NCP1651

Single Stage Power Factor
Controller

The NCP1651 is an active, power factor correction controller that
can operate over a wide range of input voltages. It is designed for
50/60 Hz power systems. It is a fixed frequency controller that can

operate in continuous or discontinuous conduction modes.

The NCP1651 provides a low cost, low component count solution
for isolated ac—-dc converters with mid-high output voltage
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requirements. The NCP1651 eases the task of meeting the

IEC1000-3-2 harmonic requirements for converters in the range of

50 W - 250 W.

The NCP1651 drives a flyback converter topology to operate in 16
continuous/discontinuous mode and programs the average input
current to follow the line voltage in order to provide unity power
factor. By using average current mode control CCM algorithm, the
NCP1651 can help provide excellent power factor while limiting the
peak primary current. Also, the fixed frequency operation eases the

input filter design.

The NCP1651 uses a proprietary multiplier design that allows for
much more accurate operation than with conventional analog

multipliers.

Features

Fixed Frequency Operation

Average Current Mode PWM

Internal High Voltage Start—-Up Circuit

Continuous or Discontinuous Mode Operation

High Accuracy Multiplier

Overtemperature Shutdown

External Shutdown

Undervoltage Lockout

Low Cost/Parts Count Solution

Ramp Compensation Does Not Affect Oscillator Accuracy

Typical Applications

High Current Battery Chargers
Front Ends for Distributed Power Systems
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NCP1651

PIN FUNCTION DESCRIPTION

Pin No. Function Description

1 Output Drive output for power FET or IGBT. Capable of driving small devices, or can be connected to an
external driver for larger transistors.

2 Ground Ground reference for the circuit.

3 Cr Timing capacitor for the internal oscillator. This capacitor adjusts the oscillator frequency.

4 Ramp This pin biases the ramp compensation circuit, to adjust the amount of compensation that is added to

Compensation the current signal for stability purposes.

5 Is+ Positive current sense input. Designed to connect to the positive side of the current shunt.

6 lavg-fitr A capacitor connected to this pin filters the high frequency component from the instantaneous current
waveform, to create a waveform that resembles the average line current.

7 lavg An external resistor with a low temperature coefficient is connected from this terminal to ground, to set
and stabilize the gain of the Current Sense Amplifier output that drives the ac error amplifier.

8 Feedback/ The error signal from the error amplifier circuit is fed via an optocoupler or other isolation circuit, to this

Shutdown pin. A shutdown circuit is also connected to this pin which will put the unit into a low power shutdown
mode if this voltage is reduced to less than 0.6 volts.

9 AC Input The fullwave rectified sinewave input is connected to this pin. This information is used for the
reference comparator and the average current compensation circuit.

10 AC Reference A capacitor is connected to this pin to filter the modulated output of the reference multiplier.

11 AC Provides pole for the ac Reference Amplifier. This amplifier compares the sum of the ac input voltage

Compensation and the low frequency component of the input current to the reference signal. The response must be
slow enough to filter out most of the high frequency content of the current signal that is injected from
the current sense amplifier, but fast enough to cause minimal distortion to the line frequency
information.

12 Vref 6.5 volt regulated reference output.

13 Vee Provides power to the device. This pin is monitored for undervoltage and the unit will not operate if the
V¢ voltage is not within the UVLO range. Initial power is supplied to this pin via the high voltage
start—up network.

14 No Connection This pin is not available due to spacing considerations of the start—up pin.

15 No Connection This pin is not available due to spacing considerations of the start—up pin.

16 Start-up This pin connects to the rectified input signal and provides current to the internal bias circuitry for the

start-up period of operation.

NOTE: Pins 14 and 15 have not been used for clearance considerations due to the potential voltages present on pin 16. In order to
maintain proper spacing between the high voltage and low voltage pins, traces should not be placed on the circuit board between
pins 16 and 13.
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NCP1651

MAXIMUM RATINGS (Maximum ratings are those that, if exceeded, may cause damage to the device. Electrical Characteristics are
not guaranteed over this range.)

Rating Symbol Value Unit

Power Supply Voltage (Operating) Vee -0.3t0 18 \%

Output (Pin 1)
Current Sense Amplifier Input (Pin 5) V(lst) -0.3t0 1.0 \%
FB/SD Input (Pin 8) VEB/SD -0.3t0 11 \%
Ct Input (Pin 3) Ver -0.3t0 4.5 \%
Line Voltage Vstartup —-0.3 to 500 \%
All Other Pins -0.3106.5 \%
Thermal Resistance, Junction—to-Air 03a °C/W

0.1 in2 Copper 130

0.5 in2 Copper 110
Thermal Resistance, Junction-to—Lead GAT 50 °CIW
Maximum Power Dissipation @ Tp = 25°C Pmax 0.77 W
Operating Temperature Range T -40to 125 °C
Non-operating Temperature Range T -55to 150 °C

1. Maximum Ratings are those values beyond which damage to the device may occur. Exposure to these conditions or conditions beyond those
indicated may adversely affect device reliability. Functional operation under absolute maximum-rated conditions is not implied. Functional
operation should be restricted to the Recommended Operating Conditions.

A. This device series contains ESD protection and exceeds the following tests:
Pins 1-6: Human Body Model 2000 V per MIL-STD-883, Method 3015.
Machine Model Method 200 V.
Pin 8 is the HV start-up to the device and is rated to the maximum rating of the part, or 500 V.
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NCP1651

ELECTRICAL CHARACTERISTICS (Unless otherwise noted: V¢ = 14 volts, Ct = 470 pF, C1, = 0.1 uF, Tj = 25°C for typical
values. For min/max values T; is the applicable junction temperature.)

Characteristic Symbol | Min | Typ | Max | Unit |

OSCILLATOR

Frequency Fosc 90 100 110 kHz

Tj=-40°C to +125°C

Frequency Range (Note 2) - 25 - 250 kHz

Max Duty Cycle dmax 0.95 - - -

Ramp Peak (Note 2) VRpeak - 4.0 - \%

Ramp Valley (Note 2) VRvalley - 0.100 - \%

Ramp Compensation Peak Voltage (Pin 4) (Note 2) - - 4.0 - \%

Ramp Compensation Current (Pin 4) (Note 2) - - 150 - uA
AC ERROR AMPLIFIER (Veomp = 2.0 V)

Input Offset Voltage Vio - 20 - mV

Transconductance Im 75 100 150 umho

Output Source losource 25 70 - uA

Output Sink l0sink -25 -70 - uA
CURRENT AMPLIFIER

Input Bias Current (Pin 5) Ibias 40 60 80 uA

Input Offset Voltage (V¢omp = 2.0) Tj = —40°C to +85°C VIO 0 3.0 10 mV

Tj=-40°C to +125°C 0 3.0 20

Current Limit Threshold ILiMthr 0.715 - 0.79 \Y

Output Gain (150 uA/0.150 V) (Voltage Loop Outputs) - - 1000 - umho

Output Gain (150 uA/0.150 V) (AC E/A Output) (R1g = 15 k<) - - 1000 - umho

Leading Edge Blanking Pulse (Note 2) tLeB - 200 - ns

Bandwidth (Note 2) - - 15 - MHz

PWM Output Voltage Gain (k = Vpwm+ / (Vsense+ = Vsense-)) Av 4.0 5.0 6.0 VIV

(Vpin 3=Vpin13= 0)
Current Limit Voltage Gain Av 8.0 10 12 VIV

(k = Vace/a— ! (Vsense+ ~ Vsense-)) (Vpins9 = 0) (R7 = 15k)

AVERAGE CURRENT COMPENSATION AMPLIFIER

Voltage Gain Av | - o | - | w |
REFERENCE MULTIPLIER
Dynamic Input Voltage Range Vimax \%
Ac Input (p—input) (Note 2) - 3.50 -
Offset Voltage (a—-input) - 1.0 -
Multiplier Gain k -
Vmult out - 7.5 -

k =
(YAC/Vramp pk) X (VLOOPcomp — Voffset)
(Note 2)

AC INPUT (Pin 5)

Input Bias Current (Total bias current for reference multiplier and current liNbias - 0.01 - uA
compensation amplifier) (Note 2)

2. Verified by design.
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NCP1651

ELECTRICAL CHARACTERISTICS (continued) (Unless otherwise noted: Ve = 14 volts, Cy = 470 pF, C15 = 0.1 uF, T; = 25°C for
typical values. For min/max values Tj is the applicable junction temperature.)

