
The NCP1654 has been released after the NCP1653 which came out in 2005. Both engines include what is called a 
predictive control law. Unlike the former series of CCM PFCs like the UC1854, there is no need to sense the input voltage 
for generating the duty ratio. The 1654 senses the input voltage, but for implementing brown-out protection and scaling 
the control voltage at low and high lines.

This is the internal modulator 
of the NCP1653/54
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The modulator is made of a capacitor Cramp charged by Ich. The MOSFET turn-off occurs 
when the ramp voltage intersects with the reference voltage. The ramp is actually 
seating on a component, Vm, which is the absolute value of the sinusoidal envelope:
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https://www.onsemi.com/download/data-sheet/pdf/ncp1654-d.pdf
https://www.onsemi.com/download/data-sheet/pdf/ncp1653-d.pdf
https://www.ti.com/lit/ds/symlink/uc1854.pdf?ts=1734859054779&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FUC1854
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Because Vref and Vout are nearly constant over time, the voltage Vm will be made proportional to the average inductor current 
for emulating a resistive input:
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It is possible to build an averaged model with the voltage-mode CCM PWM switch model:
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These are the simulated waveforms for a 1.3-kW CCM PFC supplied from a 100-V rms input line
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We can use the averaged model to extract the ac response of the power stage and stabilize it. Check bias points are correct.

ok



The loop is stabilized for a 4-Hz crossover frequency at 100 V rms. It will naturally increase when Vin is 230 V.



The crossover increases to  8 Hz at 230 V rms. The BO sensing helps reducing the variability a little.



Vin = 100 V rms

Vin = 230 V rms

The averaged model lends itself well for assessing the current distortion at different line levels

The average model is useful to 
assess the low-frequency rms 
component of the output 
capacitor:

IC,rms = 2.33 A, Vin = 100 V rms



Once the loop is closed, you can test the transient response:



vout(t)

Vin = 100 V rms, step from 50 to 100% of the load



This is the complete cycle-by-cycle CCM PFC operated as in the NCP1654:



This is the cycle-by-cycle simulation of the 1.3-kW CCM PFC supplied from a 
100-V rms input voltage. The THD is better than with the averaged model.
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This is the cycle-by-cycle simulation of the 1.3-kW CCM PFC supplied from a 
230-V rms input voltage. The THD is better than with the averaged model.
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OVP area

vout(t)



An OVP circuitry is added: it interrupts the driving pulses as soon as the output voltage 
exceeds the nominal value by 5%.



Another simple predictive control law was described by Dr. Sam Ben-Yaakov in a paper he published in 1998, PWM Converters 
with Resistive Input. The principle lies in generating an off-time control proportional to the average inductor current:

1 1

1

out

in off

V

V D d
= =

−
( )

( )in

off

out

v t
d t

V
=( ) ( ) ( )L in ini t i t v t= 

In a PFC Applying V.s balance:

( ) ( )off Ld t i t
Ensures a 
sinusoidal 
absorption

constant

6,307,361 (Oct 2001) and 6,728,121 (April2004)

The original patent dates from October 2001 and describes a 
claim linked the charging method of capacitor Cramp based on 
the error voltage.

Capacitor voltage

PWM Converters with Resistive Input
PWM Converters with Resistive Input
https://patentimages.storage.googleapis.com/c5/92/3b/c334b35daab704/US6307361.pdf
https://patentimages.storage.googleapis.com/be/b5/36/cb895d9b7bb5a0/US6728121.pdf


I built a large-signal averaged model for determining the voltage-loop response and stabilize the converter.



The voltage loop is stabilized with a 3.3-Hz crossover 
frequency and a comfortable phase margin.



The large-signal model can be used to check the transient response once the loop has been stabilized. Averaged models are 
interesting in evaluating PFCs as they simulate very fast considering the absence of switching component.



I then built a cycle-by-cycle version to check the loop was well stabilized and I compared the step response with that of the 
averaged model:

It is a TPPFC circuit where the inductor current is observed via the dummy 0-V source V1 then shaped in a positive-only 
waveform via B1.



The output power is stepped from 1 kW to 1.5 kW with 
a 230-V input voltage
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The output power is stepped from 1 kW to 1.5 kW with 
a 100-V input voltage
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Cycle-by-cycle model



Christophe Basso – December 2024 – Rev. 0.1

Many new integrated circuits now include a digital filter for compensating the loop. For instance, in a PFC controller, where the 
crossover frequency is set to a few hertz, building the filter in the analog way, would imply large time constants. These time 
constants would require resistances of high value considering the small capacitance one can integrate in a die. Hard-wiring a 
digital filter, on the other hand, represents a viable option, especially if one wants to dynamically change the mid-band gain in 
relationship with the input voltage and keep an almost constant crossover frequency at high- and low-line condition.

