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Testing Power Factor Correction Circuits For Stability

Abstract:

Power factor correction has become an increasingly necessary feature in
new power supply designs. In a power factor correction circuit there are two
feedback control loops. One loop operates by using the input voltage as a
reference to control the input current. This loop is fast and makes the input
current instantaneously proportional to input voltage as it would be with a
resistive load. A second loop, which is much slower, controls the constant of
proportionality to make the average current correct to keep the output
voltage of the power factor correction circuit constant. Testing the slow loop
for gtability is easy with the proper equipment, but testing the faster loop is
much more difficult. The operating point of the faster loop is dynamically
changing from near zero to the peak value of the input current. This paper
discusses the techniques necessary to measure the stability of each of these
loops and specifies necessary equipment and procedures to perform these
tests.

I ntroduction

What is power factor correction, and why isit necessary?

T

Figure 1. Capacitive I nput Line Filter

Most switching power supplies operate from a 50 or 60 Hertz AC line with a capacitive input
filter, as shown in Figure 1. This type of filter draws current from the line only when the line
voltage exceeds the filter capacitor voltage, and the filter capacitor is charged to near the peak
level of the input line voltage as shown in Figure 2. This means that the input current only flows
for a short period near the peak of the input voltage waveform, causing the current to flow as a
series of short, narrow pulses rather that the smooth, sinusoidal current that would result from a
resistive load.
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Figure 2. Input current with capacitivefilter.

The root-mean-square (rms) value of this series of current pulsesis much higher than the average
value. The output power is approximately proportional to the average value of the current, but the
rms value determines line losses, fuse ratings, and similar power quality related issues. Improving
the power factor brings three benefits:

1. Power distribution costs for the electric company are reduced, making the power
company much happier. A side benefit is to reduce the tendency of the current peaks
to "flatten” the tops of the input voltage sinusoidal waveform as shown in Figure 3.

2. More power can be drawn from aline of a given current rating, allowing more
powerful equipment to be connected without having to re-wire a building, saving
time and money.

3. Various governmental and quasi-governmental agencies are passing laws requiring
improved power factors on certain types of equipment, especially those which draw a
lot of power. These laws make it illegal to sdll certain types of equipment without
testing and certification of a minimum power factor. To continue to sell medium-to-
high power supplies in the future, power supply manufacturers will have to deal
withpower factor correction.

Although the first reason is nice and the second reason saves money, it is the third reason that has
given al the impetus to power factor correction development.
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Figure 3. Effect of line IR drop on voltage waveform.

How Does PFC Work?

The goal of power factor correction isto make input current look like input voltage on a moment-
by-moment basis, the same as it would with aresistive load. Figure 4 shows line voltage and line
current with and without power factor correction. There are two ways of correcting power factor,
passive and active.
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Figure 4. Effect of PFC on line current.

The passive approach uses filters to eliminate harmonic currents and phase-shifting inductors or
capacitorsto bring the current into phase with the voltage. The passive approach is large, heavy,
and expensive, and therefore is not popular with equipment manufacturers.

Active power factor correction uses switching regulator technology to draw current from the
power line proportional to input voltage. Thisis accomplished with a fast feedback loop that uses
input voltage as a reference to control input current. The output of a power factor correction
circuit isusualy afixed DC voltage. A second, slow feedback loop senses the value of the output
voltage and uses this voltage to change the constant of proportionality between input voltage and
input current so that the average current is right for the load drawn from the output of the circuit.
This loop keeps the output voltage constant. This means that in genera there isamultiplier in the
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reference for the fast loop. The Unitrode UC3854 also has a divider whose function isto keep the
voltage error amplifier operating point constant with changing input voltage.