Characteristic Symbol | Min | Typ | Max | Unit |

DRIVE OUTPUT

Source Resistance (1.0 Volt Drop) Rsource - 8.0 15 Q

Sink Resistance (1.0 Volt Drop) Rsink - 8.0 15 Q

Rise Time (C_ = 1.0 nF) tr - 50 - ns

Fall Time (C_ = 1.0 nF) tf - 50 - ns

Output Voltage in UVLO Condition (Drive out = 100 pA in, 1 nF load) Vouv) - 1.0 10 mV
VOLTAGE REFERENCE

Buffered Output (ligag = 0 MA, V¢ = 12 VDC, Temperature) Vrefout 6.24 6.50 6.76 \%

Load Regulation (Buffered Output, lo = 0to 10 mA, Vcc > 10 V) DVrefout 0 - 40 mV
FB/SD PIN

Opto Current Source (Unit Operational, Vgg = 0.5 V) lopTO 0.8 11 14 mA

Opto Current Source (Shutdown, Vgg = 0.1 V) - 15 20 25 uA

Input Voltage for 0 Duty Cycle (Note 3) - 15 - - -

Input Voltage for 95% Duty Cycle (Note 3) - - - 4.0 \%

Open Circuit Voltage (Device Operational) (Note 3) Voc - - 12 \

Clamp Voltage (Device in Shutdown Mode) (Note 3) VoL 0.9 15 1.6 \

Shutdown Start Up Threshold (Pin 8) (Vg Increasing) Vsp 0.40 0.60 0.70 \%

Shutdown Hysteresis (Pin 8) Vy 30 75 130 mV
STARTUP/UVLO

UVLO Startup Threshold (V¢ Increasing) Vsy 10 10.75 115 \

UVLO Hysteresis (Shutdown Voltage = Vgy — V) VH 0.8 1.0 1.2 \%

Overtemperature Trip Point (Note 3) Tsp 140 160 180 °C

Overtemperature Hysteresis (Note 3) - - 30 - °C
HIGH VOLTAGE START-UP (Pin 16 =50 V)

Start-up Current (out of pin 13) (Vcc = UVLO - 0.2 V) Isu 3.0 5.5 8.0 mA

Start-up Current (out of pin 13) (Vcc =0V) 5.0 8.5 12 mA

Min. Start-up Voltage (pin 16, pin 13 current = 1 mA) Vsy - 17 20 \%

Line Pin Leakage (pin 16, Start—up Circuit Inhibited) lieak uA

(Vps =400V, Ta = +25°C) - 25 40
Tp = +125°C - 15 80

TOTAL DEVICE

Operational Bias Current (Cy (priver) = 1.0 nF, fogc = 100 kHz) IBiAS - 4.0 5.0 mA

Bias Current in Undervoltage Mode IBshutdown - 0.75 1.2 mA

3. Verified by design.
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NCP1651
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NCP1651
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NCP1651

Typical Performance Characteristics
(Test circuits are located in the document TND308/D)
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NCP1651

Typical Performance Characteristics
(Test circuits are located in the document TND308/D)
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NCP1651

Typical Performance Characteristics
(Test circuits are located in the document TND308/D)
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NCP1651

Typical Performance Characteristics
(Test circuits are located in the document TND308/D)
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NCP1651

THEORY OF OPERATION

Introduction reactive loads such as motors which are inductive, or
Optimizing the power factor of units operating off of ac electroluminescent lighting which is highly capacitive. In
lines is becoming more and more important. There are asuch a case the power factor is relatively simple to analyze,

number of reasons for this. and is determined by the phase shift.

There are a growing number of government regulations PE = cos©
requiringPFC (Power Factor Correction). Many of these are
originating in Europe. Regulations such as IEC1000-3-2
are forcing equipment to utilize input stages with topologies
other than a simple off-line front end which contains a
bridge rectifier and capacitor.

There are also system requirements that dictate the use
PFC. In order to obtain the maximum power from a
existingcircuit in a building, the power factor is very critical.
The real power available from such a circuit is:

Where® is the phase angle between the voltage and the
current.

Reduced power factor due to distortion is more
complicated to analyze and is normally measured with ac

nalyzers, although most circuit simulation programs can

Iso calculate power factor. One of the major causes of
N distortion is rectification of the line into a capacitive filter.

This causes current spikes that do not follow the input

voltage waveform. An example of this type of waveform is

Preal = Vrms X Irms X PF shown in the upper diagram in Figure 25.

A typical off-line converter will have a power factor of A power converter with PFC forces the current to follow
0.5 to 0.6, which means that for a given circuit breaker ratingthe input waveform. This reduces the peak current, the rms
only 50% to 60% of the maximum power is available. If the current and eliminates any phase shift.
power factor is increased to unity, the maximum available In most modern PFC circuits, to lower the input current
power can be obtained. harmonics, and improve the input power factor, designers

There is a similar situation in aircraft systems, where a have historically used a boost topology. The boost topology
limited supply of power is available from the on-board can operate in the Continuous (CCM), Discontinuous
generators. Increasing the power factor will increase the(DCM), or Critical Conduction Mode.
load on the aircraft without the need for a larger generator. Most PFC applications using the boost topology are
designed taise the universal input ac power 85-265 Vac, 50
or 60 Hz, and provide a regulated dc bus (typically 400 Vdc).
In most applications, the load can not operate off the high
voltage dc bus, so a dc-dc converter is used to provide
isolation between the ac source and load, and provide a low
voltage output. The advantages to this system configuration
are, low THD, a power factor close to unity, excellent
voltage regulation, and transient response on the isolated dc
output. The rajor disadvantage of the boost topology is that
two power stages are required which lowers the systems
efficiency, increases components count, cost, and increases
the size of the power supply.

ON Semiconductor’'s NCP1651 offers a unique
alternative for Power Factor Correction designs, where the
NCP1651 has been designed to control a PFC circuit
operating in a flyback topology. There are several major
advantages to using the flyback topoldgyst, the user can
create dow voltage isolated secondary output, with a single
powerstage, and still achieve a low input current distortion,
and a power factor close to unity. A second advantage,
compared to the boost topology with a dc—dc converter, is a
lower component count which reduces the size and the cost
of the power supply.

The NCP1651 can operate in either the Continuous or
Discontinuous mode of operation, the following analysis
will help to highlight the advantages of Continuous versus
Discontinuous mode of operation.

If we look at a single application and compare the results.

PFC CONVERTER

Figure 25. Voltage and Current Waveforms

Unity power factor is defined as the current waveform
being in phase with the voltage, and undistorted. Therefore,
there are two causes of power factor degradation — phas&o = 90 watts
shift and distortion. Phase shift is normally caused by Vin = 85-265 Vns (analyzed at 85 s input)
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NCP1651

Efficiency = 80% Continuous Conduction Mode
P, =108 W A second result of running in DCM can be higher input
Vo = 48 Vdc current.dlstortlon, EMI, _and a .Iower Power Factor, in
comparison to CCM. While the higher peak current can be

Freq = 100 kHz filtered to produce the same performance result, it will
Transformer turns ration N = 4 require a larger filter.

) A simple Fast Fourier Transform (FFT) was run in Spice
Continuous Mode (CCM) to provide a comparison between the harmonic current

To force the inductor current to be continuous over the jeyelsfor CCM and DCM. The harmonic current levels will
majority of the input voltage range (85-265 Vagjrieeds  affect the size of the input EMI filter which in some
to be at least 1 mH. Figure 26 shows the typical currentappiications are required to meet the levels of C.I1.S.P.R. In
through the windings of the flyback transformer. During  the SPICE FFT model we did not add any front end filtering

switch on period, this current flows in the primary and sq the result of the analysis could be compared directly.
during the switch off time it flows in the secondary.

