C = 200pA - —
zep ha (Vour = V2V ac,max)
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3 Power stage design
This section describes the step to design the components of the PFC boost power stage, based on the target
specifications/requirements:
. AC line voltage range (rms): VAc min * VAC, max
. Minimum line frequency: fi INE min
. Nominal output voltage: Vouyr
. Rated output power: PoyT max
. Expected efficiency: n
. Holdup time and minimum output voltage: Thoid, VouT,min
. Minimum switching frequency: Fsw.min
. Maximum ambient temperature: Tamp max
3.1 Operating conditions

ANG6378 - Rev 1

Starting from the target specifications it is possible to define the main parameters of the power stage:

. Rated DC output current (IouTmax)
Equation 36
_ POUT,max

lour,max = =7 =
. Maximum input power (PN max)
Equation 37

Pouyr,

PIN, max = %
. Maximum RMS input current (IiN_RMS,max)
Equation 38

POUT, max

lin_rms,max = 577 PR

. Maximum peak inductor current (I pk max)
Equation 39

11K max = 242 IIn_RMS, max

. Maximum RMS inductor current (I._rwms, max)
Equation 40

2
1, _rMS,max = —= * [IN_RMS, max
— ) \/g - )

. Maximum AC inductor current (I._rus max)
Equation 41

I = I 21 2
L_AC,max — L_RMS, max IN_RMS, max

. Maximum RMS switch current (Isw_Rms,max)
Equation 42

(36)

(38)

(40)

(41)
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1 44/2 VAC, i
Isw_rRMS,max = ILPK, max " \/g - % . T:Tm (42)
. Maximum RMS diode current (Ip_rwms,max)
Equation 43
42 Vac mi
Ip_rMS,max = ILPK, max " % : T{T:n (43)
3.2 Bridge diode rectifier (BD)

The input rectifier bridge can use standard slow recovery, low-cost devices. Typically, a 600 V device is selected,
to have good margin against mains surges, and with an average current capability higher than:

Equation 44

Ipk, avg_bridge = \/E ’ Iin,rmsbn-dge (44)

where the input RMS current lin rms_bridge iS:
Equation 45

I V2. Por 45
in,rms_bridge — 2 n'VAC'PF ( )

The rectifier bridge power dissipation can be estimated with the following formula:
Equation 46

2 2
Pbridge =4 Ryiode * Iin, rms_bridge +4- Vth, diode * (E ) Iin, rms_bridge) (46)

where Vi diode and Rgiode are respectively the threshold voltage and dynamic resistance of a single diode of the
bridge, which can be found in the component datasheet.

Based on the total power losses value (Pyyrigge) and based on the maximum acceptable bridge-diode’s junction
temperature target (e.9. T pridge,max=125 °C), it is possible to calculate the maximum thermal resistance of the
heat-sink required to keep the bridge-diode’s junction temperature below T; pridge,max:

Equation 47

Ry = Tj_bridge, max — Tamb, max
Pbridge

(47)

Note: an NTC resistor limiting the current at turn-on is required to avoid overstress to the diode bridge.

3.3 Boost Inductor (Lg)

The boost inductor value (Lg) is selected based on the desiderated minimum switching frequency Fsyy min at full
load. Assuming a TM operation (Ty=0), the peak of the boost inductor current I_pk(0) is sinusoidal and twice the
input current:

Equation 48

Ipg(8) =2-11y(0) = I pg - sin (48)

where I pk can be calculated from Equation (38), Equation (39) and results:
Equation 49

P
ILpi = 242 # (49)
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During the power switch ON time the boost inductor is magnetized and it possible to write:
Equation 50

T (V B)ZLB'ILPK(H) :LB.ILPK'SinBZLB'ILPK
oniAcy [Vac(0)] V2Vyc-sind 2V

= cost (50)

where it is interesting to note that does not depend on the angle of the mains phase but is constant over the entire
mains cycle. Then, the resulting demagnetization time of the boost inductor is:

