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POWER FACTOR CORRECTION
BACKGROUND
[0001] Electrical power supplies commonly use diode rectifier circuits to convert from
alternating current (AC) to direct current (DC). A diode rectifier conducts current only when the
input voltage of the rectifier exceeds the output voltage of the rectifier, so a sinusoidal input
voltage results in intermittent non-sinusoidal current flow. The intermittent current flow has a
primary frequency component equal to the AC input frequency and substantial energy at integer
multiples of the AC input frequency (harmonics). Input current harmonics can cause transient
current flow in the AC mains, which can increase the power required from the AC mains and can
cause heating of the distribution system. Also, input current harmonics create electrical noise that
can interfere with other systems connected to the AC mains. Increased power, heating, and
electrical noise are especially important considerations for uninterruptable power supply (UPS)
systems used to provide AC power in large computer server systems.
[0002] The power factor of a power supply is the ratio of the real power delivered to a load
divided by the apparent input power, where the apparent input power is the root-mean-square
(RMS) input voltage times RMS input current. Generally, input current harmonics cause the
RMS value of the input current to be substantially higher than the current delivered to the load.
Many power supplies include power factor correction to reduce input current harmonics. Some
jurisdictions legally require power factor correction for supplies with output power over a
specified limit, which includes most power supplies for computer systems.
[0003] FIG. 1A illustrates an example of part of a power supply 100 (simplified to facilitate
illustration and discussion) with conventional power factor correction. An AC input voltage Vi is
rectified by a full-wave rectifier 102. An inductor 104 provides energy storage to enable a
continuous input current. A power factor correction (PFC) module 106 controls an electronic
switch 108 using pulse-width-modulation (PWM) to control the DC output voltage Vg and to
generate a continuous sinusoidal input current in phase with the input voltage Vi. The circuit of

FIG. 1A may be a front end to a DC-DC converter. Alternatively, there may be multiple
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inductors and switches driving multiple DC outputs, which in turn may connect to multiple
DC-DC converters.

[0004] FIG. 1B illustrates an example of additional detail for the PFC module 106 of FIG. 1A.
The output bus voltage Vg is subtracted from a reference voltage Vrer at a summing node 110.
The resulting voltage error signal is input to a voltage loop controller 112, which regulates the
bus voltage Vg to be equal to Vrer. An RMS calculator 114 computes the inverse of the square
of the RMS value of the input voltage Vi. The output of controller 112 is multiplied by 1/Vi’rums
by a multiplier 116. That result is multiplied by the input voltage V; by a multiplier 118 with a
gain of K, the value of which depends on system parameters. That result is used as a sinusoidal
reference signal iggr for a current control loop. Sensed current Iggy is subtracted from the
reference current signal irgr at a summing node 120, and resulting current error signal is
processed by a current loop controller 122, and the result is used to generate the PWM output
that controls the electronic switch 108,

[0005] For some power supplies, such as power supplies used for computer servers, the
operating conditions may vary widely, with input voltages ranging from 90V to 264V, and
output loads varying from zero to full load. Under such varying operating conditions, the PFC
power stage characteristics can change significantly, which results in a corresponding significant
change in gain, bandwidth, and stability margins (phase margin and gain margin) of the current
control loop, making it difficult to achieve a good power factor and low input current total
harmonic distortion (THD) under all operating conditions, especially for light loads and high
input voltages.

SUMMARY

[0006] In described examples, a power supply includes a power factor correction module that
is real-time adaptive based on the operating conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1A is a block diagram schematic of an example embodiment of part of a
conventional power supply with power factor correction.

[0008] FIG. 1B is a block diagram schematic illustrating additional detail for a power factor
correction module of FIG. 1A.

[0009] FIG. 2A is a block diagram schematic illustrating an example embodiment of part of a

power supply with improved power factor correction.
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[0010] FIG. 2B is a block diagram schematic illustrating additional detail for a power
correction module of FIG. 2A.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0011] As discussed above, a high power factor and low THD are difficult to achieve under all
operating conditions, especially for light loads and high input voltages.

[0012] In the improved design discussed below, instead of using a fixed current loop controller
for all operating conditions, a power factor controller uses an adaptive current loop controller
that changes depending on the operating conditions. In a firmware implementation, a system
controller switches among sets of control coefficients for the current loop controller, maintaining
a high current loop gain for a wide range of operating conditions.

[0013] FIG. 2A illustrates an example of part of a power supply 200 (simplified to facilitate
illustration and discussion) with improved power factor correction. An AC input voltage Vi is
rectified by a full-wave rectifier 202. An inductor 204 provides energy storage to enable a
continuous input current. A PFC module 206 controls an electronic switch 208 using PWM to
control the DC output voltage Vg and to generate a continuous input current matching the shape
of the rectified input voltage Vrecr and in phase with Vrgcr. The PFC module 206 of FIG. 2A
uses the rectified input voltage Vrgcr instead of the AC input voltage Vi as in FIG. 1A.