300

250

200

5150

TIME
Figure 26. 100
The peak current is: 50
Ipk = lavg + ((1.4140Vjn sin© [ion [R)/Lp)

where byg= 1.414[Pp/Vjs Sin©® 0 A

02 04 06 08 10 12 14 16 1.8 20

Ton = T/((Ng/Np [IL.4140Vj, Sin® Vo) +1) EREQUENGY (MH)
Ton=6.19us Figure 28. Continuous Conduction Mode
I_Pg ;élA414H13)/ 85 sird + (1.414(B5(6.151s[2) /1 mH At the 100 kHz switching frequency, the rms value from

the FFT is 260 mA, and the 2nd harmonic (200 kHz) is

Discontinuous Mode (DCM) 55 MA rms.
In the discontinuous mode of operation, the inductor 23

current falls to zero prior to the end of the switching period
as shown in Figure 27. 2.4
2.0
/'PK
16
lavg g
1.2
- 0.8
TIME
. 0.4
Figure 27. J
To ensure DCM, LP needs to be reduced to approximately 05 04 o6 08 1o 12 14 1s 1370

100uH. _ FREQUENCY (MHz)
Ipk = (Vin SiN© [L.4140,)/Lp Figure 29. Discontinuous Conduction Mode

Ipk = 1.4140B5 sin 90.5.18us/100uH = 6.23 A At 100 kHz the rms value from the FFT are 2.8 A, and the
The results show that the peak current for a flyback 2nd harmonic (200 kHz) is 500 mA rms

converter operating in the Continuous Conduction Mode is
one half the peak current of a flyback converter operating in
the Discontinuous Conduction Mode.
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NCP1651

Results it is constrained by the inherent limitations of the
It is clear from the result of our analysis that a flyback PFC flyback topology. A turns ratio of higher than 20:1
converter operating in CCM has half the peak current and will result in very high leakage inductance and
one tenth the fundamental (100 kHz) harmonic current lead to high leakage spikes on the primary switch.
compared to a flyback PFC converter operating in DCM. Thus, practical application of this approach is
The results are lower conduction losses in the MOSFET, and restricted to output voltages 12 V and above.
secondary rectifying diode, and a smaller input EMI filter if 2. CCM Operation: The NCP1651 is designed to
the designer needs to meet the requirements C.I.S.P.R. operate in both CCM and DCM modes. However,
conducted emission levels. On the down side to CCM the CCM operation results in much better THD
operation, the flyback transformer will be larger because of than the DCM operation. Thus, it is recommended
the required higher primary inductance. that the circuit be designed to operate in CCM at
The advantages to operating in DCM include lower the specified test condition for harmonics
switchinglosses because the current falls to zero prior to the compliance (typically at 230V, full load). Please
next switching cycle, and smaller transformer size. keep in mind that at or near zero crossing
It will ultimately be up to the designer to perform a (<10 deg angle), it is neither necessary nor feasible
trade—off study to determine which topology, Boost versus to maintain CCM operation.
Flyback, Continuous versus Discontinuous Mode of 3. Following key governing equations have been
operation will meet all the system performance incorporated in the design aid:
requirements. But the recent introduction of the NCP1651 .
allows the system designer one additional option. PFC Operation

For anaverage current mode flyback topology based PFC The basic PWM fun.ctio.n of the _NCP1651 i§ controlled by
converter, determining the transformer parameters (primary@ Small block of circuitry, which comprises the DC
inductance and turns ratio) involves several trade-offs. régulation loop and the PFC circuit. These components are
These include peak-to-average current ratio (higherShown in Figure 30.
inductance or turns ratio result in lower peak current), There are three inputs to this loop. They are the fullwave
switching losses (higher turns ratio leads to higher peakrectmeq sinewave, the mstgntaneous input current and the
voltage and higher switching losses), CCM vs. DCM €rfor signal atthe FB/SD pin. .
operation (lower values of turns ratio or higher values of  The input current is forced to maintain a near unity power
inductanceextend the CCM range) and range of duty cycles factor due to the control of the ac error amplifier. This
overthe operational line and load range. ON Semiconductor@mplifier uses information from the ac input voltage and the
has designed an Excel-based spreadsheet to help desigif input current to contlrol the power switch in a manner that
with the NCP1651 and balance these trade—offs. The desigi¥Ves good DC regulation as well as excellent power factor.

aid is downloadable free—of-charge from our web-site 1he reference muitiplier sets a reference level for the input
(Www.onsemi.com). fullwave rectified sinewave. One of its inputs is connected

The ideal solution depends on the specific application t0 @ scaled down fullwave rectified sinewave, and the other

requirements and the relative priority between factors suchféceives the error signal which has been converted to a
aid allows the designer to consider different scenarios andectified sinewave on the multiplier’s output without

settle orthe best solution foe a given application. Following distorting it. To accomplish this, it is necessary for the
guidelines will help in settling towards the most feasible Pandwidth of the DC error amp to be less than twice the

solution. lowestline frequency. Typically it is set at a factor of ten less
1. Turns Ratio Limitations: While higher turns ratio  than the rectified frequency (e.g. for a 60 Hz input, the
can limit the reflected primary voltage and current, bandwidth would be 12 Hz).
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NCP1651

The key to understanding how the input current is shaped /\/\
. . o . . AC Input
into a high quality sine wave is the operation of the ac error
amplifier. The inputs of an operational amplifier operating
in its linear range, must be equal. There are several
secondary effects, that create small differences between the Viet
inverting and non-inverting inputs, but for the purpose of
this analysis they can be considered to be equal.

The fullwave rectified sinewave output of the reference Vine /V\
multiplier is fed into the non—inverting input of the ac error
amplifier. The inverting input to the ac error amplifier
receives a signal that is comprised of the input fullwave
rectified sinewave (which is not modified by the reference k Oin [ [ LT]
multiplier), and summed with the filtered input current. Vief
Since the two inputs to this amplifier will be at the same
potential,the complex signal at the non—inverting input will
have the same waveshape as the ac reference signal. The &6 ~ine * k Dlin
reference signal (¥ is a fullwave rectified sinewave, and
the ac input signal (Me) is also a fullwave rectified 4V ref
sinewave, therefore, the ac current signg),(inust also be Verror(ac) \/\/

a fullwave rectified sinewave. This relationship gives the
formula: GND

Vref = .75 - Vyef + (K X lin) . | AV ret
The lin signal has a wide bandwidth, and its instantaneous error(ac) f ||I|Dl:' /@ng

value will not follow the low frequency fullwave rectified

sinewave exactly, however, the output of the ac error

amplifier has a low frequency pole that allows the average Figure 31. Typical Signals for PFC Circuit

value of the .75 Whe + (K X lin) to follow Vet Since the ac

erroramplifier is a transconductance amplifier, it is followed ~ The difference between eMorac) and the 4.0 volt

by an inverting unity gain buffer stage with a low impedance reference, sets the window that the instantaneous current

output so that the signal can be summed with the will modulate in, to determine when to turn the power switch

instantaneoumput switching current ). The output of the  Off.

buffer is still Verror(ac) The switch is turned on by the oscillator, which makes this
a fixed frequency controller. Under normal operation, the
switch will remain on until the instantaneous value of
Verror(ac) reaches the 4.0 volt reference level, at which time
the switch will turn off.

Since the input current has a fundamental frequency that
is twice that of the line, the output filter must have poles
lower than the input current to create a reasonable DC
waveform. The DC output voltage is compared to a
reference voltage by a secondary side error amplifier, and
the error signal out of the secondary side amplifier is fed
back into the Feedback input through an optocoupler.

0sC

Verror(ac) GND

http://onsemi.com
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OPERATING DESCRIPTION

DC Reference and Buffer /\ INPUT A
The internal DC reference is a precision bandgap design T

with a nominal output voltage of 4.0 volts. It is temperature

compensated, and trimmed for 21% tolerance of its Vitol

nominal voltage, with an overall tolerance #©f2%. To CONVERTER

assure maximum stabilitihis is only used as a reference so ®

there is minimal loading on this source.

The DC reference is fed into a buffer with a gain of 1.625
which creates a 6.5 volt supply. This is used as an internal 'N"YTP :I>_|<_ 1H
voltage topower many of the blocks inside of the NCP1651 RAMP

and is also available for external use. The 6.5 volt reference '

is designed to be terminated with at QR capacitorfor Inverting Input TN

stability reasons. HHHW%‘\ OUTPUT
There is no buffer between the internal and external 6.5 NI Input

volt supply, so care should be used when connecting external
loads. Ashort or overload on this voltage output will inhibit
the operation of the chip.

Undervoltage Lockout o _ _ Figure 32. Simplified Multiplier Schematic
An Undervoltage Lockout circuit (UVLO) is provided to

assure that the unit does not exhibit undesirable behavior at The multiplier ramp is generated by the internal oscillator

low Vcc levels. It also reduces power consumptionlevel and is the same signal as is used in the PWM. It will therefore
that allows rapid charging of thec¥ cap. _ have the same frequency as the power stage.
When the \éc cap is initially charging, the UVLO will It is not necessary for Input P (into the PWM comparator)

holdthe unit off, and in a low bias current mode ur_ltll tlag;v to be a DC signal, low frequency ac signals (relative to the
voltage reaches a nominal 10.8 volt level. At this point the ramp frequency) work well also.

unit will begin operation, and the UVLO will no longer be The gain of the multiplier is determined by the
active. If the \&¢ voltage falls to a Ievel_thaF is _1.0 vollts current-to-voltage ratio of the V-I converter, the load
below the turn—on point, the UVLO circuit will again registor of the output filter and the peak and valley points of
become active. ~_ the sawtooth ramp. When the P input signal is at the peak of

When in the active (shutdown) state, the UVLO circuit {he ramp waveform, the comparator will allow the A input
removespower from all internal circuitry by shutting off the  gjgna| topass without chopping it at all. This gives an output
6.5 volt supply. The 4.0 volt reference remains actl_ve, andvoltage of the A current multiplied by the output filter
the UVLO and Shutdown comparators are also active. regjstance. When the P input signal is at the ramp valley
voltage, the comparator is held low and no current is passed
into the output filter. In between these two extremes, the duty
cycle (and therefore, the output signal) is proportional to the
level of the P input signal.

