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Power Factor Controller for
Compact and Robust,
Continuous Conduction
Mode Pre-Converters

NCP1654

The NCP1654 is a controller for Continuous Conduction Mode
(CCM) Power Factor Correction step—up pre—converters. It controls
the power switch conduction time (PWM) in a fixed frequency mode
and in dependence on the instantaneous coil current.

Housed in a SO8 package, the circuit minimizes the number of
external components and drastically simplifies the PFC
implementation. It also integrates high safety protection features that
make the NCP1654 a driver for robust and compact PFC stages like an
effective input power runaway clamping circuitry.

Features

IEC61000-3-2 Compliant

Average Current Continuous Conduction Mode

Fast Transient Response

Very Few External Components

Very Low Startup Currents (< 75 uA)

Very Low Shutdown Currents (< 400 uA)

Low Operating Consumption

+1.5 A Totem Pole Gate Drive

Accurate Fully Integrated 65/133/200 kHz Oscillator
Latching PWM for cycle-by—-cycle Duty—Cycle Control
Internally Trimmed Internal Reference

Undervoltage Lockout with Hysteresis

Soft-Start for Smoothly Startup Operation
Shutdown Function

Pin to Pin Compatible with Industry Standard

This is a Pb—Free Device

Safety Features

Inrush Currents Detection

Overvoltage Protection

Undervoltage Detection for Open Loop Detection or Shutdown
Brown—-Out Detection

Soft-Start

Accurate Overcurrent Limitation

Overpower Limitation

Typical Applications

® Flat TVs, PC Desktops

® AC Adapters

® White Goods, other Off-line SMPS
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Device Package Shipping’
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(Pb-Free) Tape & Reel
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including part orientation and tape sizes, please
refer to our Tape and Reel Packaging Specification
Brochure, BRD8011/D.

Publication Order Number:
NCP1654/D



http://www.onsemi.com/

NCP1654

MAXIMUM RATINGS TABLE

Symbol Pin Rating Value Unit
DRV 8 Output Drive Capability - Source -1.5 A
Output Drive Capability — Sink +1.5
Veo 7 Power Supply Voltage, V¢ pin, continuous voltage -0.3, +20 \%
7 Transient Power Supply Voltage, duration < 10 ms, IVgg < 10 mA +25 \%
Vin 2,3,4,5,6 |InputVoltage -0.3, +10 \Y
Power Dissipation and Thermal Characteristics
D suffix, Plastic Package, Case 751
Pp(SO) Maximum Power Dissipation @ Ta = 70°C 450 mwW
Rgya(SO) Thermal Resistance Junction-to-Air 178 °C/W
Ty Operating Junction Temperature Range -40to +125 °C
Tymax Maximum Junction Temperature 150 °C
TSmax Storage Temperature Range -651to +150 °C
TLmax Lead Temperature (Soldering, 10 s) 300 °C

Stresses exceeding those listed in the Maximum Ratings table may damage the device. If any of these limits are exceeded, device functionality

should not be assumed, damage may occur and reliability may be affected.
1. This device series contains ESD protection and exceeds the following tests:
Human Body Model (HBM) 2000 V per JEDEC standard JESD22, Method A114E

Machine Model (MM) 200 V (except pin#7 which complies 150 V) per JEDEC standard JESD22, Method A115A.

2. This device contains Latch-up Protection and exceeds +100 mA per JEDEC Standard JESD78.

TYPICAL ELECTRICAL CHARACTERISTICS TABLE (V¢ = 15V, T, from -40°C to +125°C, unless otherwise specified) (Note 3)

Symbol Rating | Min | Typ | Max | Unit |
GATE DRIVE SECTION
RoH Source Resistance @ lggyrce = 100 mA - 9.0 20 Q
RoL Sink Resistance @ lgjnk = -100 mA - 6.6 18 Q
T, Gate Drive Voltage Rise Time from 1.5V to 13.5V (C__ = 2.2 nF) - 60 - ns
T¢ Gate Drive Voltage Fall Time from 13.5Vto 1.5V (C_ = 2.2 nF) - 40 - ns
REGULATION BLOCK
VREr Voltage Reference 2.425 2.5 2.575 \%
lEa Error Amplifier Current Capability - 128 - uA
Gea Error Amplifier Gain 100 200 300 uS
Igpin6 Pin 6 Bias Current @ Vgg = VRer -500 - 500 nA
Veontrol Pin5 Voltage \Y
Veontrol(max) | Maximum Control Voltage @ Vpg =2V - 3.6 -
Veontrol(min) | Minimum Control Voltage @ Vg =3 V - 0.6 -
AVeontrol AVeontrol = Vcontrol(max) - Vcontrol(min) 2.7 3.0 3.3
Voutlk / Vrer | Ratio (Vout Low Detect Thresold / VReg) 94 95 96 %
HoutL / VRer | Ratio (VouT Low Detect Hysteresis / VReF) - 0.5 - %
IBoOST Pin 5 Source Current when (Vgoyt Low Detect) is activated 190 228 260 uA
CURRENT SENSE BLOCK
Vs Current Sense Pin Offset Voltage, (Ics = 100 uA) - 10 - mV
Isiocp) Overcurrent Protection Threshold 185 200 215 uA
POWER LIMITATION BLOCK
lcs X VBo Overpower Limitation Threshold - 200 - uVA
lcs(opL1) Overpower Current Threshold (Vgo =0.9V, Vy =3 V) 186 222 308 uA
Ics(opL2) Overpower Current Threshold (Vgg =2.67 V, V=3 V) 62 75 110
PWM BLOCK
Dcycle Duty Cycle Range | - | 0-97 | - | % |

www.onsemi.com
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NCP1654

TYPICAL ELECTRICAL CHARACTERISTICS TABLE (Vcc = 15V, T, from —-40°C to +125°C, unless otherwise specified) (Note 3)