In a PFC circuit, the power stage often exhibits an excess of gain in the vicinity of 5-10 Hz, implying a compensator providing an 
attenuation at this frequency. The analog version of the compensator can be thought of an operational transconductance 
amplifier (OTA) driving a network setting the time constants for two poles and the zero. Below is what can be simulated in 
LTspice (files are here):
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https://powersimtof.com/Downloads/LTSpice/Compensators_LTspice.zip


A digital version of a type 2 can be assembled with delay lines which have a SPICE primitive.
You can check slide 103 of last APEC 2021 seminar.

The coefficients determination is automated in the right-side macro

This is z-1

Example for a PFC

No virtual 
ground

Gain change 
with input line

https://powersimtof.com/Downloads/PPTs/Chris%20Basso%20APEC%20seminar%202021.pdf


This is the type 2 response with a sampling frequency of 
100 kHz. The coefficients are calculated to bring a 20-dB 
gain at 1 kHz with a phase boost of 60°. This is exactly 
what the Bode plot shows with a phase of -30° 
corresponding to the 60° boost you want. The dc sources 
give the calculated coefficients as LTspice, unfortunately, 
does not generate a file in which the calculated 
parameters could be displayed.

boost

-90°

-30°



In a PFC circuit, the 100- or 120-Hz ripple shows up on the error signal which controls the duty ratio. Too much of ripple – if 
you push the crossover frequency – induces higher distortion. One way to counteract this phenomenon, is to include a notch 
filter set at 100 or 120 Hz. It can be done by implementing a moving-average filter whose sampling frequency is 4 times the 
line frequency (200 Hz or 240 Hz):

100-Hz
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Filter sampling
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The notch rejects the 100-Hz components but erodes the phase boost by 10°

100-Hz notch



The issue with the delay line is the computational burden it brings on the SPICE engine. And when you simulate PFCs, it 
dramatically increases the simulation time. One option to attenuate this effect, is to get rid of the delay line and replace 
it with an equivalent circuit. The 1st-order Padé approximant is an option but I have adopted a different one, consisting 
of a second-order polynomial:
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The agreement with the pure delay is acceptable in my opinion and I tested it in my book on small-signal 
modeling. The simulation truly benefits from this approach and the simulation time is reduced with the pure 
analog version.

It took me a while to figure this out; the first attempts did not work for the analog delay in LTspice: the same circuit worked in IsSpice but not in LTspice! 
The guilty was resistor R1 calculated to exactly 987 µ if L is arbitrarily set to 1 µH. LTspice minimum resistance is set to 1 m so it messed up the results by 
not allowing a smaller value. By increasing L to 100 µH, R1 is now equal to 98.7 m and it rejects the 100-Hz component ok.

Equivalence of the delay 
with a RLC filter



https://ris.utwente.nl/ws/portalfiles/portal/134422804/Some_remarks_on_Pade-approximations.pdf
https://stairwaypress.com/product/transfer-functions-of-switching-converters/


We can now compare the analog notch response with that including the delay line:

Analog notch

Digital notch

The selectivity is less with the analog 
notch but it provides a 40-dB attenuation 
at 100 Hz.

RLC 
delay

Delay 
line



The digital type 2 
compensator is now 
coupled with the 100-
Hz notch and the 
component is rejected 
by 90 dB. By changing 
the line frequency to 
60 Hz, this notch will 
be tuned at 120 Hz.

ok

Type 2 digital-analogue dc point.asc



The filter is now included in a totem-pole PFC using a variable-toff modulator as described by Sam Ben-Yaakov in his 1998 
paper. The fast leg uses simplified switches while the slow one implements a pair of diodes. They can also be sync-rectified but 
the model does not include these outputs. Please note the gm change in relationship with the input voltage to adjust the gain 
on the fly and keep a constant crossover at low- and high-line operations. The NCP1681 typically operates this way.

Slow legFast leg

Current 
amplifier

https://ieeexplore.ieee.org/document/679011
https://www.onsemi.com/download/data-sheet/pdf/ncp1681-d.pdf


The TPPFC requires a logic circuit decoding the input line polarity for actuating the power switches. In this approach, 
only the fast leg is switching, the slow leg uses classical diodes. Please note the absence of virtual ground at FB input, 
hence the necessity to factor the divider ratio in.

1 when 
positive 
polarity

1 when 
negative 
polarity

It drives the switch 
in + polarity, sync 
rect diode in -

It drives the switch 
in - polarity, sync 
rect diode in +

Adjusts 
the slope



This is the input waveform in a 3-kW PFC supplied from a 100-V rms input voltage. 
The error voltage is almost flat, without ripple.
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This is the input waveform in a 3-kW PFC supplied from a 230-V rms input voltage.



In this mode, the load is stepped from 2 kW to 3 kW in a short period of time. Vin is 100 V rms in this mode, Fsw = 65 kHz.
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In this mode, the load is stepped from 2 kW to 3 kW in a short period of time. Vin is 230 V rms in 
this mode. The load release is not shown as no over-voltage protection is installed on this circuit 
and the overshoot is extremely large.
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