The output filter is a parallel RC network. The pole for this
network needs to be greater than twice the highest line
frequency (120 Hz for a 60 Hz line), and less than the
switching frequency. A recommended starting point is a
factor of 20 to 50 less than the switching frequency.

The pole is calculated by the formula:

Multiplier

The NCP1651 uses a new proprietary concept for its
Reference multiplier. This innovative design allows greatly
improved accuracy compared to a conventional linear
analog multiplier. The multiplier uses a PWM switching
circuit to create a scalable output signal, with a very well
defined gain.

One input (A) to the multiplier is a voltage-to—current
(V-1) converter. By converting the input voltage into a
current, an overall multiplier gain can be accomplished. In
addition,there will be no error in the output signal due to the fo = 1
series rectifier. ~ 2xmxRxC

The other signal (Input P) is input into the PWM So, for a 60 Hz line, and a 100 kHz switching frequency,

comparator. This selects a pulse width for the comparator® 2-0 kHz pole is a good starting point. This would be a factor
output.The current signal from the V—I converter is factored ©f 90 below the switching frequency, and is still far enough
by the duty cycle of the PWM comparator, and then filtered abovet_he 120 _Hz re_ctlfled line frequency that it won't cause

by the RC network on the output. This network creates a lowundesirable distortion.

pass filterand removes the high frequency content from the 1€ reference multiplier contains an internal loading
original waveform. resistorwith a nominal value of 25s. This is because the

resistor that converts the A input voltage into a current is
internal. Making both of these resistors internal, allows for

http://onsemi.com
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good accuracy and good temperature performance. Only &eedback/Shutdown
capacitor needs to added externally to properly compensate The FB/SD pin is a multiple function pin. Its primary

this multiplier. It is not recommended that an external
parallel resistor be used at the “Ref Gain” pin, due to
tolerance variations of the internal resistor.

There is an offset in the compensation (A-input) to the
reference multiplier. It isue to the V-I converter that feeds
the input.

The FB/SD signal is buffered by a voltage—to—current
converter for the appropriate signal into the multiplier. The
schematic for that converter follows.

|

| CURRENT

| MIRROR  (¥)

: 3.8k i 6X i
FBISD | v, — _

| Vin ey fmult

Reference Multiplier

20k

|

Figure 33. Multiplier V-1 Converter

1

\%

The output current for this stage is:
6 (Vip —1.5V)

imult = 50K

Multiplier

AC Ref

[
L

AC Error
Amplifier

45V

2

Figure 34. Reference Multiplier Clamp Circuit

There is a 1 kesistor between the AC Ref pin and the AC
Error Amplifier for ESD protection. Due to this resistor, the
voltage orpin 10 (AC Ref) will exceed 4.5 volts under some
conditions, but the maximum voltage at the non—inverting
AC Error Amplifier input will be clamped at 4.5 volts.

function is to port the error signal to the voltage—to—current
converter that feeds the reference multiplier. The operating
rangefor the feedback signal is from 1.0 to 4.0 volts. Below
an input level of 1.5 volts, the PWM duty cycle is reduced
to zero. At 4.0 volts the PWM is operating at its maximum
duty cycle.

The signal at this pin is also sensed by an internal
comparator that will shutdown the unit if the voltage falls
below 0.60 volts. Under normal operating conditions the
signal at this input will be 1.5 volts or greater, and the
shutdown circuit will be inactive. This circuit is designed
such that a 680 Ohm resistor in series with the optocoupler
will assure that the converter will go to zero duty cycle when
the opto is on full, but will not go low enough to put the unit
into its shutdown mode.

The shutdown function can be used for multiple purposes
including overvoltage, undervoltage or hot—swap control.
An external transistor, open collector or open drain gate,
connected to this pin can be used to pull it low, which will
inhibit the operation of the chip, and change the operating
state to a low power standby mode. An example of a
shutdown circuit is shown in Figure 23.

Ramp Compensation

The Ramp Compensation pin allows the amount of ramp
compensation to be adjusted for optimum performance.
Ramp compensation is necessary in a current mode
converter tcstabilize the units operation when the duty cycle
is greater than 50%.

The amount of compensation required is dependant on
severalariables, including the boost inductor value, and the
desires of the designer. The value should be based on the
falling di/dt of the inductor current. For a boost inductor with
a variable input voltage, this will vary over the ac input
cycle, and with changes in the input line. A di/dt chart is
included in the design spreadsheet that is available for the
NCP1651.

For optimum load transient performance, the ramp
compensation should equal the falling di/dt at 100% duty
cycle. For optimum line transient response, it should equal
one half of the falling di/dt at 100% duty cycle.

This pin is a buffered output of the oscillator, which
provides avoltage equal to the ramp on the oscillateraih.

A resistor from this pin to ground, programs a current that
is transformed via a current mirror to the non-inverting
input of the PWM comparator.

The ramp voltage due to the inductor di/dt at the input to
the PWM comparator is the current shunt voltage at pin 5
multiplied by 10, which is the gain of the current amplifier
output that feeds the PWM.

http://onsemi.com
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T Average Current Compensation
Current . . . e . .
Sense  AC Ref The input signal to this amplifier is the input fullwave
__'_| |_'_. Amp  Buffer rectified sinewave. The amplifier is a unity gain amplifier,
— — T T with avoltage divider on the output that attenuates the signal
ii 1.61 > by a factor of 0.75. This scaled down fullwave rectified
i> sinewave is summed with the low frequency current signal

: 16 k PWM out of the current sense amplifier.
M/VMM/WM Comparator The sum of these signals must equal the signal at the
Oscillator = non-inverting input to the AC error amplifier, which is the
output of the reference multipliedince there is a hard limit

of 4.5 volts at the non-inverting input, the sum of the line
voltage plus the current cannot exceed this level.

4o Ramp Compensation A typical universal input design operates from 85 to 265
R vac, which is a range of 3.1:1. The output of the Current
RC Compensatioamplifier will change by this amount to allow

= the maximum current to vary inversely to the line voltage.

Figure 35. Ramp Compensation Circuit .
AC Error Amplifier

The current mirror is designed with a 1:1.6 current ratio. ~ The ac error amplifier is a transconductance amplifier.
The ramp signal injected can be calculated by the following This amplifier forces a signal which is the sum of the current

formula; and input voltage to equal the ac reference signal from the
_ 1.6Voscpk 16k 102, 400 reference multiplier. 3 .
Vramp = RRC = Rre (eq. 1) Trgnsconductance ampllfl_ers (_1|ffe_r from voIt_age
amplifiers in that the output is a high impedance with a
Where: controlled voltage—to—current gain. This amplifier has a
Viamp= Peak injected current signal (4 V) nominal gain of 100 umhos (or 0.0001 amps/volt). This

means that an input voltage differential of 10 mv would
cause the output current to change byuAOIts maximum
Oscillator output current is 3QA.

The oscillator generates the sawtooth ramp signal that set%
the switching frequency, as well as sets the gain for the
multipliers. Both the frequency and the peak-to—peak
amplitude are important parameters.

The oscillator uses a current source for charging the
capacitor on the €£pin. The charge rate is approximately

Rrc = Ramp compensation resistofXk

urrent Sense Amplifier

The current sense amplifier is a wide bandwidth amplifier
with a differential input. It consists of a differential input
stage, a high frequency current mirror (PWM output) and a
low frequency current mirror (ac error amp output).

200pA and is trimmed to maintain an accurate, repeatable CURRENT CURRENT
frequency. Discharge is accomplished by grounding the C MIRROR

L : . ® MIRROR (¥)
pin with a saturated transistor. A hysteretic comparator

monitors that ramp signal and is used to switch between the
current source and discharge transistor. While the cap is
charging, the comparator has a reference voltage of 4.0
volts. When the ramp reaches that voltage, the comparator
switches from the charging circuit to the discharge circuit,
and its reference changes frdrf to~ 0.5 volts (overshoot
and delays will allow the valley voltage to reach 0 volts).