Symbol Rating | Min | Typ | Max | Unit |
OSCILLATOR / RAMP GENERATOR BLOCK
fsw Switching Frequency kHz
65 kHz 58 65 72
133 kHz 120 133 146
200 kHz 180 200 220
BROWN-OUT DETECTION BLOCK
VBoH Brown-QOut Voltage Threshold (rising) 1.22 1.30 1.38
VoL Brown-Out Voltage Threshold (falling) 0.65 0.7 0.75
s Pin 4 Input Bias Current @ Vgo =1V -500 - 500 nA
CURRENT MODULATION BLOCK
Im1 Multiplier Output Current (Veontrol = Veontrol(max), VB0 = 0.9V, Igs = 25 uA) - 1.9 - uA
Iv2 Multiplier Output Current (Veontrol = Veontrol(max) VBO = 0.9V, Igs = 75 uA)
(@0 ~ 125°C) 1.5 4.7 8.8
(@ -40 ~ 125°C) 1.5 4.7 9.8
Iva Multiplier Output Current (Veontrol = Veontrol(min) + 0-2 V, Vgo = 0.9 V, Igs = 25 uA - 28.1 -
IM4 Multiplier Output Current (Veontrol = Veontrol(min) + 0-2 V, Vgo = 0.9 V, Igs = 75 pA - 84.4 -
OVERVOLTAGE PROTECTION
Vovp / VReg | Ratio (Overvoltage Threshold / VRgp) 103 105 107 %
Tovp Propagation Delay (Vgg — 107% VRef) to Drive Low - 500 - ns
UNDERVOLTAGE PROTECTION / SHUTDOWN
VUVP(on)/VREF UVP Activate Threshold Ratio (Ty = 0°C to +105°C) 4 8 12 %
Vuvpefy/VRer | UVP Deactivate Threshold Ratio (T, = 0°C to +105°C) 6 12 18 %
VuvpH) UVP Lockout Hysteresis - 4 - %
Tuvp Propagation Delay (Vgg < 8% VRgp) to Drive Low - 500 - ns
THERMAL SHUTDOWN
Tsp Thermal Shutdown Threshold 150 - - °C
Hsp Thermal Shutdown Hysteresis - 30 - °C
Vcc UNDERVOLTAGE LOCKOUT SECTION
Vee(on) Start-Up Threshold (Undervoltage Lockout Threshold, Vg rising) 9.6 10.5 1.4 \
Vee(off Disable Voltage after Turn-On (Undervoltage Lockout Threshold, Vg falling) 8.25 9.0 9.75 \Y
Veer) Undervoltage Lockout Hysteresis 1.0 1.5 - \%
DEVICE CONSUMPTION
Power Supply Current:
IsTuP Start-Up (@ Vcc =9.4 V) - - 75 uA
lcct Operating (@ Vgg = 15V, no load, no switching) - 3.7 5.0 mA
lcc2 Operating (@ Vg = 15V, no load, switching) - 4.7 6.0 mA
ISTDN Shutdown Mode (@ Vgc =15V and Veg=0V) - 300 400 uA

Product parametric performance is indicated in the Electrical Characteristics for the listed test conditions, unless otherwise noted. Product
performance may not be indicated by the Electrical Characteristics if operated under different conditions.
3. The above specification gives the targeted values of the parameters. The final specification will be available once the complete circuit

characterization has been performed.

NOTE: Iy, =

les X Vgo
\Y

4 x (Vcontrol -

control(min))
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DETAILED PIN DESCRIPTIONS

NCP1654

Pin

Sym-
bol

Name

Function

GND

Ground

Vin

Multiplier
Voltage

This pin provides a voltage V), for the PFC duty cycle modulation. The input impedance of
the PFC circuits is proportional to the resistor Ry, externally connected to this pin. The device
operates in average current mode if an external capacitor Cy is connected to the pin.
Otherwise, it operates in peak current mode.

CS

Current Sense
Input

This pin sources a current Igg which is proportional to the inductor current I. The sense
current Icg is for overcurrent protection (OCP), overpower limitation (OPL) and PFC duty
cycle modulation. When Igg goes above 200 uA, OCP is activated and the Drive Output is
disabled.

VBo

Brown-Out / In

Connect a resistor network among the rectified input voltage, BO pin, and ground. And
connect a capacitor between BO pin and ground. BO pin detects a voltage signal
proportional to the average input voltage.

When Vg goes below Vgoy, the circuit that detects too low input voltage conditions
(brown-out), turns off the output driver and keeps it in low state until Vgg exceeds Vgon-
This signal which is proportional to the RMS input voltage V. is also for overpower limitation
(OPL) and PFC duty cycle modulation.

Vcontrol

Control Voltage
/ Soft-Start

The voltage of this pin V¢ontror directly controls the input impedance. This pin is connected to
external type-2 compensation components to limit the V¢ontro) bandwidth typically below 20
Hz to achieve near unity power factor.

The device provides no output when Veontrol < Veontrolmin)- When it starts operation, the
power increases slowly (soft-start).

Vrs

Feed-Back /
Shutdown

This pin receives a feedback signal Vg that is proportional to the PFC circuits output
voltage. This information is used for both the output regulation, the overvoltage protection
(OVP), and output undervoltage protection (UVP) to protect the system from damage at
feedback abnormal situation.

When Vgg goes above 105% Vrer, OVP is activated and the Drive Output is disabled.

When Vgg goes below 8% VRer, the device enters a low-consumption shutdown mode.

Vee

Supply Voltage

This pin is the positive supply of the IC. The circuit typically starts to operate when Vg
exceeds 10.5 V and turns off when Vg goes below 9 V. After start-up, the operating range
is9Vupto20 V.