Equation 51
Lg-I1p(6) Lg I pg - sin
Trw(Vac,0) = = - 51
rw(Vac.9) Vour = Vac(@)l  Voyr =2 V¢ sind oy
Considering that in TM operation (Ty =0), the switching frequency is:
Equation 52
1
fswVac, 0) = (52)
™ TON(VINpk,: 0 ) + TFW(VINpk,» 0 )
_ V2Vac- (Vour = V2 Vac - sind)
Lg-Ipk*Vour
Then replacing Equation (49) in the Equation (52) after some calculations results:
Equation 53
2 .
n-PF Vac™ - (Vour = V2 V¢ - sinb)
Vac,Pour,0) = - 53
fsw(Vac, Pour, ) 71, Poyr Vour (83)
It is worth noticing that:
. the switching frequency is minimal at the top of the sinusoid (©=1/2) and maximal at the zero crossings of
the line voltage (©=0 or m => sin©=0),
. the absolute minimum switching frequency Fsy min can occur at either the maximum Vac max or the
minimum mains voltage Vac min at maximum output power.
Figure 14. Switching frequency versus line voltage
Frequency modulation with the Line half-period
@ Pout_max
i 100
g
o
E \_/
== Switching Frequency @Vacmin
= Switching Frequency @Vacmax
10 T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
0 [line half-period]
Then, the selected inductor value is therefore equal to the minimum:
Equation 54
Lg = min [Lg(V ac, min) Ls(V ac, max)) (54)
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where:
Equation 55
(95)
2
LoV acmin) = n-PF Vaemin” - (Vour = V2 Vac,min)
BATACmIn) = 2 Fsw, min* Pout_max Vour
2
Ly(V ) = n-PF ~Vacmax” (Vour = v2 Vac,max)
BATACmax) = 2 Fsw, min* Pout_max Vour
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3.4 Input capacitor (C;,,)

The input filter capacitor (Cj,), placed across the diode bridge output, smooths the high-frequency ripple and it
sustains the maximum instantaneous input voltage. Then the minimum value can be calculated based on the
maximum acceptable voltage ripple:

Equation 56

IIN_‘rms, max (56)

Co . =
M 21 Fsy,min 7V ac_min

where r is the coefficient ripple voltage and typically it is selected in the range of 0.05+0.1 (voltage ripple across
Cin between 5% and 10% of the minimum rated input voltage).

The maximum value of this capacitor has to be not much higher than the previous values to avoid the distortion of
the input mains current, due to the residual voltage retained by the capacitor that causes the diodes of the bridge
rectifier to be reverse-biased and the input current flow to temporarily stop.

3.5 Output capacitor (Coyt)

The output bulk capacitor value (Cqt) is selected based on the expected output voltage ripple and hold-up time (if
requested). Neglecting the contribution of the ESR, as the capacitive reactance is dominant, the minimum value
of the output capacitor to respect the ripple specification is:

Equation 57

IOUT,max — POUT,max (57)
27 fLNE min DVour 270 fLINE min* AVour " Vour

Cout_ripple =

where AVoyr is output voltage ripple (peak-to-peak).

If the PFC stage has to guarantee a specified hold-up time (Thog), the calculation of the output capacitor is
different. The value of the capacitor when the line voltage drops out, needed to deliver the output power for a
certain time Thqig until the output voltage reaches the required minimum voltage value (Voyt min) depends on the

load and the value of the ripple. When Voyt_wmin is reached, a 'power fail' is detected, stopping the downstream
system supplied by the PFC. The worst-case for the hold-up time is at minimum input voltage and full load, with
the line drop starting at the valley of the sine-varying ripple of the output voltage.

The minimum capacitor to respect the hold-up time then results:
Equation 58

2- POUT,max *Thold (58)

AVoyr \? 2
Vour —— - (Vour_miv)

Cout_holdup = (

To respect both conditions, then Cy,;> max ( Cout,,-p ple? Couthpiay p)

3.6 Power MOSFET (M)

Selection of the power MOSFET (typically one or two in parallel) concerns mainly the equivalent on-resistance
(Rps(on)), that should be low in order to minimize conduction losses, without increasing the switching losses due
to the MOSFET's equivalent output capacitance Coss. To achieve high-efficiency both Rpg(en) and the Coss have
to be taken into account, also considering the trade-off between cost versus performance.