The relationship between the frequency and timing —
capacitor is: 5

CT = 47,000/f

Where G is in pF and fis in kHz.

It is important not to load the capacitor on this pin, since Figure 36. Current Sense Amplifier
this could affect the accuracy of the frequency as well as that  Thg jnput to the current sense amplifier is a common base
of the multipliers which use the ramp signal. Any use of this ¢, hfiguration. The voltage developed across the current
signal should incorporate a high impedance buffer. shunt is sensed at the Is+ input. The amplifier input is

Due to the required accuracy of the peak and valley rampyesigned for positive going voltages only; the power stage
voltages, the NCP1651 is not designed to be synchronized

to the frequency of another oscillator.
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should resemble the configuration of the application circuit PWM Logic
in Figure 38. The PWM and logic circuits are comprised of a PWM
Caution should be exercised when designing a filter comparator, an RS flip—flop (latch) and an OR gate. The
between the shunt resistor and this input, due to the lowlatch is Set dominant which means that if both R and S are
impedance of this amplifier. Any series resistance due to ahigh the S signal will dominate and Q will be high, which
filter, will create an offset of: will hold the power switch off.
VOS = 50 uA X Rexternal The NCP1651 uses a voltage mode Pulse Width

) _ . . Modulation scheme based on a fixed frequency oscillator.
which will add a positive offset to the current signal. The effect The oscillator outputs a ramp waveform as well as a pulse

of this is that the ac error amp!ifier will try to compensate for \ynich is coincident with the falling edge of the ramp. The
the average output current which appears never to go to zergy|se s fed into the PWM latch and OR gate that follows.
and cause additional zero crossing distortion. Duringthe pulse, the latch is reset, and the output drive is in
The voltage across the current shunt resistor is convertegs |ow state.
into acurrent (1), which drives a current mirror. The output o, the falling edge of the pulse, the output drive goes high
of theiy current mirror is a high frequency signal that is a 4 the power switch begins conduction. The instantaneous
replica of the instantaneous current in the switch. Thej,qyctor current is summed with the ac error amplifier
conversion of the current sense signal to curireist voltage and the ramp compensation signal to create a
i1 = Vis4+/3k complexwaveform that is compared to the 4.0 volt reference
The PWM output sends that information directly to the signal orthe inverting input to the PWM comparator. When
PWM input where it is added to the ac error amp signal andthe signal at the non-inverting input to the PWM comparator
the ramp compensation signal. exceeds 4.0 volts, the output of the PWM comparator
The Leading Edge Blanking circuit (LEB) interrupts the changes to high state which drives one of the Set inputs to
currentsignal to the PWM comparator for the first 200 ns of the latch and turns the power switch off until the next
the switching pulse. This blanks out any spike that might oscillator cycle.
occur at turn on, which could cause false triggering of the The OR gate that follows the PWM is used to inhibit the
PWM comparator. drive signal to the power switch. In addition to the oscillator
The other output dhei; mirror provides a voltage signal pulse this gate receives a signal from the shutdown OR gate,
to a buffer amplifier. This signal is the resulti pHiropped which can inhibit operation due to an overtemperature
across an internal 3@kresistor, and filtered by a capacitor condition, shutdown signal, or insufficient¥.
at pin 6. This signal, when properly filtered, will be the 2x
line frequency fullwave rectified sinewave. The filter pole . : :
on pin g shou)I/d be far enough below the switching frquency The output_drlver can be u;ed.to directly drive a F.ET’ for
to remove most of the high frequency component, but highIow and medium power applications, or a larger driver for

enough above the line frequency so as not to causeh'gllth.power aplpllcanct)ns. MOS. tot le desi di
significant distortion to the input fullwave rectified Isbla cfompemen aay ki ' oemlp;oe es'g.r,:r’] ?n. |s|
sinewave waveform. capable of sourcing and sinking over 1.5 amps, with typical

For a 100 kHz switching frequency and a 60 Hz line riseand fall times of 50 ns with a 1.0 nF load. The totem pole
frequency, a 10 kHz pole will normally work well. The output has been optimized to minimize cross conduction

. : : . t during high speed operation.
capacitor apin 6 can be calculated knowing the desired pole current, . o
frequency by the equation: Additional internal circuitry has been added to keep the

Driver in its low state whenever the Undervoltage Lockout

Driver

1

Ce = 27 f30K is active. This characteristic eliminates the need for an
Where: external gate pull-down resistor.
Ce = Pin 6 capacitance (nF) Shutdown Modes and Logic
f = pole frequency (kHz) Overtemperature A temperature sensor and reference is

rovided to monitor the junction temperature of the chip.
or, for a 10 kHz pole, £would be 0.5 nF. ghe chip will operate to a{ nominal ten?perature of°that P

The gain of the low frequency current buffer is set by the whichtime the output of the temperature sensor will change
value ofthe resistor at pin 7. The value of R7 determines theto a low state. This will set the output of the shutdown
scale factor between the peak current and the averag®AND gate high, which in turn will set the output of the
current. The average current will be that of the primary PWM OR gate high, and force the driver into a low state.
waveformonly, since the secondary current will not conduct There is dysteresis of 3W on this circuit, which will allow
across the shunt resistor. the chip to cool down to 13Q before resuming operation.
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circuit will resume normal operation. If not, another cycle
will begin. The waveforms for overload timeout are shown
in Figure 3.
Shutdown The NCP1651 has a shutdown circuit that  The buffer’s transfer function is:
can be used to inhibit the operation of the chip by reducing o
the FB/SD pin voltage topless than 0.6 voFI)ts. When a lout = (2.9 = Vac(ea))/6.7 k
shutdown signal is issued, the output of the shutdown The buffer amplifier, converts the input voltage to a
comparatogoes low. This immediately ceases the operation CUrrent by creating a current equal to the voltage difference
of the unit by OR’ing that signal to the output of the PwM between the ac error amplifier output and the 2.9 volt
logic, and holding the driver in its low state. reference dropped across the 67 tesistor. The bipolar
The inverted output of the shutdown comparator is fed in transistor level shifts the voltage and maintains the proper
to the reset pin of the divide—by—eight counter. The countercurrent into the current mirror. The current mirror has a 1:1
reset pin sets its count to seven. As long as the reset pin i&tio and delivers its output current to the PWM input. This
low, the counter will remain at seven. When the shutdown current is summed with the currents of the ramp
signal isremoved, the reset pin will go high, and the counter cOmpensation signal and the instantaneous current signal to
will continue to count to eight. The counter is triggered on determine the turn—off point in the switching cycle.
the negative edge. of the sta_rt—up enable signal. This meangart-Up Circuit
that a shutdown signal that is removed on the upwaid V' The start-up circuit serves several functions. In addition
slopewill be in the 7 qount for the remaining rise and fall of {5 providing the initial charge dhe Viec capacitor, it serves
that Vcc cycle and will change to 8 on the next cycle. _as a timer for the start-up, overcurrent, and shutdown modes
This system assures that .the unit will not be gnabled Un_t"of operation. Due to the nature of this circuit, this chip must
the Ve voltage has a full discharge cycle available, and it e piased using the start-up circuit and an auxiliary winding
also insures that the unlt_ wlll commence ope_ratlon in lessgp the power transformekttempting to operate this chip
than two \tc cycles. A timing diagram of this mode of  ff of 4 fixed voltage supply will cause the chip to latch up
o_p<_arat|on is shown in Flgure 3. The count for t_he in some modes of operation.
divide-by—eight counter is shown as 7, 7, 7, 8 which A high voltage FET is biased as a current source to provide
illustrates the operation of the reset function. current for start-up power. On the application of input voltage,

If the shutdown signal is terminated before the'Voltage  he high voltage start-up circuit is enabled and current is drawn
reaches the lower UVLO limit (i.e. 9.8 volts), the unit will o the rectified ac line to charge theycap.