DRV

Drive Output

The high current capability of the totem pole gate drive (+1.5 A) makes it suitable to
effectively drive high gate charge power MOSFET.

www.onsemi.com
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NCP1654
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Figure 1. Functional Block Diagram
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TYPICAL CHARACTERISTICS

7
//
Ron | —
/ B
"
//
-50 -25 0 25 50 75 100 125
Ty, JUNCTION TEMPERATURE (°C)
Figure 2. Gate Drive Resistance vs.
Temperature
//- ‘\
7
7
-50 -25 0 25 50 75 100 125
T,, JUNCTION TEMPERATURE (°C)
Figure 4. Source Current Capability of the
Error Amplifier vs. Temperature
pa—
—
\\
\\
—
\
-50 -25 0 25 50 75 100 125

T,, JUNCTION TEMPERATURE (°C)

Figure 6. Error Amplifier Gain vs. Temperature

2.60
2.55
s
ty 2.50 e
>
2.45
2.40
-50 -25 0 25 50 75 100 125
Ty, JUNCTION TEMPERATURE (°C)
Figure 3. Reference Voltage vs. Temperature
-20
-22
-24
<
£ 26>
-28
-30
-32
-50 -25 0 25 50 75 100 125
T,, JUNCTION TEMPERATURE (°C)
Figure 5. Sink Current Capability of the Error
Amplifier vs. Temperature
150
100
50
<
E
fg 0
E _.//
-50
//
-100
-150
-50 -25 0 25 50 75 100 125

T,, JUNCTION TEMPERATURE (°C)

Figure 7. Feedback Pin Current vs.
Temperature (@Vs, = VRep)

www.onsemi.com

6


http://www.onsemi.com/

4.0

3.9

3.8

3.7

3.6

VCONTROL(max) (V)

3.5

3.4

3.3

95.1

95.0

94.9

94.8

©
>
3

©
hy
)

Voutl / VREF (%)

©
b
(3

94.4
94.3

NCP1654

TYPICAL CHARACTERISTICS
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TYPICAL CHARACTERISTICS
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TYPICAL CHARACTERISTICS
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TYPICAL CHARACTERISTICS
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NCP1654

Detailed Operating Description

Introduction
The NCP1654 is a PFC driver designed to operate in fixed

frequency, continuous conduction mode. The fixed
frequency operation eases the compliance with EMI
standard and the limitation of the possible radiated noise that
may pollute surrounding systems. In addition, continuous
conduction operation reduces the application di/dt and their
resulting interference. More generally, the NCP1654 is an
ideal candidate in systems where cost—effectiveness,
reliability and high power factor are the key parameters. It
incorporates all the necessary features to build a compact
and rugged PFC stage:

® Compactness and Flexibility: housed in a SO8
package, the NCP1654 requires a minimum of external
components. In particular, the circuit scheme simplifies
the PFC stage design and eliminates the need for any
input voltage sensing. In addition, the circuit offers
some functions like the Brown—Out or the true power
limiting that enable the optimizations of the PFC
design,

® Low Consumption and Shutdown Capability: the
NCP1654 is optimized to exhibit consumption as small
as possible in all operation modes. The consumed
current is particularly reduced during the start—up phase
and in shutdown mode so that the PFC stage power
losses are extremely minimized when the circuit is
disabled. This feature helps meet the more stringent
stand-by low power specifications. Just ground the
Feed-back pin to force the NCP1654 in shutdown
mode,

o Safety Protections: the NCP1654 permanently monitors
the output voltage, the coil current and the die
temperature to protect the system from possible
over-stresses. Integrated protections (Overvoltage
protection, coil current limitation, thermal shutdown...)
make the PFC stage extremely robust and reliable:

— Maximum Current Limit: the circuit permanently
senses the coil current and immediately turns off the
power switch if it is higher than the set current limit.
The NCP1654 also prevents any turn on of the power
switch as long as the coil current is not below its
maximum permissible level. This feature protects the
MOSFET from possible excessive stress that could
result from the switching of a current higher than the
one the power switch is dimensioned for. In
particular, this scheme effectively protects the PFC
stage during the start—up phase when large in—rush
currents charge the output capacitor.

— Undervoltage Protection for Open Loop Protection or
Shut—down: the circuit detects when the feed—back

voltage goes below than about 8% of the regulation
level. In this case, the circuit turns off and its
consumption drops to a very low value. This feature
protects the PFC stage from starting operation in case
of low AC line conditions or in case of a failure in the
feed—back network (i.e. bad connection).

— Fast Transient Response: given the low bandwidth of
the regulation block, the output voltage of PFC stages
may exhibit excessive over or under—shoots because
of abrupt load or input voltage variations (e.g. at start
up). If the output voltage is too far from the
regulation level:

Overvoltage Protection: NCP1654 turns off the
power switch as soon as Vy; exceeds the OVP
threshold (105% of the regulation level). Hence
a cost & size effective bulk capacitor of lower
voltage rating is suitable for this application,
Dynamic Response Enhancer: NCP1654
drastically speeds up the regulation loop by its
internal 200 wA enhanced current source when the
output voltage is below 95% of its regulation level.

— Brown—Out Detection: the circuit detects low AC line

conditions and disables the PFC stage in this case.

This protection mainly protects the power switch

from the excessive stress that could damage it in such

conditions,

Over—Power Limitation: the NCP1654 computes the

maximum permissible current in dependence of the

average input voltage measured by the brown—out
block. It is the second OCP with a threshold that is
line dependent. When the circuit detects an excessive
power transfer, it resets the driver output
immediately,

— Thermal Shutdown: an internal thermal circuitry
disables the circuit gate drive and then keeps the
power switch off when the junction temperature
exceeds 150°C typically. The circuit resumes
operation once the temperature drops below about
120°C (30°C hysteresis),

— Soft Start: Vontrol is pulled low brown—out detection
activates, or Undervoltage protection activates, and
no drive is provided.

At start up, the “200 wA enhanced current source” is
disabled. So there is only 28 nA to charge the
compensation components, and makes Vgntro] raise
gradually. This is to obtain a slow increasing duty
cycle and hence reduce the voltage and current stress
on the MOSFET. Hence it provides a soft—start
feature.