The MOSFET breakdown voltage is selected considering the PFC nominal output voltage adding some margin
(e.g., 20%) to guarantee reliable operation.

The total power losses of the MOSFETs are mainly given by the sum of conduction, switching and capacitive
losses:

Equation 59
Pioss(Vac, Pout) = Peond(Vac: Pour) + Psw(Vac, Pour) + Peap (59)

where conduction (P.ong) and switching (Pgy) losses depends on the input voltage and output power condition.
The worst-case occurs typically at minimum input voltage (Vac min) and maximum output power (Poyt max)-
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The conduction losses can be estimated with:
Equation 60

2
Pcond(VACv POUT) = Ryson” Isw,rms(VAC: POUT) (60)

where the rms current into the switch is:
Equation 61

_  Pour |1 42 Vg
Isw,rms(VAC:POUT) - 2\/E W 6 or (61)

It is worth noticing that normally in the datasheets the Rps(on) is given at ambient temperature (25°C), then to
properly calculate the conduction losses at the MOSFET junction operating temperature (e.g. T;=100 °C), a
multiplier factor should be taken into account. Multiplier factor that can be found on the datasheet looking at the
normalized on-resistance versus temperature graph (e.g. typically a multiplier factor of 1.7 considering

T=100 °C).

The switching losses are difficult to predict as they depend on the particular switching waveform, determined by
many factors (driving current, gate resistors, MOSFET gate internal resistance, Vy,, gate charge, total capacitance
on the drain node including parasitic capacitances etc.). A good approximation to determine the generic switching
losses due to the MOSFET commutation, that in this case occurring only at turn-off thanks to Quasi-Resonant
operation, can be basically expressed by:

Equation 62

1
Psw=5Vps-Ips-trau* Few (62)

where Vpg is the drain-to-source of MOSFET, Ipg the drain current and tgy refer to the falling edge time of Vps.
The Equation (62) represents the crossing between the MOSFET current that decreases linearly during the fall
time and the voltage on the MOSFET drain that increases. In fact, during the fall time, the current of the boost
inductor flows into the parasitic capacitance of the MOSFET charging it and so for this reason the switching
losses also depend on the total drain capacitance.

Starting from Equation (62), it is possible to demonstrate that the switching losses results:

Equation 63

2
, tral” 1
P'ow(Vac Pour, 0) = fgd “ % " 1rk(Vac, Pour, 0) - fsw(Vac, Pour, 6) (63)

where Cg is the equivalent total drain capacitance (Cq=CqsstCpar Where Cogs is the MOSFET parasitic drain
capacitance and Cpy is the parasitic capacitances of the other components afferent to the drain node like the
boost inductor).

Equation (63) depends on the phase angle on the sinusoidal waveform, then its average value it is found by
averaging it over a line half-cycle:

Equation 64

2
1 (m,, trai” 1 (m
PSW(VAC' POUT) =’ Jo P'swVac Pour. ) d6 = fgd o Jo 1ek(V ac, Pour. 0) (64)

' fsw(VACr Pour, 9) de

Applying the Equation (48) and Equation (49), the average switching losses results:
Equation 65

2
bral” 1 (242:P 2
Psw<VAC'P0UT> = fgd '5'(—,7\./;“ %{:)'ﬁ(sm(f’) *fswVac Pour, 0) d6 (65)
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where the switching frequency fs,(Vac, Pout, 6) is expressed by the Equation (53). The capacitive losses, due to

the discharge of the total drain capacitance through the MOSFET at turn-on, can be estimated with this simple
expression:

Equation 66

1
Pcapgf'cd'VDSZ'fsw (66)

where Vpg is the drain voltage at the MOSFET’s turn-on instant and it depends on the phase angle 8, as shown in
Figure 15 and Figure 16.