While in the overtemperature shutdown mode, the I e — a
start—up circuit will be operational and theyYwill cycle | : CURRENT :
between 10.8 and 9.8 volts. | | MIRROR (® | |

Insufficient Vo If the level of the ¢ voltage is not | | 29v i i |
sufficient tomaintain operation, the drive of the chip will be | | o—+ |
inhibited and the divide—by—eight timer will be invoked. | ERA;?O Rl > +—F—
This will normally occur when the output is overloaded. | ~avp | : PWM,
Underthis condition, the divide—by—eight counter will count Acl : §16 K| Eimp
for 8 Ve cycles. At the end of the eighth cycle the driver Conz:p! T | N 6.7k | oo
will be enabled and the circuit will attempt to start. If the 3i | >— | Sense
failure has been corrected, the output will come up and the | : | = | Amp

I

Figure 37. AC Reference Buffer Schematic

resume operation on the following:¥ down slope, and if the Whenthe voltage on the ¢ cap reaches the turn on point
shutdown signal is terminated on thecAupward slope, the  for the UVLO circuit (10.8 volts typical), the start-up circuit
unit will resume operation on the secongc\down slope. s disabled, and the PWM circuit is enabled. With the
AC Reference Buffer NCP1651 enabled, the bias current increases from its

The ac reference buffer converts the voltage generated byptandby level to the operational level. The divide-by-eight
the ac error amplifier to be converted into a current to be counter ispreset to the count of 7, so that on start-up the chip

summed with the ramp Compensation Signal and ther” not be Operational on the first CyCIe. The Secor@tV
instantaneous current SignaL CyCle will be number 8, and the Chlp will be allowed to start
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at this time. In the shutdown mode, thedtycle is held in Soft-Start Circuit

the 7 count state until the shutdown signal is removed. This The ac error amplifier has been configured such that a low
allows for a repeatable, fast restart. See Figure 3 for timingoutput level will cause the output duty cycle to go to zero.
diagram. This will have the effect of soft—starting thait at turn—on,

The unit will remain operational as long as thecV  since the output is coupled to ground through a capacitor.
voltageremains above the UVLO undervoltage trip point. If ~ There will be an initial offset of the output voltage due to
the Vcc voltage is reduced to the undervoltage trip point, the output current and the resistor at pin 11. For example, if
operation othe unit will be disabled, the start-up circuit will the output is saturated in the high state at turn on, it will
again beenabled, and will charge the-¥ cap up to the turn  source 5QuA. If pin 11 is terminated with a 2.XXresistor
on voltage level. At this point the start—up circuit will turn and a 0.01 F capacitor, the initial step will be:
off and the unit will remain in the shutdown mode. This will 50 uA x 2.2k = 0.11 volts
continue for the next seven cycles. On the eighth cycle, the ] .

NPC1651will again become operational. If thesvoltage ~ @nd the rate of rise will be:

remains above the undervoltage trip point the unit will 50 uA/0.01 uF = 5 mV/us

continue to operate, if not the unit will begin another
divide-by—eightcycle.

The purpose of the divide—by-eight counter is to reduce
the power dissipation of the chip under overload conditions
and allow it to recycle indefinitely without overheating the
chip.

It is critical that the output voltage reaches a level that allows
the auxiliary voltage to remain above the UVLO turn—off level
before the V¢ cap has discharged to that level. If the bias
voltage generated by the inductor winding fails to exceed the
shutdown voltage before the capacitor reduces to the UVLO
undervoltage turn—off level, the unit will shut down and go into
a divide-by-eight cycle, and will never start. If this occurs, the
V cc capacitor value should be increased.

or, 560us until the output is at 2.8 volts, which corresponds
to full duty cycle.

There is also a clamp on pin 8 that will keep the
capacitance on that pin discharged to 1.5 volts so that the
FB/SD signal will also slew up from a low power level to a
high power level. When the unit is in standby mode, the
clamp will be enabled. At the same time as the unit is
enabled, the clamp will be disabled to allow the feedback
signal to control the loop.

An external soft—start circuit can be added, as shown in
Figure 24, if additional time is desired.
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Figure 38. Typical Application Schematic
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Basic Specifications Using the available spreadsheet, with the following
The design of any power converter begins with a basic sefparameters, primary inductance of 33@H and a turns ratio

of specifications. The following parameters should be of 10:1 would be a good choice.

known before you begin:

POmax (Maximum rated output power)
Vrmsyin -~ (Minimum operational line voltage)
Vrmsmax (Maximum operational line voltage)
fswitch (Nominal switching frequency)
Vout (Nominal regulated output voltage)

Most of these parameters will be dictated by system
requirements.

Limits

POnax= 100 W
Vinmax = 265 ms
ViNmin = 85 Vims
Vo=12V
Lp=330uH
fswitch= 100 kHz

Np/Ns =10

Transformer

For an average current mode, fixed frequency PFC 6 i i i
converter, there is no magic formula to determine the PEAK CURRENT
optimum value of the transformer’s primary inductance. 5 //-\\
There are several trade—offs that should be considered. / \
These include peak current vs. average current, switchingz 4
losses vs. core losses and range of duty cycles over the / éDESTA\L \
operational line and load range. All of these are a function o 3 / CURRENT N
of inductance, line and load. These parameters determinex // \ \
when the converter is operating in the continuous © 2 / \
conduction mode and when it is operating in the // \\
discontinuous conduction mode. 1 / \

If you are designing your own transformer, the / \
ON Semiconductor spreadsheellQP1651 Design.xls oL D

0 45 90 135 180

that is available as a design aid for this part can be of help. PHASE ANGLE (*

Enter various values of inductance as well as the turns ratio
and observe the variation in duty cycle and peak current vs. Figure 39. Switching Current versus Phase Angle
average current.

The transformer’s duty cycle is an important parameter.

There are two main limitations for the duty cycle. The first ! LI
100% = Discontinuous

is the output voltage reflected back to the primary, which is 50% = Continuous
scaled by the turns ratio. This means that with a 10:1 \ I
(pri:sec) turns ratio, and a 12 volt output, the power switch ¢ \ /

will see the input voltage plus 120 volts (10 x 12 volts) plus

leakage inductance spike. This reflected voltage determineso
the maximum voltage rating of the power switch. 5 MODE
The second, there are practical limits to the turns ratio. E
o

Given the flyback converter transfer function, continuous - v
conduction mode,
\- ,/
Vo = Vinn (B/1 - D) DUTY CYCLE
It is evident that there is a direct relationship between duty 0 ‘ ‘ ‘
45 90 135 180

cycle and the turns ratio. In general, 10:1 is about the
maximum, although some transformer manufacturers go as
high as12:1 or even 15:1. Turns ratios of 20:1 and above are Figure 40. Continuous/Discontinuous and Duty Cycle
not normally practical as they result in very high values of

DEGREES (°)

leakage inductance, which creates lagi&es on the power If an auxiliary winding is desired to provide a bias supply,
switch. They also have a very large reflectovoltage it should provide a minimum of 12.1 volts (to exceed the
associated with them. UVLO spec) and a maximum of 18 volts. The auxiliary

The other option is to contact a transformer manufacturerwinding should be connected such that it conducts when the
such as Coiltronics _(www.cooperet.comdr Coilcraft power switch is off. Near the zero crossings of the line
(www.coilcraft.com). These companies will design and frequency, the voltage will have a peak voltage equal to the
manufacture transformers to your requirements. regulatedutput voltage divided by the turns ratio. The filter
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cap on the ¥¢ pin needs to be of sufficient size to hold the } ’ o
voltage up over between the zero crossings. 12v
Error Amplifier 1 '

The error amplifier resides on the secondary side of the T Undervoltage Ropto
circuit, and therefore is not part of the chip. A minimal out 453§ Capacitorg I
solution would include either a discrete amplifier and A 4 §
reference, or an integrated circuit that combines both, such | I |
as the TL431 series of regulators. -

+
Vgut 422§ Error Amplifier 75k
FB/SD :_ MC3303 Rbia5§
+
é Ropto § Overvoltage
§ R 5.23 k Comparator
dcl
RS 4
C" ~ I: 402k S 0.01 yF L
Rip Cip N
1 W—| ' TL431
5.23k
V' o
Vref2 = -4 Rin
Error =
iRdCZ Amp Figure 42. Error Amp with Over/Undershoot
L Protection

Figure 41. Error Amplifier Circuit
The configuration shown in Figure 42, incorporates an

This configuration for the error amplifier will result in a  error amplifier with slow loop response, plus overvoltage
low cost regulator, however, due to the slow loop responseand undervoltage comparators. Under normal operation the
of a PFC regulator it will not protect against overvoltage outputs of the Undervoltage and Overvoltage Comparators
conditions (e.g. load removal) or droop when a transientare high. The Undervoltage Comparator provides drive for
load is added. the optocoupler, while the Overvoltage Comparator reverse

The primary side circuit has been designed such that thebiases the diode on its output and is out of the loop.
PFC controller will operate at maximum duty cycle with the ~ Thiscircuit is designed with 8% trip points both above and
optocouple in a non-conducting state. This is necessary tdelow the regulation limit. If an overvoltage condition
allow the unit to bring up the output when the system is exists, the Overvoltage comparator will respond very
initially energized. At this time there is not output voltage quickly. When its output goes low, it will provide maximum

available to drive the LED in the optocoupler. drive tothe optocoupler, which will shut off the output of the
In the circuit of Figure 41, the amplifier and reference converter. _
need to beated at the maximum voltage that the output will  If the output voltage drops 8% or more below its regulated

experience, including transient conditions. Resistqg R level, the Undervoltage Comparator will go low. This will
and Ric2 need to be chosen such that the voltage'as vV removethe drive from the optocoupler, which will allow the

equal to Vero When \gtis at its regulated voltage oo is regulator tp increase the duty cycle and return the outp.u.t to
a current limiting resistor that protects the optocoupler from its regulation range much faster than the error amplifier
current transients due to output surges. could.

