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(57) Abstract: Embodiments described herein describe a switching power converter that includes a transformer, a switch, and a con-
troller that generates a control signal to turn on and turn off the switch. For each alternating current (AC) half-cycle of an input
voltage, the controller determines a minimum value of a signal representing an on-time of the power converter, compares the determ -
ined minimum value with a threshold value that is used to determine whether the switching power converter operates in a constant
on-time mode or in a constant power mode, and adjusts the threshold value based on a result of the comparison. The controller fur-
ther generates the control signal to operate the switching power converter in a constant power mode during a first time period of the
AC half-cycle, the first time period representing a duration where the threshold value is larger than an instantaneous value of the first
signal.
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HYSTERETIC POWER FACTOR CONTROL METHOD FOR SINGLE STAGE POWER
CONVERTERS
INVENTORS:

JUYOUNG YOON
XIAOLIN GAO
FUQIANG SHI

BACKGROUND

FIELD OF THE DISCLOSURE
[0001] This disclosure pertains to switching power converters with power factor

correction.

DESCRIPTION OF THE RELATED ART
[0002] Power factor in switching power converters is defined as the ratio of the real
power delivered to the load to the apparent power provided by the power source. Utility
companies or government agencies require power factors in switching power converters to
exceed a certain minimum level by regulation. Thus, switching power converters should
deliver power from the power source to the load with a high power factor and low total
harmonic distortion (THD).
[0003] Current single-phase active power factor control techniques are generally divided
into two categories: a two-stage approach and a single-stage approach. In the two-stage
approach, a power factor control front-end stage converts alternating current (AC) input
voltage into a direct current (DC) voltage on a bulk energy storage capacitor. A DC/DC
converter such as a flyback switching power converter is used as the second output stage to
provide isolated and regulated low output voltage or high output current to a load. In
contrast, the single-stage approach combines the power factor control stage with the DC/DC
stage into a single stage. In the single-stage approach, a single switch is controlled to achieve
the dual function of input power factor correction and output voltage/current regulation.
[0004] Generally, two-stage power factor control circuits utilize a separate stage to shape
the input current to be near sinusoidal and in phase with the input line voltage to achieve high
input power factor and low THD. However, the efficiency of the two-stage power factor
control circuits is generally lower than the single-stage power factor control circuits because
energy is processed twice in the two stages of the two-stage power factor control circuits.
Furthermore, because of the use of two stages, two-stage power factor control circuits are

more complex and costly compared to single-stage power factor control circuits. Thus,
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single-stage power factor control circuits are usually preferred for low-power applications

due to cost and efficiency considerations.

SUMMARY
[0005] Embodiments of the present disclosure herein describe switching power
converters with power factor correction. The switching power converter can be, for example,
a switching flyback power converter. The switching power converter is configured to
provide power to an output load, such as an LED load. The switching power converter can
provide power to the output load via, for example, a transformer’s primary and secondary
windings for flyback power converter, or single inductor for buck-boost or buck power
converters.
[0006] An exemplary flyback power converter includes a transformer, a switch, and a
controller to generate a control signal to turn on and turn off the switch at each of a plurality
of switching cycles of the switch. For each alternating current (AC) half-cycle of the input
voltage, the controller determines a minimum value of a signal representing an on-time of the
power converter, compares the determined minimum value with a threshold value of the
signal that is used to determine whether the switching power converter operates in a constant
on-time mode or in a constant power mode, and adjusts the threshold value by increasing or
decreasing the threshold value based on a result of the comparison. The controller generates
the control signal to operate the switching power converter in a constant power mode during
a first time period of the AC half-cycle, the first time period representing a duration where
the threshold value is larger than an instantaneous value of the first signal.
[0007] In one embodiment, the controller generates the control signal to operate the
switching power converter in a constant on-time mode during a second time period of the AC
half-cycle, the second time period representing a duration that is different from the first time
period and a sum of the first time period and the second time period results in a time period
of the AC half-cycle.
[0008] In one embodiment, the controller adjusts the threshold value by increasing the
threshold value when the comparison results in the minimum value being larger than the
threshold value.
[0009] In one embodiment, the controller, in response to an increase in the input voltage
during a line-transient event (i.e. input AC line voltage steps up), decreases the threshold

value in proportion to the input voltage increase.
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[0010] In one embodiment, the controller adjusts the threshold value by decreasing the
threshold value when the comparison results in the minimum value being smaller than the
threshold value.

[0011] In one embodiment, the controller, in response to a decrease in the input voltage
during a line-transient event (i.e. input AC line voltage steps down), increases the threshold
value by a predetermined value.

[0012] In one embodiment, the controller determines the minimum value, compares the
minimum value with the threshold value, and adjusts the threshold value in a digital
implementation of a control loop.

[0013] In one embodiment, the controller adjusts the threshold value by adding a
dithering value to convert a fractional value of the threshold value adjustment into an integer
value spread over each alternating current half-cycle of the input voltage.

[0014] In one embodiment, the controller adjusts the threshold value by converting a
fractional value of the threshold value adjustment into an integer value by using a truncating
function.

[0015] In one embodiment, the switching power converter such as buck or buck-boost
converters, include an inductor, a switch, and a controller to generate a control signal to turn
on and turn off the switch at cach of a plurality of switching cycles of the switch such that the
controller generates the control signal to operate the switching power converter in a constant
power mode during a first time period of the AC half-cycle, the first time period representing
a duration where the threshold voltage is larger than an instantancous value of a first signal,
the first signal representing an on-time of the switching power converter.