Figure 15. Drain voltage turn on — capacitive

losses. Figure 16. Drain voltage turn on — 84 and 6, angle
A
300,
Vbs )
Vour 242V, sin 0 - Vour
240) \
180)
; Vds(8,230,400)
V2V,
120
0, 0,
) \ /
"o 0.524 1.047 1571 2094 2618 3.142
> ¢ ]

Basically, if the input voltage is lower than half of the output voltage, the resonance should ideally reach zero,
achieving a zero-voltage operation and therefore avoiding any losses on this edge. Whereas if the input voltage is
higher than half of the output voltage, the amplitude of the drain resonance is (VOUT -2 VAC) and the MOSFET
is turned-on once drain voltage is 2y/2 - V¢ - sinf — Voyr

Taking into account that also the switching frequency (Equation (53)) depends on the phase angle q, then its
average value it is found by averaging it over a line half-cycle:

Equation 67

.1 (021 . 2
Pcap(VAc. Pour) = felf (2y2-Vyc-sind =Voyr)”+ fewVac Pour,6) do (67)

where 61 and 6, depend on the input voltage and are defined below:

Equation 68
61 = arcsin(%) (68)

Equation 69
92 =1 — 91 (69)

In practice, it is possible to estimate the capacitive losses by solving the integral of the switching frequency
between 64 and 6, phase angle.

It is worth noticing that, as shown in Figure 17, typically the maximum total losses occur at the minimum input
voltage (Vac min) Where the conduction losses are dominant. Whereas the capacitive losses are dominant at high
mains voltages.
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Figure 17. Typical MOSFET power losses graph versus input voltage

MOSFETs Losses ~—Total losses
------ Switching losses
~ - -Conduction losses
— = Capacitive losses

Losses [W]

Vin [VAC]

Based on the total MOSFET power losses value (Poss) and based on the maximum acceptable MOSFET junction
temperature target (e.g. Tj mosreT,max=125 °C), it is possible to calculate the maximum thermal resistance of the
heat-sink required to keep the MOSFET’s junction temperature below Tj MOSFET,max:

Equation 70

Tj_MOSFET, max Tamb, max
Ploss

Rep = (70)

3.7 Boost diode (D)

Following criteria similar to that used for MOSFET losses calculation, the output rectifier can be properly selected.
A minimum breakdown voltage of 1.2-(Voyt) and a current rating higher than 3-loyt_max can be considered for a

rough selection of the rectifier.

The correct selection is then confirmed by the thermal calculation, as the diode junction temperature typically
needs to work within 125 °C.

Since this circuit operates in the transition mode, the reverse recovery is not experienced by the diode, then
power losses are mainly due to conduction and can be estimated by:

Equation 71

2
Paiode = Vin_diode * Tour + Ra_diode  Ip_rMS (71)

where Vi, giode @nd Ry _giode are the rectifier threshold voltage/dynamic resistance respectively (see diode
datasheet), and the maximum diode RMS current can be estimated substituting Equation (38) and Equation (39)
in the Equation (43), resulting:

Equation 72
- Pout, max 42 Vacmin
Ip_rms, max = 242 N VacmnPF 9 Vour -

Based on the total power losses value (Pgioge) and based on the maximum acceptable bridge-diode’s junction
temperature target (e.g. Tj diode,max=125 °C), it is possible to calculate the maximum thermal resistance of the
heat-sink required to keep the bridge-diode’s junction temperature below T giode,max:

Equation 73

. Tj_diode, max Tamb, max
Ry = (73)
Piode
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The L6462A does not need any special attention to the layout, only requiring that the general layout rules for any
switching power converter be carefully applied.

Referring to the Figure 18, the basic rules are:

Keep the power and signal GND separated. Connect the return pins of the components carrying the high
current switched at high frequency such as the PFC sense resistor (Rg), the input and output capacitors
(Cin» Cour) as close as possible. This point is the GND star point. A downstream converter must be
connected to this return point.