Variety of Topologies

Any topology of switching regulator can be used, since the only requirement is to close a fast
current loop around the input current and make it look like input voltage. The most popular
topology seems to be the boost converter, since the input current flows through an inductor and is
relative smooth and easy to control and also easy to measure with a resistor in the power return.
Anocther popular approach, especially at lower power levels, is the flyback, converter. This
approach allows isolation and output voltage amplitude scaling as part of the power factor
correction process. Figure 5 shows three possible topol ogies.
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Figure5. Various possible circuit topologies for power factor correction.

il

Variety of IC Vendors

Because of the popularity of power factor correction, a number of companies now manufacture
power factor correction integrated circuits. These include:

Cherry Semiconductor Corp.
IXYS Corp.

Linear Technology Corp.
Micro Linear Corp.
Motorola, Inc. (Tempe, AZ)
Unitrode Corp.

The Unitrode UC3854 family is typical and will be used for the examples in this paper. This chip

uses boost topology. Figure 6 is from the Unitrode data sheet and shows the UC3854 connected
in atypical 250-watt power factor corrected pre-regulator.
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Figure 6. Schematic of 250 watt pre-regulator from Unitrode data sheet.
Current Loop

Figure 7 shows the UC3854 pre-regulator circuit re-drawn to emphasize the loops and signa
paths. The current loop in a Unitrode UC3854 regulates the voltage across the 0.25-ohm current
sense resistor in exactly the same manner as a conventional voltage-mode converter. Thereis an
error amplifier to compare the actual current level to a reference (which happens to be dynamic,
i.e., changing with time), and then the error amplifier output (pin 3) is compared to a fixed-
amplitude ramp (pin 14) to generate a pulse width modulated waveform to drive the power
transistor (pin 16). Unfortunately, the power section inverts the signal at DC, requiring a non-
inverting op-amp in this particular chip design. Non-inverting op-amps do not have the flexibility
of inverting op-amps since the gain can never fall below one. The reference comes from the
circuit that multiplies the output error voltage by the absolute value of the instantaneous line
voltage. The reference takes the form of a current that is injected into the non-inverting input of
the current error amplifier (pin 5). The bandwidth of this particular loop needs to be quite high,
since the objective is to accurately follow a rectified 100 or 120 Hertz sine wave with minimal
amplitude or phase distortion.
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Figure 7. Simplified schematic of pre-regulator showing signal paths and loops.
Voltage L oop

The voltage loop is necessary to accommodate changing line and load conditions. It needsto be a
dlow loop with approximately a 10-Hertz bandwidth. The bandwidth of this loop is critical, since
too dow a loop with result in large output voltage transients with changing line and load
conditions, and too fast aloop will interfere with and distort the fast current loop and change the
input current wave shape o that it is no longer sinusoidal and does not match the input voltage
wave shape.

With the UC3854, Unitrode has chosen to limit the low-frequency gain of the voltage error
amplifier to arelatively low value. This would normally make the output voltage regulation quite
poor, but Unitrode has built in an open loop compensation circuit (the X2 circuit between pin 8 of
the chip and input C of the multiplier-divider), which senses the average value of the input
voltage and uses this signal to change the gain of the multiplier stage. From a first-order
standpoint the operating point of the voltage error amplifier (the voltage on pin 7) does not have
to change. This alows the voltage error amplifier to maintain reasonable output voltage
regulation in spite of itslow gain.

Testing the Voltage L oop
The voltage loop in a power factor correction circuit isthe loop that keeps the output of the circuit
at a constant voltage. In boost topology converters operating from 120 or 240 volts AC, this

voltage is usually 400 volts DC The principle of feedback loop measurementsisto:

1. Find aplacein theloop where the signal is confined to a single path and where the source
is alow impedance and the load is a high impedance. In the voltage loop of the UC3854,
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this is the point where the output voltage connects to the 499K resistor at the top of the
resistive voltage divider string that connectsto Vsense, pin 11 of the UC3854.

2. Place an injection resistor in series with the loop at this point. The resistor value should
be much, much smaller than the input impedance of the circuit. In the case of the voltage
loop of a UC3854, 1000 ohms s an appropriate value, since it is much, much smallerthan
490K .