® Output Stage Totem Pole: the NCP1654 incorporates
a +1.5A gate driver to efficiently drive TO220 or
TO247 power MOSFETs.

www.onsemi.com
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NCP1654

PRINCIPLE OF NCP1654 SCHEME

CCM PFC Boost

A CCM PFC boost converter is shown in Figure 31. The
input voltage is a rectified 50 ro 60 Hz sinusoidal signal. The
MOSFET is switching at a high frequency (typically
65/133/200 kHz in NCP1654) so that the inductor current Iy,
basically consists of high and low—frequency components.

Filter capacitor Cgjje; is an essential and very small value
capacitor in order to eliminate the high—frequency
component of the inductor Iy . This filter capacitor cannot be
too bulky because it can pollute the power factor by
distorting the rectified sinusoidal input voltage.

lin L I Vout
Vin , Output
/\/\ Icfmer E To Voltage
bulk
Rsense

Figure 31. CCM PFC Boost Converter

PFC Methodology

The NCP1654 uses a proprietary PFC methodology
particularly designed for CCM operation. The PFC
methodology is described in this section.

Al

| Time
I<—>|

Figure 32. Inductor Current in CCM

As shown in Figure 32, the inductor current I in a
switching period T includes a charging phase for duration t{
and a discharging phase for duration t;. The voltage
conversion ratio is obtained in (Equation 1).

Vou _ i+l T
Vin t, Tt
T-1
Vln = T 1 Vout (eq. 1)

where

Vout is the output voltage of PFC stage,
Vin is the rectified input voltage,

T is the switching period,

t1 is the MOSFET on time, and

ty is the MOSFET off time.

The input filter capacitor Cgjjeer and the front—ended EMI
filter absorbs the high—frequency component of inductor
current Ir. It makes the input current Ij, a low—frequency
signal only of the inductor current.

lin = 1L_s0 (eqa.2)
where
Ii, is the input AC current.

I is the inductor current.

I1 50 supposes a 50 Hz operation. The suffix 50 means it
is with a 50 Hz bandwidth of the original I .

From (Equation 1) and (Equation 2), the input impedance
Zin is formulated.
Z =#=—T b Vour (eq. 3)

in
in T IL—50

where Zj, is input impedance.

Power factor is corrected when the input impedance Zj, in
(Equation 3) is constant or varies slowly in the 50 or 60 Hz
bandwidth.

VYRRY

ref
PFC Modula-

tion

R Q

ramp
Cramp I E‘—T—if S

V\Iu a A A/

Vramp

Vm

Vu without
Filtering

Clock

Latch Set

Latch Reset

Output

Inductor
Current

Figure 33. PFC Duty Modulation and Timing Diagram

The PFC modulation and timing diagram is shown in
Figure 33. The MOSFET on time t; is generated by the
intersection of reference voltage Vrgr and ramp voltage
Viamp- A relationship in (Equation 4) is obtained.

| .t
h*1
Vramp Vi + C(;amp = VREF (eq. 4)

where

www.onsemi.com



http://www.onsemi.com/

NCP1654

Viamp i the internal ramp voltage, the positive input of the
PFC modulation comparator,

Vn is the multiplier voltage appearing on Vp, pin,
Icp is the internal charging current,
Cramp is the internal ramp capacitor, and

VREr is the internal reference voltage, the negative input of
the PFC modulation comparator.

Ich, Cramp, and VRgF also act as the ramp signal of
switching frequency. Hence the charging current Iy, is
specially designed as in (Equation 5). The multiplier voltage
Vn is therefore expressed in terms of t; in (Equation 6).

_ CrampVrer

leh T (eq. 5)

T -1,

ty CrampVger
— T~ VReFT T

Cramp T

Vi = Vger — (eq. 6)
From (Equation 3) and (Equation 6), the input impedance
Z;y, is re—formulated in (Equation 7).
vV, V
Z = _-m _“out (€q.7)
™ Vger lL-s0

Because VRgr and Vy; are roughly constant versus time,
the multiplier voltage Vy, is designed to be proportional to
the Iy _5¢ in order to have a constant Z;, for PFC purpose. It
is illustrated in Figure 34.

A

VM
m Time

Figure 34. Multiplier Voltage Timing Diagram

It can be seen in the timing diagram in Figure 33 that Vi,
originally consists of a switching frequency ripple coming
from the inductor current Iy. The duty ratio can be
inaccurately generated due to this ripple. This modulation is
the so—called “peak current mode”. Hence, an external
capacitor Cyg connected to the multiplier voltage Vi, pin is
essential to bypass the high—frequency component of V.
The modulation becomes the so-called “average current
mode” with a better accuracy for PFC.

control CONTROL(min) 2

Rm Cm
PFC Duty
Modulation 1

Figure 35. External Connection on the Multiplier
Voltage Pin

The multiplier voltage Vy, is generated according to
(Equation 8).
RulesVio

Vo =
" 4(Vcontrol - VCONTROL(min))

(eq. 8)

Where,

Ry is the external multiplier resistor connected to Vi, pin,
which is constant.

Vo is the input voltage signal appearing on the BO pin,
which is proportional to the rms input voltage,

Is is the sense current proportional to the inductor current
I, as described in (Equation 11).

Vcontrol 18 the control voltage signal, the output voltage of
Operational Trans-conductance Amplifier (OTA), as
described in (Equation 12).

Ry directly limits the maximum input power capability
and hence its value affects the NCP1654 to operate in either
“follower boost mode™ or “constant output voltage mode”.

— VioH / VoL
Voo = 1.3V, Vo = 0.7V

Figure 36. External Connection on the Brown Out Pin

Refer to Figure 36,
22
Vo = Kgo(Vin) = Kgo - T/—Vac (eq.9)
R
Kgo = o—2L (eq. 10)
BO " Rpoy + RpoL

where
Vi is the voltage on BO pin.
Kpo is the decay ratio of Vi, to V.