Connect the GND pin (#3) to the GND star point making the connections as short as possible and using a
track width suitable to minimize its impedance. Keep this connection separated from any other GND
connection, especially if carrying high currents.

Minimize the length of the traces relevant to the boost inductor (Lg), MOSFET's drain (M), boost rectifier
(D) and the output capacitor (Coyr)-

Minimize the track length of the GD/ZCD pin (blue net) and keeps far from other high dV/dt signal tracks (to
avoid noise injection during valleys detection time).

Minimize the track length of the FB pin and keeps it far from high dV/dt signal tracks, such as the
MOSFET's drain (FB is a high impedance pin).

Minimize the loop area of the high frequency paths (dotted lines).
Minimize the length of the power GND return paths (red nets).

Figure 18. Power section and signal component connections

$ —
oO—
COUT
Vi = LOAD
—-— (DC/DC)
o—
PWR GND

Suply ...... I - . !
Voltage | uu C
Cyee 5
4 3
vec GND = T = | |Res.. I:I Res s
Fp | Res
2 G

5 2
Ry = GD/ZCD COMP

1
cs FB

L64624

Place the VCC ceramic filter capacitor (e.g., 100 nF+1 pF) close to the L6462A controller, connecting it to
the VCC pin (#4) and to the GND pin (#3).

Keep signal components as close as possible to each relevant pin of L6462A. Specifically:
- Place compensation network (Cgp, Rgs, Cgg) close to COMP pin (#2) and connected to signal GND.
- Place current sense filter (Cyt, Ryiit) close to CS pin (#6) and connected to signal GND.

- Place the output voltage resistors divider (Rrg_, Rrg _H) close to FB pin (#1) and connected to signal
GND.

- Place high frequency filter of the feedback net (Cs;;) close to FB pin (#1) and connected to signal
GND.
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5 Design example

A 250 W wide-input range PFC circuit is considered, with the following target specifications:
. AC line voltage range (rms): VAc min = 90 V, VA max = 265V

. Minimum line frequency: fi |Ng min = 47 Hz (nominal 50 Hz, 60 Hz)

. Nominal output voltage: Voyt =400 V

. Rated output power: Poytmax = 250 W

. Rated output current: loyTmax = 0.625 A

. Expected efficiency at Vac min: N = 0.94

. Expected power factor at Vac min: PF = 0.99

. Minimum switching frequency: Fsy min = 40 kHz
. Ripple input voltage coefficient: r = 5%
. Maximum output low-frequency ripple (peak-to-peak): AVoyt =12V
. Hold-up time and minimum output voltage: Thoig = 20 ms, Vout min = 300 V
. System stability: @, = 45° (phase margin), D3 = 2.5% (maximum third-harmonic distortion)
. Maximum ambient temperature: 50 °C
5.1 Power section

Bridge rectifier
Considering that the RMS current into the bridge diode is (from Equation (45)):
Equation 74

_VZ __Pour __+2 250w _
lin.rms bridge = 37" 7°V,. - PF = 2 " 094-90v-099 ~ ~114 (74)

the sinusoidal peak value of the AC current results (from Equation (44)):
Equation 75

Ipk,avg_bridge = V2 lin,rmspyigge = V2 - 2114 = 2.984 (75)

then a bridge diode D15XB60H is selected (600 V, 15 A/3.5 A). Assuming Vi, diode=0.7 V and Rgioge=25 mQ
(extrapolated from the device datasheet), the estimated total power dissipation of the bridge diode results (from
Equation (46)):

Equation 76

2 2
Pbridge =4 Rdiode ' Iin,rmsbn'dge +4- Vth,diode ) (E ' Iinﬁrmsbridge) (76)

= 4-25m0 - 2114% +4-0.7V - (% : 2.11A) —421W

To keep the junction temperature of the bridge diode below 125 °C (T; pridge,max), it should be needed a heat-sink
with a thermal resistance below (from Equation 47):