[0014] FIG. 2B illustrates example additional detail for the PFC module 206 of FIG. 2A. The
output bus voltage Vg is subtracted from a reference voltage Vggr at a summing node 210. The
resulting voltage error signal is input to a voltage loop controller 212, which regulates the bus
voltage Vg to be equal to Vrer. The output Uy of the voltage loop controller 212 is then
multiplied by three parameters (K, 1/V’recTams), and Vrecr) to form a reference current iggr. A
RMS calculator 214 computes the RMS value of the rectified input voltage Vrecr. A calculator
216 computes the inverse of the square of the RMS value of the rectified input voltage Vrgcr.
The output Uy of the voltage loop controller 212 is multiplied by 1/V*rgcrams) by a multiplier
218. That result is multiplied by the rectifier output voltage Vrecr by a multiplier 220 with a
system dependent gain of K. That result is used as a reference current signal igrgr for a current
control loop. The variable gain K is used to adjust the range of the reference current signal irgr to
the full range of the input voltage Vi. Sensed current iggn 1s oversampled and averaged by a
sampling and averaging module 222 and the averaged result is subtracted from the reference

current signal iggr at a summing node 224. An automatic gain control (AGC) module 226
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controls the selection of one of multiple current loop controllers 228, each of which has gain and
control coefficients appropriate for a particular input voltage range and load range. The current
error signal from the output of summing node 224 is input to a selected current loop controller
228, and the result is used to control the PWM duty-cycle of the electronic switch 208 so that the
output voltage Vg is equal to Vrer and the current iggn tracks the shape and phase of the
reference current signal igrgr. Notably, iggy 18 both the input current and the output current, so that
controlling iggn also controls the power factor.

[0015] In the example of FIG. 2B, the selector of a current controller 228 is depicted as a
switch 230 and the coupling of the output of the selected current controller 228 is depicted as a
switch 232, but these can also be implemented as a multiplexer and a demultiplexer, or by
firmware in a system controller. In one embodiment, essentially everything in the PFC module
206 1s implemented by firmware in a system controller.

[0016] The AGC module 226 receives at least one calculated operating parameter. In the
example of FIG. 2B, the AGC module 226 receives the output Uy of the voltage controller 212,
and the calculated RMS value of the rectified input voltage Vrecrems). Each of these operating
parameters is compared to a range of values. For example, the range of Uy may be 0-1, and the
range of Vrecrams) may be 90V to 260V. At lower values of Uy, current controllers 228 with
higher gains are selected, and at higher values of Uy, current controllers 228 with lower gains are
selected. At lower values of Vrgcrams), current controllers 228 with lower gains are selected, and
at higher values of Vrecrums), current controllers 228 with higher gains are selected. For
example, these selections may be done using IF/THEN statements. For example: IF (VrecT(ms) 18
between 220V-260V AND Uy is between 0.8 and 1.0) THEN select the current controller 228
having the lowest gain.

[0017] Under no-load or relatively light load conditions, relatively little current flows and
relatively little energy is stored in the inductor 104. Under these conditions, the inductor may fail
to provide current for the entire cycle so that current becomes discontinuous. In the PFC module
206 of figure 2B, the sampling and averaging module 222 samples the current iggny multiple times
during each switching cycle and averages the current samples to improve accuracy under
discontinuous inductor current mode.

[0018] The voltage loop controller 212 and the current loop controllers 228 may be any

conventional loop control algorithms such as proportional-integrative-derivative (PID) or various
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compensation filters. In one embodiment, each of the current loop controllers 228 is a two-pole
two-zero compensation filter, implemented as firmware in a system controller, having the
following general z-transform form:

Ci— Cz7l+ C3z72

G =
D= T-C 77+ Gz ?

where the coefficients C; —Cs vary for each current loop controller 228 and they are selected to
provide an appropriate gain and filter characteristic for selected combinations of Uy and
VRECT(ms).

[0019] Accordingly, in example embodiments, a method for power factor correction may
include adapting, by a system controller, characteristics of a current loop controller, in a power
factor correction module, to control power factor.

[0020] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A power supply, comprising:

a power factor correction module having a current loop controller that is real-time
adaptive based on the operating conditions.
2. The power supply of claim 1, wherein the power factor correction module selects among
a plurality of current loop controllers.
3. The power supply of claim 2, wherein selection of a current loop controller depends on at
least one measured operating parameter of the power supply.
4. The power supply of claim 3, wherein the measured operating parameter includes at least
one of: a voltage controller output signal and a root-mean-square input voltage signal.
5. The power supply of claim 4, further comprising an automatic-gain-control module,
capable of receiving the voltage controller output signal and the root-mean-square input voltage
signal, and capable of selecting a current loop controller in response to the voltage controller
output signal and the root-mean-square input voltage signal.
6. The power supply of claim 2, wherein each current loop controller is implemented as
firmware in a system controller.
7. The power supply of claim 6, wherein the firmware in the system controller selects
among sets of current loop controller coefficients.
8. The power supply of claim 7, wherein each set of controller coefficients is a set of
coefficients of a two-pole two-zero compensation filter.
9. The power supply of claim 1, further comprising a sampling and averaging module to
sample power factor correction module output current multiple times and average the samples
for current feedback.
10. A method for power factor correction, comprising:

adapting, by a system controller, characteristics of a current loop controller, in a power
factor correction module, to control power factor.
1. A method of claim 10, further comprising:

measuring, by the system controller, at least one operating parameter of a power supply.
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12. A method of claim 11, wherein the adapting includes:

adapting, by the system controller, the current loop controller, based on the measured
operating parameter.
13. The method of claim 12, wherein the adapting includes:

selecting, by the system controller, one current loop controller from a plurality of current
loop controllers, based on the measured operating parameter.
14. The method of claim 10, further comprising:

sampling, current being controlled by the current loop controller, multiple times; and

averaging the sampled currents for use as a feedback signal.
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