<Vip> is the average voltage signal of Vj,, the voltage
appearing on Cijjer-

Vac is the RMS input voltage.
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RpoL is low side resistor of the dividing resistors between Vi,
and BO pin.

Rpou is upper side resistor of the dividing resistors between

Vip and BO pin.
W ~YY
e, > l‘ NT
Ics CS +
NCP1654
R +
° Vos Gnd
Rsense L _l_

Figure 37. Current Sensing

Refer to Figure 37, sense current I is proportional to the
inductor current Iy as described in (Equation 11). Iy consists
of the high—frequency component (that depends on di/dt or

inductor L) and low—frequency component (that is I _5).
_ Rsense |
=R L

(eq. 11)
RCS

ICS

where
RsEgNsE is the sense resistor to sense Ij.
Rcgs is the offset resistor between CS pin and RggNsE.

Veontrol

5

Refer to Figure 38, the Operational Trans—conductance
Amplifier (OTA) senses Vg via the feedback resistor
dividers, Rgpy and Rgyp. The OTA constructs a control
voltage, Vcontrol, depending on the output power and hence
Vout- The operating range of Veonirol is from VCONTROL(min)
to VCONTROL(max)- The signal used for PFC duty
modulation is after decreasing a offset voltage,
VCONTROL(min)s 1-€- Vecontrol~VCONTROL(min)-

This control current Ioonro] is @ roughly constant current
that comes from the PFC output voltage V; that is a slowly
varying signal. The bandwidth of I o1 can be additionally
limited by inserting the external type—2 compensation
components (that are Rz, Cz, and Cp as shown in Figure 38).
It is recommended to limit f.yn¢0), that is the bandwidth of
Veontrol (O Icontrol), below 20 Hz typically to achieve power
factor correction purpose.

The transformer of Vyyut to Veontrol is as described in
(Equation 12) if Cz is >> Cp. Gga is the error amplifier gain.

Vcontrol _ beL : GEARZ ) 1+ SRZCZ

Vo _ R + Rgy  SR,C,(1 + sR,C,) o412

out

VCONTROL(min)

To Vm Pin

Figure 38. V¢ontrol LOW-Pass Filtering

From (Equation 7) — (Equation 11), the input impedance
Z;y, is re—formulated in (Equation 13).

7 /2RyRsenseVouVacKsolL
" 21Rcs * Voontrol — VeonTROL(min) * VREFIL-50

(eq. 13)

When I is equal to It 50, (Equation 13) is re-formulated
in (Equation 14)

/2 RyRsenseVouVacKso
21Res * (Veontrol ~ VCONTROL(min)) " VRer

Z. =

in

(eq. 14)

The multiplier capacitor Cy is the one to filter the
high—-frequency component of the multiplier voltage Vp,.
The high—frequency component is basically coming from
the inductor current Iy . On the other hand, the filter capacitor
Crilter similarly removes the high—frequency component of
inductor current Iy. If the capacitors Cys and Cgjjger match
with each other in terms of filtering capability, I}, becomes
I1 -50. Input impedance Zj, is roughly constant over the
bandwidth of 50 or 60 Hz and power factor is corrected.
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Input and output power (Pj, and Pyy;) are derived in (Equation 15) when the circuit efficiency 1 is obtained or assumed. The

variable V, stands for the rms input voltage.

P - Vac? 21R s * (Veontrol — VecontroLmin) © VRer * Vac (eq. 15)
in — - :
Zin /2 RumRsenseVouthso
o (Vcontrol - VCONTROL(min))Vﬁlc
VOUt
2nR e - (V -V ) - Vaee - V
Pout = Pin = CS control CONTROL(min) REF ac (eq. 16)

‘/E RMHSENSEVoutKBO

o (Vcontrol B VCONTF(OL(min))Vac

\Y

out
Follower Boost

The “Follower Boost” is an operation mode where the
pre—converter output voltage stabilizes at a level that varies
linearly versus the ac line amplitude. This technique aims at
reducing the gap between the output and input voltages to
optimize the boost efficiency and minimize the cost of the
PFC stage (refer to MC33260 data sheet for more details at
http://'www.onsemi.com).

The NCP1654 operates in follower boost mode when
V control 1S constant, i.e. Veontrol raises to its maximum value

VCONTROL(max)- Re—formulate (Equation 16) to become
(Equation 17) and (Equation 18) by replace Vcontrol bY
VCONTROL(max)- If Vcontrol 1S constant based on
(Equation 15), for a constant load or power demand the
output voltage Vg of the converter is proportional to the
rms input voltage V.. It means the output voltage Vi
becomes lower when the rms input voltage V. becomes
lower. On the other hand, the output voltage V,,; becomes
lower when the load or power demand becomes higher.

P 2mRcg - (VCONTROL(max) - VCONTF{OL(min)) “ VRer * Vac (eq. 17)
out — '
V2 RumRsenseVoutkeo
_ nzﬂRcs " AVeontroL * VRer * Vac
/2 RyRsenseYouKso
2nR~c © AV -V
Vo =1 cs conTROL * VREF . Vac (eq. 18)

where
VCONTROL(max) is the maximum control voltage.

AVconTtroL is the gap between VCONTROL(max) and
VCONTROL(min)-
It is illustrated in Figure 39.

\
Vout (Traditional Boost)

Vout (Follower Boost)

Vin

Time

Pout

—

Time

Figure 39. Follower Boost Characteristics

Follower Boost Benefits

The follower boost circuit offers and opportunity to
reduce the output voltage V,,; whenever the rms input
voltage V, is lower or the power demand P, is higher.
Because of the step—up characteristics of boost converter,

‘/E RMRSENSEKBO

P

out

the output voltage V¢ will always be higher than the input
voltage Vj, even though Vg, is reduced in follower boost
operation. As a result, the on time t; is reduced. Reduction
of on time makes the loss of the inductor and power
MOSFET smaller. Hence, it allows cheaper cost in the
inductor and power MOSFET or allows the circuit
components to operate at a lower stress condition in most of
the time.