Equation 77

T: .. -T o o
~ . j_bridge max amb,max _ 125°C — 50°C _ o
Ren = Prridge = Tazw o 178/ 77

Boost inductor

Considering a minimum switching frequency Fsy min=40 kHz, the required maximum boost inductor Lg results
(from Equation (55)):
Equation 78
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2
Lo(V 4 min) = n-PF  Vac,min “(Vour = V2V ac, min) (78)
BATACmin) = 2" Fsw, min * Pout_max Vour
_094-099 90V (400V —yZ -90V) _ B
2 - 40kHz - 250W 400V "
Equation 79
2
Ly(V ) = n-PF ~Vacmax “(Vour = V2 Vac,max) (79)
BNACmax) = 2 Fow, min* PouTyax Vour
__094:099  265V7-(400V—yZ -265V) .
= 2-40kHz - 250W 400V = cU%H

A nominal inductor Lg=210 uH is selected.
Input capacitor
The minimum required input filter capacitor Cj, is calculated from Equation 56 considering that the maximum input

Pout, max _ 250W
nVac:PF ~ 0.94-90V-0.99

rms currentis I;y rys max = = 2.984(from Equation (38)):

Equation 80

_ IIN_rms, max _ 2.984 _
Cin_min = o Fsw.min' T VAC min = 97 40kHz 90V 1.31 pF (80)

A value of 1.47 pyF (1 pyF and 0.47 pF in parallel) is selected.

Output capacitor

The minimum output capacitor Cq; to achieve the desiderated voltage ripple is (from Equation (57)):
Equation 81

C lout, max 0.6254
out”pple 2m- fLINE min AVOUT 2m-47Hz-12V

and to achieve the desiderated holdup time is (from Equation (58)):
Equation 82

=175 uF

2 Poyt,max " Thold _ 2-250W - 20ms
AV 2 2 122 2
(VOUT - gUT) - (VOUTMIN) (400v — 13£)" — (300V)

Coutholdup = (82)

= 153 pF

A value of Cq,+=180 puF /450V is selected.

Power MOSFET

A 600 V/99 mQpax in TO-220FP power MOSFET is selected (STF36N60M6), as a good balance between the
minimum break-down voltage (600 V) and static/dynamic performances (Rps(on)/Coss)- Typically the maximum
power losses are at minimum input voltage (Vac min) Where the conduction losses are dominant, then the RMS
current flowing into the power switch is (from Equation (61)):

Equation 83
_Poyr |1 &2 Vae i 250W
Isw,rms = 2v/2 - N Vac PF 6~ 91 Vyur = 22" 597907 0.9 83)
1_42 9ov _
6~ o 00y ~ 2944

then considering 100°C as maximum junction temperature of the power MOSFET (1.7 as multiplier factor for the
Rps(on)); the estimated conduction losses results (from Equation (60)):
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Equation 84

Peond = Rason* ISW_TmS2 = (99mQ-1.7) - (2.94A)2 =145W (84)

Assuming a stray capacitance of 100 pF and considering the typical Cogg of the power MOSFET at 100 V (93 pF,
see STF36N60M6 datasheet), the total capacitance afferent to the drain node is about

Cq= Coss* Nipos + Cstray = 190pF

Considering the Equation 53 (switching frequency versus input voltage, output power), the resulting estimated
switching power losses at the minimum input voltage is (from Equation (45)):

Equation 85

=tfallz_ 1 (2V2: Poyr f in0)* - fou(Vac, P 9)d9=L"52.L (85)
sw= "¢, "6m \n-Vuc PF o swArAC T oUT 190pF 6m

24/2 - 250W .
. ((m\/_gow) . fO (SlnG) . fSW(VAC' POUT' 9) de =0.105wW

where has been considered tiy=7ns (see STF36N60M6 datasheet).

Considering the Equation (68) and Equation (69), the capacitive losses can be estimated solving the integral in
the Equation (66).