This design also includes inherent compensation from This configuration will work over a range of 5 to 30 volts,
transients. Sice the bandwidth of the error amplifier is very With the appropriate changes igJg Roiasand Rypto
low, its output can not respond rapidly to changes in theR,; (kQ) = (Vout— 4.753) / 0.7785
outputvoltage. A transient change in the output voltage will Roias (KQ) = (Vout— 4.4)
change the current throughyfg Since the output of the :
error amplifier does not change immediately, if the output Ropto (k€2) = (Vout=3) /2

voltage increases, the voltage acroggigRwill increase. The value for Bpio will al!qw a maximum of 2 mA to
This drives more current through the optocoupler, which in drive the optocoupler. If additional current is needed, change

turn reduces the output of the converter. the 2 in the denominator of that equation to the current

An alternate regulator is recommended, which is only (inmA) that is desired.
slightly more expensive, and offers excellent protection
from positive transients, and quick recovery from negative
transients.
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Ac Voltage Divider di/dt primary = di/dt secondary
The voltage divider from the input rectifiers to ground is v/, /| o (T/2 = Vo/Lp [INp/Ng [T/2

a simple but important calculation. For this calculation it is Vin/Lp = Vo/Lp CNp/N

necessary to know the maximum line that the unit can '™ P P S

operate at. The peak input voltage will be: Equation 2) _ _ _
ViNpeak= 1.414 X ViMax For proper slope compensation, the relationship between

The maximum voltage at the ac input (pin 5) is 3.75 volts Rsand Recis:

(this is true for both multipliers). di/dt (primary) 0T ORs (High Frequency Current Gain =
If the maximum line voltage is 265 Vac, the peak input VRcomp

voltage is: VolLp OT [INp/Ng [Rg (116 k/3 k = 102.4 k/IRc
ViNpeak= 1.414 X 265 Wns= 375 pk Rs = (19,200/R¢c OT) OLp/V o) OINg/Np)

To keep the power dissipation reasonable for a 1/2 wattE uation 3)
resistor (Rc¢1), it should dissipate no more than 1/4 watt. The q
power in this resistor is: ton= T/(Ng/Np (V2 V| V) + 1
_ : _ For maximum output current, when the error amplifier is
PRoc1= (375 V = 3.75 V§/ Rac1 = 0.25 watts saturated in a low state, the ramp compensation signal plus

S0: Ryc1= 551 K2 the current signal must equal 4.0 volts (3.8 volts is used to
To minimize dissipation, use the next largest standard valueavoid over driving the amplifier), which is the reference
or 560 K. level for the PWM comparator. So:

Typically, two 1/4 resistors are used in series to handle theEquation 4) Vredywm = Vinst + Vrcomp

power. 3.8V =k [(Rg6 k/3 k + 102.4 k/IRc O/ T

Then, Re2=3.75V/ ((375V - 3.75 V) / 560 k) = 5.8k 102.4 K ton

RRC = —
Current Sense Resistor/Ramp Compensation (38 =~ 53 IPKRs)

The combination of the voltage developed across the Combining equations 2 and 4 gives:

current sense resistor and ramp compensation signal, will Re = 3.8
determine the peak instantaneous current that the power S = Np_tanVo_ | 5 33 ok
s 0. P

switch will be allowed to conduct before it is turned off.
The vector sum of the three signals that combine to creatéVhere:
the signal at the non—inverting input to the PWM comparator Rg is the current shunt resistor (Ohms)
must add up to 4.0 volts in order to terminate the switch Rg¢ is the ramp compensation resistor (Ohms)
cycle. These signals are the error signal from the ac errot,, is the on time for the conditions givars}
amp, the ramp compensation signal, and the instantaneous is the period for the switching frequengs)
current.For a worst case condition, the output of the ac error Lp is the primary inductance of the transformetl)
amp could be zero (current), which would require that the v, is the output voltage (VDC)
sum of the ramp compensation signal and current signal bey,,,sis the rms line voltage at low line (N9
4.0 volts. This must be evaluated under full load and low line P, is the output power at full load (watts)
conditions. lavg (T) is the average current for one switching cycle (A)
For proper ramp compensation, the ramp signal shouldi, is the instantaneous peak primary side current (A)
matchthe falling di/dt (which has been converted to a dv/dt) v, is the peak line voltage (volts)
of the inductor at 50% duty cycle. 50% duty cycle will occur Np/Ng is the transformer turns ratio (dimensionless)
whenthe input voltage is 50% of the output voltage. Both the
falling di/dt and output voltage need to be reflected by the Current Scaling Resistor & Filter Capacitor
transformer turns ratio to the primary side. Thus the Ry sets the gain of the averaged current signal out of the
following equations for Band Ryc must be satisfied: current sense amplifier which is fed into the ac error
didt primary = \iy/Lp CT/2 amplifier. Ry is _used to scale_ the current to the gpprqprle}te
levelfor protection purposes in the ac error amplifier circuit.
R7 should be calculated to limit the maximum current
Ng\’ signal at the input to the ac error amplifier to less than
Ls = (N_P) Lp 4.5 volts at low line and full load. 4.5 volts is the clamp
voltage athe output of the reference amplifier and limits the
maximum averaged current that the unit can process. The

di/dt secondary = §/Lg [0T/2

di/dt reflected to the primary:

(V_o)(&f T .Ns equation for Ris:

Lp/\Ns/ 2 Np Ry = 212k - Rs - Pjn

Simplifies to: vin L (4,5 — (0.75 - ACratio - VinLL - /5))
Vol/Lp [(Ng/Ng [TT/2
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Where: R, = rated input power (W) To determine the values ogRnd G, it is necessary to
Rs = Shunt resistance (W) look at the two signals that reach the PWM inputs. The
VinLL = min. operating rms input voltage (W) non-inverting input is a slow loop using the averaged
AC;atio = ac attenuation factor at pin 9 current signal. It's gain is:
This equation does not allow for tolerances, and it would 30k 15k
Aif = 5755 " (@m - R11) - 2.3

be advisable to increase the input power to assure operation 3k Ry

at maximum power over production tolerance variations.  \yherethe first two terms are the gains in the current sense
_ The current sense filter capacitor should be selected to seimpjifier averaging circuit. The next term is the gain of the
its pole about a factor of 10 below the switching frequency. yransconductance amplifier and the constant is the gain of

Co = 53 the ac Reference Buffer.
f The high frequency path is that of the instantaneous

Where: @ = Pin 6 capacitance (nF) currentsignal to the PWM non-inverting input. This gain is

f = pole frequency (kHz) 16 k/3 k = 5.33, since the input signal is converted to a
so, for a 100 kHz switching frequency, a 10 kHz pole is current throug_h a 3 k resistor in the f:urrent sense amplifier,
desirable, and £would be 0.5 nF. and then terminated by the 16 k resistor at the PWM input.