Reference Section

The internal reference voltage (VRgr) is trimmed to be
1+2% accurate over the temperature range (the typical value
is 2.5 V). VRgr is the reference used for the regulation. VRgp
also serves to build the thresholds of the fast transient
response, Overvoltage (OVP), brown out (BO), and
Undervoltage protections (UVP).

Output Feedback

The output voltage V,; of the PFC circuits is sensed at Vg,
pin via the resistor divider (Rgp, and Rgyy) as shown in
Figure 38. V, is regulated as described in (Equation 19).

Riou + Rl

Vout = VRrer (eq. 19)
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The feedback signal Vg, represents the output voltage Vo
and will be used in the output voltage regulation,
Overvoltage protection (OVP), fast transient response, and
Undervoltage protection (UVP)

Output Voltage Regulation

NCP1654 wuses a high gain Operational Trans—
conductance Amplifier (OTA) as error amplifier. Refer to
Figure 38, the output of OTA V gniro1 Operating range is

from VCONTROL(min) 10 VCONTROL (max)-

Fast Transient Response

Given the low bandwidth of the regulation block, the
output voltage of PFC stages may exhibit excessive over or
under-shoots because of abrupt load or input voltage
variations (such as start—up duration). As shown in
Figure 40, if the output voltage is out of regulation,
NCP1654 has 2 functions to maintain the output voltage
regulation.

I ? 0 Vout
= L. L
o T AAAY% . T Vadd
ovpP i
- = 200 uA l
Ribu v 105% .
b
— VREer
Ippat ; i
6 95% —1+ (/
Crs
RibL VREF Vout Low Detect
> +20 uA
= Veontrol VRer 2 0TA

Figure 40. OVP and Fast Transient Response

® Overvoltage Protection: When Vp, is higher than 105%
of VREgF (i.e. Vout > 105% of nominal output voltage),
the Driver output of the device goes low for protection.
The circuit automatically resumes operation when Vg,
becomes lower than 105% of VRgr. If the nominal Vg
is set at 390 V, then the maximum output voltage is
105% of 390 V = 410 V. Hence a cost & size effective
bulk capacitor of lower voltage rating is suitable for
this application,

® Dynamic response enhancer: NCP1654 drastically
speeds up the regulation loop by its internal 200 pA
enhanced current source when the output voltage is

below 95% of its regulation level. Under normal
condition, the maximum sink and source of output
current capability of OTA is around 28 pA. Thanks to
the “Vout low detect” block, when the Vy, is below 95%
VRER an extra 200 uA current source will raise Vgnrol
rapidly. Hence prevent the PFC output from dropping
too low and improve the transient response
performance. The relationship between current flowing
in/out Vgontrol pin and Vg, is as shown in Figure 41.
It is recommended to add a typical 100 pF capacitor Crp
decoupling capacitor next to feedback pin to prevent from
noise impact.

< 50 :

g 200 uA raises

Lo B . |

& O Veontrol rapidly L ‘

g:: 50} ;vsrm;envvfb is below |

2 o VREF

CZJ -100 h —

o _150 . No DRV when _|

3 ' Vp is above

E -200 Y 105% VRer  —

g 250 ‘

> 2 2.2 2.4 2.6 2.8 3
Vib

Figure 41. Vg, vs. Current Flowing in/out from V¢ontrol Pin
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Soft Start

The block diagram and timing diagram of soft start
function are as shown in Figure 42 and Figure 43. The device
provides no output (or no duty ratio) when the Veontrol is
lower than VcONTROL(min)- Veontrol is pulled low when:
® Brown-out, or

® Undervoltage Protection

When the IC recovers from one of the following
conditions; Undervoltage Lockout, Brown-out or
Undervoltage Protection, the 200 pA current source block
keeps off. Hence only the Operating Trans—conductance
Amplifier (OTA) raises the Vcgngrol: And Veontrol Tises
slowly. This is to obtain a slow increasing duty cycle and
hence reduce the voltage and current stress on the MOSFET.
A soft—start operation is obtained.

Period |
UVLO, BO, or UVP

Vdd

Off

Bias

BO UVLO UVP

2]

Vib o—{} 2
6 % —t
95(‘; Vout Low Detect
REF
+20 uA
Vcontrol VREF 2 OTA
1 o
L1

gl

Vvdd

200 pA

R @O—L
)

4

5

-

BO UVLO

Figure 42. Soft Start Block Diagram

Period Il

Vdd

Vdd Rising

Vib

95% VRer

Vout Low Detect

Set

Reset

\]

Figure 43. Soft Start Timing Diagram
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Undervoltage Protection (UVP) for Open Loop
Protection or Shutdown

A

IsTDN

Shutdown Operating

lcc2 T

[l Il
I |
8% VREF 12% VRer

> Vip

Figure 44. Undervoltage Protection

As shown in Figure 44, when Vg, is less than 8% of VRgF,
the device is shut down and consumes less than 400 uA. The
device automatically starts operation when the output
voltage goes above 12% of VRgr In normal situation of
boost converter configuration, the output voltage Vg is
always greater than the input voltage Vj, and the feedback
signal Vg, is always greater than 8% and 12% of VRgF to
enable NCP1654 to operate.

This Undervoltage Protection function has 2 purposes.
® Open Loop Protection — Protect the power stage from

damage at feedback loop abnormal, such as Vg, is

shorted to ground or the feedback resistor R,y is open.

® Shutdown mode — Disables the PFC stage and forces a
low consumption mode. This feature helps to meet
stringent stand—-by specifications. Power Factor being
not necessary in stand-by, the PFC stage is generally
inhibited to save the pre—converter losses. To further
improve the stand-by performance, the PFC controller
should consume minimum current in this mode.