At the minimum input voltage results:
Equation 86

1 (921 , 2
Pcap(VAC,min: POUT_MAX) == fel 7 (242 Vg, min - Sinf — Voyr) (86)

* Fsw(Vac, maw Pour_max:6) de_— jg -(2¢Z 90V - sind — 400V)?
* f5w(90V,250W,6) df = 0

Whereases at the maximum input voltage result:
Equation 87

~ 1 621 . 2
Pcap(VAC, max POUT_MAX) =T feli ' (2\/E “Vac,max " sinf — VOUT) (87)

4 . 2
. fsw(VAC,max' POUT_MAXI 9) d9 = % . 912% . (2\/2_265V +sinf — 4—00V)

© Fow(90V,250W,0) dO = 0.26 W

The total estimated losses for the power switch, at the minimum input voltage and maximum output power, is then
(from Equation (59)):

Equation 88

Ploss = Pcond(VAC,min' POUTMAX) + PSW(VAC,min: POUTMAX) (88)
+ Peap(Vac, min Pouryy 15) = 1-45W + 0.105W + OW = 1.55 W

To keep the junction temperature of the MOSFET below 125 °C (T; mosFeT,max). it should be needed a heat-sink
with a thermal resistance below (from Equation (70)):
Equation 89

T]'_MOSFET,max — T amb, max _125°C —50°C _ 48 °C

Rep = Procs = 155w W

Output diode

Considering the criteria for the output boost diode (minimum 1.2*Voy7=480 V and 3*loyt max=1.875 A), the
ultrafast high STTH5L06FP (in TO-220 AC insulated package) is selected (600 V/5 A). Considering that the rms
current flowing in the output diode is (from Equation (72)):

Equation 90
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_ Pout, max W2 Vacmin _ 250W
I rms,max = 292 37 2 SBE O Vo~ 2V2 094 90V 0,99 (%0)
42 9oV
9 400V =1784

and that the threshold voltage/dynamic resistance are around 0.89 V/33 mQ (from datasheet), the estimated
conduction losses results (from Equation (71)):

Equation 91

Paiode = Vingipge lour + Ragipge” Ip,rus" = 0.89V - 0.6254 + 33mQ- 1.784° (91)
=0.66 W

To keep the junction temperature of the diode below 125 °C (T;_giode,max). it should be needed a heat-sink with a
thermal resistance below (from Equation (73)):

Equation 92

T: ;: —-T o o o
~ ! j_diode,max amb,max _ 125°C — 50°C _ °C
Ren = Paiode = oeew - B3w (02)

5.2 Biasing circuitry
Assuming a power dissipation Py of 12 mW for the output resistors divider, the upper resistor Rgg_p is (from
Equation (9)):
Equation 93

Vour” _400V?

IR

Rrp_H

An equivalent resistor of 12.9 MQ is selected (three resistor of 4.3 MQ in series to sustain the high voltage drop),
then considering that the L6462A reference voltage Vrer is 2.5 V typ., the lower resistor Rrg | results (from
Equation (10)):

Equation 94

v
Rrg 1= Reg 25— = 12.9MQ. 25V___ _g1.13kQ (94)

VREF 400V — 2.5V

A value of 81.13 kQ is selected (two resistors in parallel, 100 kQ // 430 kQ).
Current sense resistor

The minimum value of the OCP1 threshold, at the 90 V minimum input voltage, is Vcs_ocp1,min=0.48 V (from the

L6462A datasheet), then to respect the dynamic of the CS pin the maximum current sense resistor should be
(from Equation (11)):

Equation 95

N Vacmin PE _ 00, 0.94 - 90V -0.99

R =V L. 4abmin =56 mQ 95
Socp1 CS_OCP1,min 22 Pour, max 24/2 - 250W ™ o

The minimum value of the upper COMP pin voltage Vcomp,min is 3.1 V (from the L6462A datasheet), then to
respect the dynamic of the COMP pin the maximum current sense resistor should be (from Equation (12)):
Equation 96

2

GeRr,mi n Vac,mi
RS—COMP = (VCOMP'min - 03) ' me ' POUT max . VOlr]n;n

= (3.1V = 0.3V) (96)

0.534 094 90v?