3. Connect a floating sinusoidal oscillator across the injection resistor, turning the resistor
into a floating, sinusoidal error voltage in series with the loop. This oscillator is normally
the output of the frequency response analyzer used to perform the test. Use an injection
transformer to block the 400 volt common mode voltage.

4. Connect a frequency selective voltmeter (normally the inputs of the frequency response
analyzer) from each side of the injection resistor to ground. The voltmeter should read
voltage at the frequency of the injection oscillator, rejecting al other frequencies and
noise. Use a capacitor to block the DC voltage or use 10:1 oscilloscope probes to avoid
exceeding the normal mode signal range of the voltmeter (instrument inputs).

5. Sweep theinjection oscillator across the frequency band of interest, typically 0.1 to 1000
Hz. Measure the amplitude and phase relative to the oscillator of the voltage to ground
from each side of the injection point at each frequency.

6. Divide the input voltage (the point where the 1000 ohm injection resistor connects to the
499K resistor at the top of the divider string) by the output voltage (the 400 volt bus), and
plot the ratio of these two voltages as a function of frequency for both amplitude and
phase. This produces a Bode plot of the open loop gain versus frequency of the feedback
loop.

All of the above functions are performed automatically with measurement systems such as
the Venable Industries Model 350 Frequency Response Analysis System. The voltage loop
should be tailored by adjusting the value of the compensation components around the voltage
error amplifier (the 0.047 pF capacitor and 240K resistor) connected between pins 7 and 11
of aUC3854. A good value of loop crossover frequency is 10 Hz and a good value of phase
margin is 60°. Thisis fast enough to maintain reasonable transient response, yet slow enough
to not distort the current regulating loop significantly. Distortion of the current regulating
loop causes reduced power factor and increased harmonic content in the input current.

Testing the Current L oop

The current loop is more difficult to test than the voltage loop because it is dynamic, i.e., it
changes from essentially zero current to the peak value of current 100 or 120 times a second.
If conventional measuring techniques are used, the result is an average of al the transfer
functions from very low current to very high current. Loop stability may appear satisfactory,
but the current loop may still oscillate near zero current or near the peak current even though
the average of al the Bode plots shows a stable condition.

In order to accurately test the current loop, the operating point must be "frozen" by using DC
power supplies to simulate the correct bias conditions for an instantaneous point in time and
then measuring the stability of the current loop at that point. This test must be done at least at
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low current and high current. It is a good idea to test the stability at a medium current aso to
assure that the extremes have been bracketed.

"Freezing" the operating point of the UC3854, means that you have to:

1

Connect a variable DC power supply to the input to the power factor correction
circuit (across the output of the main bridge rectifier). The input of the circuit is of
course not connected to the AC line. The supply has to be able to put out as much
voltage and current as the peak of the line voltage. Leave the sense divider (the
620Kresistor into lac, pin 6 of the UC3854) in place.

Connect an 18-volt DC source to power the UC3854 (from pin 15 to pin 1). This
supply may not be necessary if the bias winding across the main energy storage
inductor is still sufficient to power the chip at low input voltage.

Connect pin 7 of the UC3854 to pin 11. This will fix the output of the voltage error
amplifier (input A of the multiplier-divider) at 7.5 volts. It is not necessary to
disconnect the compensation components already connected to these pins.

Connect a 0-10 volt DC variable power supply to pin 8, the Vrms terminal of the
UC3854. It is not necessary to disconnect the components connected to this terminal
except it may be necessary to add a small pre-load to the power supply if it has no
ability to sink current. The purpose of this supply is to adjust the gain of the
multiplier-divider circuit to adjust the circuit output current for the proper value
given the input voltage. Once set, this voltage will not change between low line and
high line. The current feedback loop should track the input voltage and supply
thecorrect current proportional to voltage.

Connect a load across the output of the power factor correction circuit. This load can
take the form of a 400-volt shunt regulator or aresistive load connected to a 400-volt
power supply. The resistive load should draw 1.4 times the normal output current to
allow for testing at the peak value of the output. Similarly, the shunt regulator must
be rated for 1.4 times the maximum DC output current of the circuit.