Current Sense

The device senses the inductor current Iy by the current
sense scheme in Figure 37. The device maintains the voltage
at CS pin to be zero voltage (i.e., Vo = 0 V) so that
(Equation 11),

_ F‘SENSEl
=—-—1,

Cs

ICS

can be formulated.

This scheme has the advantage of the minimum number
of components for current sensing. The sense current I
represents the inductor current Iy and will be used in the PFC
duty modulation to generate the multiplier voltage Vp,,
Over-Power Limitation (OPL), and Over—Current
Protection. (Equation 11) would insist in the fact that it
provides the flexibility in the Rggnsg choice and that it
allows to detect in—rush currents.

Over-Current Protection (OCP)

Over—Current Protection is reached when I is larger than
Is(ocp) (200 nA typical). The offset voltage of the CS pin is
typical 10 mV and it is neglected in the calculation. Hence,
the maximum OCP inductor current threshold I ocp) is
obtained in (Equation 20).

_ Reslsocp)

R
CS
ILocp) = = - 200 uA (eq. 20)

Rsense Rsense

When over—current protection threshold is reached, the
Drive Output of the device goes low. The device
automatically resumes operation when the inductor current
goes below the threshold.

Input Voltage Sense

The device senses the rms input voltage V, by the sensing
scheme in Figure 45. Vy,, senses the average rectified input
voltage Vi, via the resistor divider. An external capacitor
Cpo is to maintain the Vi, the average value of Vj,. Vi, is
used for Brown—Out Protection, PFC duty modulation and
over—power limitation (OPL).

Brown-Out Protection
The device uses the Vy, signal to protect the PFC stage
from operating as the input voltage is lower than expected.
Re—formulate (Equation 9) to get (Equation 21). Refer to
Figure 45, Vj, is different before and after the device
operating.
® Before the device operates, Vjj is equal to the peak
value of rms input voltage, V,.. Hence Vy, is as
described in (Equation 21).

R
vV, = ¢(V- ) =
0 RpoL + Rpoy = "

I:{boL

— ok 5y, (eq. 21)
RpoL * Rbou &

® After device operates, Vi, is the rectified sinusoidal
input voltage. Thanks to Cgo, Vy, is the average of
rectified input voltage. Hence Vy,, decays to 2/m of the
peak value of rms input voltage V, as described in
(Equation 22).
RboL &

V, = boLb
b
®  RpoL + Roou 7

Vac (eq. 22)
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( Before Device Operates

After Device Operates |
_\N\/\%

. | Vihn —rvvynm >
Vac IN L| +
.- - s T
N\ - - _L
R
boU % Vbo
Py 1 > BO
1.7+ 4z
RpoL Ceo
° VboH / VoL

Vo = 1.3V, VoL = 0.7 V

Figure 45. Brown-Out Protection

Hence a larger hysteresis of the brown out comparator is
needed, which is 0.7 V typical in this device. When Vy,, goes
below than Vo, (0.7 V typical), the device turns off the
Drive output and keeps it off till Vo exceeds Vpop (1.3 V
typical). When the device awakes after an off-state
(Undervoltage lockout or shutdown), the default threshold

is VBoH.

Vin

Overpower Limitation (OPL)

This is a second OCP with a threshold that is line
dependent. Sense current I¢ represents the inductor current
I, and hence represents the input current approximately.
Input voltage signal Vy, represents the rms input voltage.
The product (I¢s - Vi) represents an approximated input
power (I, - V). It is illustrated in Figure 46.

O

(o] >

1
T Rsense
o A% -<

-

° >I
| F‘SENSE
RCS

I||—H|+—o

OPL

—

i

When the product (I - Vi) is greater than a permissible
level 200 wVA, the device turns off the drive output so that
the input power is limited. The OPL is automatically
deactivated when the product (I¢s - Vi) is lower than the
200 wVA level. This 200 uVA level corresponds to the
approximated input power (I, - V,¢) to be smaller than the
particular expression in (Equation 23).

lesVpe < 200 VA 00,29

R 22K
(I SENSE) . ( BO . vac) < 200 uVA

L RCS T
Rae " 7
I+ Vao < 5 CS'K - 502 uA
SENSE BO

les = I
§ RCS ICS CS
3 Current Mirror
° 4I_l -
il >
Vbo

(O——

>200 puVA?

- Figure 46. Over-Power Limitation

Bias the Controller

It is recommended to add a typical 1 nF to 100 nF
decoupling capacitor next to the V.. pin for proper
operation. When the NCP1654 operates in follower boost
mode, the PFC output voltage is not always regulated at a
particular level under all application range of input voltage
and load power. It is not recommended to make a
low—voltage bias supply voltage by adding an auxiliary
winding on the PFC boost inductor. Alternatively, it is
recommended to get the V. biasing supply from the
2nd_stage power conversion stage.
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V¢c Undervoltage LockOut (UVLO)

The device incorporates an Undervoltage Lockout block
to prevent the circuit from operating when Vcc is too low in
order to ensure a proper operation. An UVLO comparator
monitors V¢ pin voltage to allow the NCP1654 to operate
when V. exceeds 10.5V typically. The comparator

A

ON

incorporates some hysteresis (1.5 V) to prevent erratic
operation as the V. crosses the threshold. When V. goes
below the UVLO comparator lower threshold (9 V
typically), the circuit turns off. It is illustrated in Figure 47.
After startup, the operating range is between 9 V and 20 V.