2 250w ooy — >8mi
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where for minimum value of the equivalent multiplier gain G¢r for Vac min=90 V is 0.534 (see L6462A datasheet).

To guarantee both the previous two conditions, the current sense resistor Rg has to be selected equal or lower
than the minimum, then an equivalent resistor of 55 mQ is selected, composed by two resistors of 0.100 Q and
0.120 Q (metal film resistor, 1 W, 5%) in parallel to sustain the power dissipation.

Compensation network
The maximum output voltage ripple Voyrt is (from Equation (21)):
Equation 97

lour.max  _ 0.6254
Zn'fLINE'COUT 271'47HZ180[1F

AVOUT = =1176V (97)

and the V¢ control voltage set-point, calculated at the maximum input voltage and rated output power is (from
Equation (7)):
Equation 98

_ 2'Rs Poyr . Vour _ 2-55mQ  250W . 400V _
o= T T 2770125 094 52 0 (98)

VI N,rms

where the internal equivalent multiplier gain Ggr for Vaoc=265 V is 0.125 (see L6462A datasheet). Then to the
third-harmonic distortion D3 at 2.5%, the compensation network gain at 2*f; ;e has to be (from Equation (25)):

Equation 99

yoo— 2:D3-Ve 20025 (1.33V)
2T AVour/2 11.76V/2

=0.011 (99)

and the suggested Crp capacitor results (from Equation (28) and considering gm ga=100 pS typ. from the L6462A
datasheet):

Equation 100

Con = 9m Ea” Rrp 1 1 _ _ 100uS-81.13kQ (100
PP Rpp L+ Rppn 2m 2fung Hyp — (81.13kQ + 12.9MQ)

1 _
772 47Hz 0011 = o

Considering the Equation (32), the minimum required Cgp capacitor value to respect that ripple voltage at the
COMP pin is lower than the valley skipping hysteresis is (considering 175 mV as maximum acceptable ripple
voltage to achieve some margin versus 200 mV typ. hysteresis value):

Equation 101

RFBL ngA
Cpp, in — AVOUT, " " (101
e " (Rpp, + Repy) 270 (2 FLNg min) * AVcomP, max )
_ , 81.13k ) 100uS 3
= 1176V (81.13k + 129M) 2m-(2-47Hz)-175mV 7ink
The selected value is Crp=100 nF.
External ZCD network (optional)
Applying the Equation (34), the minimum required C,sg capacitor is:
Equation 102
VLsCa \210uH - 160pF
C in = 200p4 - = 200pA - = 145 pF 102
rssmin = e Y ot = V2V At max) M4 (a00v — vz -265V) P ( )

Selected power MOSFET STF36N60M6 has a C,ss=6 pF typ. (see datasheet), then it is no needed to add an
external Czcp - Rzcp network.
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products and/or to this document at any time without notice.

In the event of any conflict between the provisions of this document and the provisions of any contractual arrangement in force between the purchasers and
ST, the provisions of such contractual arrangement shall prevail.

The purchasers should obtain the latest relevant information on ST products before placing orders. ST products are sold pursuant to ST’s terms and
conditions of sale in place at the time of order acknowledgment.

The purchasers are solely responsible for the choice, selection, and use of ST products and ST assumes no liability for application assistance or the design of
the purchasers’ products.

No license, express or implied, to any intellectual property right is granted by ST herein.
Resale of ST products with provisions different from the information set forth herein shall void any warranty granted by ST for such product.

If the purchasers identify an ST product that meets their functional and performance requirements but that is not designated for the purchasers' market
segment, the purchasers shall contact ST for more information.

ST and the ST logo are trademarks of ST. For additional information about ST trademarks, refer to www.st.com/trademarks. All other product or service names
are the property of their respective owners.

Information in this document supersedes and replaces information previously supplied in any prior versions of this document.

© 2026 STMicroelectronics — All rights reserved
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