For stability, the gain of the low frequency path must be
Reference Multiplier less than the gain of the high frequency path. This can be
The output of the reference multiplier is a pulse width written as:

quulatedepresentat'ion of thg analog input. Thg muIFipIier 345,000 - 9m - R11
is internally loaded with a resistor to ground which will set Ry <53

the DC gain. An external capacitor is required to filter the ) )
signal back into one that resembles the input fullwave The suggested resistor and capacitor values are:

rectifiedsinewave. The pole for this circuit should be greater R11 = R7
than the line frequency and lower than the switching 11 = 130,000 gm
frequency. o
1/15th of the switching frequency is a recommended and for a zero at 1/10th of the switching frequency

startingvalue for a 60 Hz line frequency. The filter capacitor C1q = —129
for pin 10 can be determined by the following equation: fsw R11

1 6.366E-6 Where: R & Ryj are in units of Ohms

€10 = 57314 25K fpole ~ fpole Om is in units of mhos
) i Cq1is in Farads

Where: Gg= Pin 10 capacitance (F) fowis in Hz

foole = Ref gain pole freq (Hz)

AC Error Amplifier

The ac error amplifier is a transconductance amplifier that
is terminated with a seriescRmpedance. This creates a
pole-zero pair.
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Loop Compensation

I Viine
| esv Vac Ca\;l\( ? Np : Ng
S L 3
: 3.8k = ER/’&% ) | o |®
Vi FBISD | e II ouT |
fo REFERENCE
P MULTIPLIER el e
(32 | | -
| |s
P lin
Rip Cp I o I |3+v l
V, Vea I ___________________ J
! c
T RoR 0.022 uF

R AP - 1:
T\ T~ “ Y\“ T~ ) [ |

DIVIDER ERROR AMP OPTO TRANSFER REFERENCE SIGNAL MODULATOR AND OUTPUT STAGE
V' __ Rde2 | AVib _ 38kCTR AVref _ ) 6 vac Alin Ry AVout _ (Np\ (T - ton)
Vo Rdc1 + Rdc2 " 2aChRep AVea Ropto AVfp AVref Rs 75,000 Alin Ns ton
for f>f,:
Viine Rac2 1
Av = Rfp/R Vg = ——————— fp = —————
v = Rfb/Rdc1 =R +Rac2 PT2aRrLC
for f < f,:
Ay = 1

27 fCfp Rdel
Figure 43. Voltage Regulation Loop

Loop Model Voltage Error Amplifier

The model for the voltage loop has been broken down into The voltage error amplifier is constrained by the two
six sections. The voltage divider, error amplifier, and opto equations. When this amplifier is compensated with a
Transfer are external to the chip, and the reference signalpole-zero pair, there will be a unity gain pole which will be
modulator and output stage are internal. cancelled by the zero at frequengy The corresponding

The modulator and output stage circuitry is greatly bode plot would be:
simplified based on the assumption that that poles and zeros
in the current feedback loop are considerably greater than
the bandwidth of the overall loop. This should be a good 5 ™N
assumption, because a bandwidth in the kilohertz is N
necessarfor a good current waveform, and the voltage error
amplifier needs to have a bandwidth of less than the Iowest?.a _
line frequency that will be used. ob——&2 e —4

There are two poles in this circuit. The output filter has a < AN I
pole that varies with the load. The pole on the voltage error
amplifier will be determined by this analysis.

c
2
<
[9)
=
=
/

Voltage Divider 20

The voltage divider is located on the secondary side
circuitry. It is a simple resistiye divider 'Fhat reduces the f, FREQUENCY
outputvoltage to the level required by the internal reference
on the voltage error amplifier. If the amplifier circuit of
Figure 42 is used, there are four resistors instead of 2. To
determine the gain of this circuityR is the equivalent of The gain at frequencies greater thaisfdetermined by
the upper two resistors, 9.31 k and 453 Ohms respectivelyRfb- Once R, is determined, the value ofdZan be easily
and Riczis the equivalent of the lower two resistors, 422 and calculated using the formula fox f
5.23 k respectively.

Figure 44. Pole-zero Bode Plot
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Optocoupler Transfer A(dB) = 20 Logg (A)

The optocoupler is used to allow for galvanic isolation for ~ For example, the voltage divider would be:
the error signal from the secondary to primary side circuits. 5.6 k
The gain is based on the Current Transfer Ratio of the A = 560k + 5.6k
device. This can change over temperaturetiame] but will A(dB) = 20 Log 0 0.0099 = -40 dB
not result in a large change in dB. - The gain of the loop will vary as the input voltage changes.

The recommended capacitopat 8 is 0.022F. Ifalarger 4 i recommended that the compensation for the error
cgpacnor is used, the pole may become low enough_ that _'Tamplifier becalculated under high line, full load conditions.
willhave an effect on the gain phase plots near the unity gaifryis should be the greatest bandwidth that the unit will see.
crossover frequency. In th!§ case anq add|t|onal zero will be By necessity, the unity gain (O dB) loop bandwidth for a
required in the error amplifier bias circuitry. PFC unit, must be less than the line frequency. If the
bandwidth approaches or exceeds the line frequency, the

The error signal is transmitted to the primary side circuit voltage error amplifier signal will have frequency

via. the optocoupler, is converted to a current by the V-I components in its output that are greater_ thar_1 th_e line
converter and is then used as an input to the referencdreauency. These components will cause distortion in the

multiplier. The gain of this block is dependent on the ac input output of the reference amplifier, which is used to shape the

voltage because of the multiplier which requires two inputs current waveform. This in turn will cause distortion in the
for one output. current and reduce the power factor.

Typically the maximum bandwidth for a 60 Hz PFC

Modulator and Output Stage converter is 10 Hz, and slightly less for a 50 Hz system. This
The modulator receives an input from the reference can be adjusted to meet the particular requirements of a system.

multiplier and forces the current to follow the shape and The unity gain bandwidth is determined by the frequency at

amplitude. The is an internal loop within this section due to Which the loop gain passes through the 0 dB level.

the current sense amplifier. Based on the assumptions listed For stability purposes, the gain should pass through 0 dB

in the introduction to this analysis, this is not analyzed With aslope of —20 dBor approximately on decade on either

separately. side of the unity gain équency. This assures a phase margin
The equation for the gain is good for frequencies below Of greater than 45

the pole. There is a single pole due to the output filter. Since The gain can be calculated graphically using the equations

the NCP1651 is a current mode converter, the inductor is noof Figure 18 as follows:

part of the output pole as can be seen in that equation.  Divider: Calculate VIV, in dB, this value is constant so it
The modulator and output stage transfer functions havewill not change with frequency.

been split into two sets of equations. The first defines theODtocoupler TransferCalculate Vb/Veg Using the equation

relationship between the input current and ac referenceprovided_ Convert this value into dB.

signal, and the later, define the output stage gain and pole, ¢ ianal: Caleul N ina th K level of
Due to the nature of a flyback transformer, the gain of the Xeferenceéignal: Calculate Yeq/Vip using the peak level o

output stage is dependant on the duty cyclgT. For 'gle ac m;r)]L_Jt SIg(;]BEU _?:]_mgh Illne that will be sleen on pin 9.
continuous mode operation, the on-time is: onvert this to dB. This s also a constant value.

Modulator and Output StageCalculate the gain in dB for

= 0.0099

Reference Signal

ton = m DIo/DVet for the modulator, and also the gain in dB for the
NP Vout outputstage (D¥u¢Dlin). Calculate the pole frequency. The
) ) gainwill be constant for all frequencies less tharStarting
Calculating the Loop Gain at the pole frequency, this gain will drop off at a rate of

At this point in the design process, all of the parameters g 4B/decade.
involved in this calculation have been determined with the  p|ot the sum of all of the calculated values. Be sure to
exception of the pole-zero pair on the output of the voltagejnclude the output pole. It should resemble the plot of
error amplifier. Figure 45. This plot shows a gain of 34 dB until the pole of

All equations give gains in abSO|l{te numbers. It IS the output filter is reached at 3 Hz. After that, the gain is
necessary to convert these to the decibel format using thggqyced at a rate of 20 dB/decade.

following formula:
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Figure 45. Forward Gain Plot

100 1000

For a crossover frequency of 10 Hz, the error amplifier

needs a gain of -25 dB at 10 Hz, since the forward gain is

equal to 25 dB &his frequency. The high frequency gain of
the error amplifier is:
Avhf = Rb/Rdc1

Where Rc1 is the output voltage divider resistor that is
connectedrom the output of the converter to the input of the
erroramplifier. If the output circuit of Figure 42 is usegicR
would be 9.31 k + 459, or 9.76 K. A gain of =25 dB is
equal to a divider ratio of;

Ay = 10725/20)= 0.056
s0, Rp / Ryc1 = 0.056
or, Ry, = 0.056 x 9.76 ® = 546Q

The closest standard value resistor is 60

To offset the 2 Hz pole of the output filter, the error
amplifier should have a zero of 2 Hz or slightly higher. For
a 2 Hz zero, the compensation capacitof; €an be
calculated by:

_ 1
Cfo = 5 Ry 3 Fiz

100uF is the closest standard value capacitor and would
be a good choice. This solution will provide a phase margin
of close to 90. In practice the value of capacitance could be

= 95 uF

cut in half or more and probably remain stable. This can be
tested in the circuit, or simulated with a model in SPICE or
a similar analysis program.

The gain and phase plots of the completed loop are shown
in Figures 46 and 47. These include the effects of all of the
stages shown.

80
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-40
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Figure 46. Loop Gain Plot
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Figure 47. Loop Phase Plot
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