State

OFF

6 mA |

Y

' lcc

<75 pA

Ve (oFF)

Y

Veeon)

Figure 47. V.. Undervoltage LockOut (UVLO)

Thermal Shutdown

An internal thermal circuitry disables the circuit gate drive
and then keeps the power switch off when the junction
temperature exceeds 150°C. The output stage is then

enabled once the temperature drops below typically 120°C
(i.e., 30°C hysteresis). The thermal shutdown is provided to
prevent possible device failures that could result from an
accidental overheating.
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Figure 48. Application Schematic - 300 W 65 kHz
Power Factor Correction Circuit
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6. VEE
7. GND
8. ACC

STYLE 21:

PIN 1. CATHODE 1
CATHODE 2
CATHODE 3
CATHODE 4
CATHODE 5
COMMON ANODE
COMMON ANODE
CATHODE 6

PNOOrOP

STYLE 25:
PIN1. VIN
2. N/C
3. REXT
4. GND
5. IOUT
6. IOUT
7. 1OUT
8. louT

STYLE 29:

PIN 1. BASE, DIE #1
EMITTER, #1
BASE, #2
EMITTER, #2
COLLECTOR, #2
COLLECTOR, #2
COLLECTOR, #1
COLLECTOR, #1

PNOO RGN
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CASE 751-07
ISSUE AK
STYLE 2: STYLE 3
PIN1. COLLECTOR, DIE, #1 PIN 1. DRAIN, DIE #1
2. COLLECTOR, #1 2. DRAIN, #1
3. COLLECTOR, #2 3. DRAIN, #2
4. COLLECTOR, #2 4. DRAIN, #2
5. BASE, #2 5. GATE, #2
6. EMITTER, #2 6. SOURCE, #2
7. BASE, #1 7. GATE, #1
8. EMITTER, #1 8. SOURCE, #
STYLE 6: STYLE 7
PIN1. SOURCE PIN1. INPUT
2. DRAIN 2. EXTERNAL BYPASS
3. DRAIN 3. THIRD STAGE SOURCE
4. SOURCE 4. GROUND
5. SOURCE 5. DRAIN
6. GATE 6. GATE3
7. GATE 7. SECOND STAGE Vd
8. SOURCE 8. FIRST STAGE Vd
STYLE 10: STYLE 11:
PIN1. GROUND PIN1. SOURCE 1
2. BIAS 1 2. GATE 1
3. OUTPUT 3. SOURCE 2
4. GROUND 4. GATE2
5. GROUND 5. DRAIN 2
6. BIAS 2 6. DRAIN 2
7. INPUT 7. DRAIN 1
8. GROUND 8. DRAIN 1
STYLE 14: STYLE 15:
PIN1. N-SOURCE PIN 1. ANODE 1
2. N-GATE 2. ANODE 1
3. P-SOURCE 3. ANODE 1
4. P-GATE 4. ANODE 1
5. P-DRAIN 5. CATHODE, COMMON
6. P-DRAIN 6. CATHODE, COMMON
7. N-DRAIN 7. CATHODE, COMMON
8. N-DRAIN 8. CATHODE, COMMON
STYLE 18: STYLE 19:
PIN1. ANODE PIN1. SOURCE 1
2. ANODE 2. GATE 1
3. SOURCE 3. SOURCE 2
4. GATE 4. GATE2
5. DRAIN 5. DRAIN 2
6. DRAIN 6. MIRROR 2
7. CATHODE 7. DRAIN 1
8. CATHODE 8. MIRROR 1
STYLE 22: STYLE 23:
PIN 1. 1/O LINE 1 PIN1. LINE1IN
2. COMMON CATHODE/NCC 2. COMMON ANODE/GND
3. COMMON CATHODE/NGCC 3. COMMON ANODE/GND
4. IOLINES3 4. LINE2IN
5. COMMON ANODE/GND 5. LINE2OUT
6. 1/O LINE 4 6. COMMON ANODE/GND
7. JOLINES 7. COMMON ANODE/GND
8. COMMON ANODE/GND 8. LINE10UT
STYLE 26: STYLE 27
PIN1. GND PIN1. ILIMIT
2. dv/dt 2. OVLO
3. ENABLE 3. UVLO
4. 1LMIT 4. INPUT+
5. SOURCE 5. SOURCE
6. SOURCE 6. SOURCE
7. SOURCE 7. SOURCE
8. VCC 8. DRAIN
STYLE 30:
PIN1. DRAIN 1
2. DRAIN 1

3. GATE2

4. SOURCE 2

5. SOURCE 1/DRAIN 2
6. SOURCE 1/DRAIN 2
7. SOURCE 1/DRAIN 2
8. GATE1

DATE 16 FEB 2011

STYLE 4:

PIN 1.

PNOO PO

ANODE
ANODE
ANODE
ANODE
ANODE
ANODE
ANODE
COMMON CATHODE

STYLE 8:

PIN 1.

eNOOrGN

COLLECTOR, DIE #1
BASE, #1

BASE, #2
COLLECTOR, #2
COLLECTOR, #2
EMITTER, #2
EMITTER, #1
COLLECTOR, #1

STYLE 12:

PIN 1.

PNOO A BN

SOURCE
SOURCE
SOURCE
GATE
DRAIN
DRAIN
DRAIN
DRAIN

STYLE 16:

PIN 1.

PNOO A OD

EMITTER, DIE #1
BASE, DIE #1
EMITTER, DIE #2
BASE, DIE #2
COLLECTOR, DIE #2
COLLECTOR, DIE #2
COLLECTOR, DIE #1
COLLECTOR, DIE #1

STYLE 20:

PIN 1.

PNOO PP

SOURCE (N
GATE (N)
SOURCE (P)
GATE (P)
DRAIN
DRAIN
DRAIN
DRAIN

STYLE 24:

PIN 1.

@NDOA BN

BASE

EMITTER
COLLECTOR/ANODE
COLLECTOR/ANODE
CATHODE

CATHODE
COLLECTOR/ANODE
COLLECTOR/ANODE

STYLE 28:

PIN 1.

2
3
4.
5.
6
7
8

SW_TO_GND
DASIC_OFF
DASIC_SW_DET
GND

V_MON
VBULK
VBULK

VIN
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