All other connections to the circuit can remain. As before, you have to measure the loop. The
steps to do this are:

1

Find a place in the loop where the signal is confined to a single path and where the
source is a low impedance and the load is a high impedance. In the current loop of
the UC3854, thisis the point where the 0.025-ohm current sense resistor connects to
the 4K resistor that connectsto MULT OUT, pin 5 of the UC3854.

Place an injection resistor in series with the loop at this point. The resistor value
should be much, much smaller than the input impedance of the circuit. In the case of
the current loop of a UC3854, 100 ochmsis an appropriate value and is much, much
smaller than 4000 ohms.

Connect afloating sinusoidal oscillator across the 100-ohm injection resistor, turning
the resistor into a floating, sinusoidal error voltage in series with the loop. In this case
the voltage at the injection point is just a few volts and there are no specia
precautions for connecting there except that the source must be floating. Use of an
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injection transformer such as the Venable Industries Modd 200-002 will satisfy the
floating requirement and aso minimize the capacitive coupling to ground.

4. Connect afrequency selective voltmeter (again, the inputs of the frequency response
analyzer) from each side of the 100-ohm injection resistor to ground. A point near pin
1 of the UC3854 is the best place to pick up ground. The voltmeters should read
voltage at the frequency of the injection oscillator, rejecting all other frequencies and
noise. Again, the voltages are low and no special precautions are required to protect
the equipment except that ground should really be at or near building ground, not a
floating signal merely called "ground”. This is normally not a problem when the
circuit is powered from a conventional DC power supply.

5. Sweep the injection oscillator across the frequency band of interest, typically 100 Hz
to just under the circuit switching frequency. Measure the amplitude and phase
relative to the oscillator of the voltage to ground from each side of the injection point
at each frequency.

6. Divide the input voltage (the point where the 100 ohm injection resistor connects to
the 4K resistor going into MULT OUT) by the output voltage (the point where the
100 ohm injection resistor connects to the 0.25 ohm current sense resistor), and plot
the ratio of these two voltages as a function of frequency for both amplitude and
phase. This produces a Bode plot of the open loop gain versus frequency of the
current loop. This loop needs to have a bandwidth of several kilohertz, the higher the
better, and phase margin of at least 60°. The gain of this loop can be tailored by
changing the compensation components (the 62pF and 620pF capacitors and the 24K
resistor) connected between pins 3 and 4 of the UC3854. A complete frequency
response analysis workstation such as the Venable Industries Model 350 system will
aid greatly in the proper selection of these components.

Summary

In this paper, it was demonstrated that power factor correction has become an increasingly
necessary feature in new power supply designs. It was pointed out that a power factor
correction circuit has two feedback control loops. One loop operates by using the input
voltage as a reference to control the input current. This loop is fast and makes the input
current instantaneoudly proportiona to input voltage as it would be with aresistive load. This
loop is normally dynamic, constantly changing operating point as the line voltage changes.
By fixing or "freezing" the operating point, a family of Bode plots can be run at various
operating points to verify circuit operation across the entire operating range. Techniques for
fixing the operating point and also making the measurement were discussed.

Techniques were demonstrated for testing the stability of the second, much slower loop that
controls the constant of proportionality between input voltage and input current. This loop
keeps the output voltage of the power factor correction circuit constant. It is not necessary to
"freeze" the operating point of this loop since the bandwidth is much lower than the variation
rate of the faster loop. The variations of the faster loop are averaged out. Even though the
faster loop forms a gain block that is inside the slow loop, an "averaged" transfer function of
the faster loop is sufficient for loop gain measurements and stability analysis.

Step-by-step instructions for "freezing" the current loop and for testing both the voltage loop
and the current loop for the Unitrode UC3854 power factor correction chip were presented.
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The principles are the same for al chips and the author welcomes questions or comments
about other approaches to power factor correction.
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