[0016] Embodiments also relate to a method of controlling a switching power converter,
the switching power converter includes a transformer coupled between an input voltage and
an output of the switching power converter, the transformer including a primary winding
coupled to the input voltage and a secondary winding coupled to the output of the switching
power converter, and a switch coupled to the primary winding of the transformer, current
passing through the primary winding while the switch is turned on and not passing through
while the switch is turned off. The method includes generating a control signal to turn on and
turn off the switch at cach of a plurality of switching cycles of the switch. The method also
includes, for each alternating current (AC) half-cycle of the input voltage, determining a
minimum value of a signal representing an on-time of the power converter, comparing the
determined minimum value with a threshold value of the signal that is used to determine

whether the switching power converter operates in a constant on-time mode or in a constant
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power mode, and adjusting the threshold value by increasing or decreasing the threshold
value based on a result of the comparison. The method further includes generating the
control signal to operate the switching power converter in a constant power mode during a
first time period of the AC half-cycle, the first time period representing a duration where the

threshold value is larger than an instantaneous value of the first signal.

BRIEF DESCRIPTION OF THE DRAWINGS
[0017] The teachings of the embodiments disclosed herein can be readily understood by
considering the following detailed description in conjunction with the accompanying
drawings.
[0018] Figure (FIG.) 1 illustrates a switching power converter that uses a combination of
constant on-time control and constant power control, according to one embodiment.
[0019] FIG. 2 illustrates input voltage and input current waveforms of a conventional
switching power converter, according to one embodiment.
[0020] FIG. 3 illustrates the internal circuitry of the controller integrated circuit of the
switching power converter, according to one embodiment.
[0021] FIG. 4 illustrates an example waveform showing the on-time of a switch of the
switching power converter, according to one embodiment.
[0022] FIG. 5 illustrates an example input voltage and input current waveforms of the
switching power converter, according to one embodiment.
[0023] FIG. 6 illustrates a block diagram of a hysteretic control loop of a controller
integrated circuit (IC), according to one embodiment.
[0024] FIG. 7 illustrates exemplary waveforms depicting a steady-state operation of the
hysteretic control loop depicted in FIG. 6, according to one embodiment.
[0025] FIG. 8 illustrates exemplary waveforms of the controller IC in response to a
transition of the input voltage from a high voltage to a low voltage, according to one
embodiment.
[0026] FIG. 9 illustrates exemplary waveforms of the controller IC in response to a
transition of the input voltage from a low voltage to a high voltage, according to one

embodiment.

DETAILED DESCRIPTION
[0027] The Figures (F1G.) and the following description relate to various embodiments
by way of illustration only. It should be noted that from the following discussion, alternative

embodiments of the structures and methods disclosed herein will be readily recognized as
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viable alternatives that may be employed without departing from the principles discussed
herein. Reference will now be made in detail to several embodiments, examples of which are
illustrated in the accompanying figures. It is noted that wherever practicable similar or like
reference numbers may be used in the figures and may indicate similar or like functionality.
[0028] This disclosure describes a power factor control method that can achieve a very
high power factor (e.g., greater than 0.9 and approaching 1.0) for switching power converters.
The method includes a hysteretic loop that can generate a signal representing a switch on-
time for the power converter such that a product of a magnitude of the switch on-time and an
amplitude of rectified input voltage is constant in a constant power mode. The hysteretic
loop includes generating a threshold value for the switch on-time signal that determines
whether the power converter operates in a constant on-time mode or a constant power mode.
For example, when a minimum value of the switch on-time signal for a given input AC cycle
is smaller than the threshold value, the power converter is operated in a constant power mode.
And when the minimum value is larger than the threshold value, the power converter is
operated in a constant on-time mode.

[0029] For applications that require a high power factor (e.g., 0.95), the power converter
needs to be operated in the constant on-time mode for 95% of the AC cycle with a low
enough THD (e.g., less than 20%). To achieve a high power factor and low THD, the
hysteretic loop can adjust the threshold value of the loop such that the threshold value is very
close to the minimum value of the switch on-time signal. By adjusting the threshold value of
the loop to track the minimum value, the hysteretic loop can achieve a power factor that is
very close to 1.0. Ideally, if threshold value can be adjusted to be the same as the minimum
value of the on-time signal, then a power factor of 1.0 can be achieved. But as there are
always non-ideal conditions such as noise, the achievable power factor approaches a value
close to 1.0. In a digital implementation of the hysteretic loop, the loop adjusts the threshold
value such that at steady state the threshold value toggles between two adjacent step values
surrounding the minimum value of the switch on-time, as described in detail with reference to
FIGs. 6 and 7. Because the threshold value toggles between two values at steady state, the
loop has a hysteresis feature.

[0030] Embodiments of the present disclosure relate to switching power converters with
power factor correction. The switching power converter includes a transformer, a switch and
a controller configured to generate a control signal to turn on and turn off the switch. For
cach alternating current (AC) half-cycle of an input voltage, the controller determines a

minimum value of a signal representing an on-time of the power converter, compares the
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determined minimum value with a threshold value of the signal that is used to determine
whether the switching power converter operates in a constant on-time mode or in a constant
power mode, and adjusts the threshold value by increasing or decreasing the threshold value
based on a result of the comparison. The controller generates the control signal to operate the
switching power converter in a constant power mode during a first time period of the AC
half-cycle, the first time period representing a duration where the threshold value is larger
than an instantancous value of the first signal.

[0031] FIG. 1 illustrates an AC to DC flyback switching power converter, according to
one embodiment. Power converter 100 includes three principal sections, i.e., a front end, a
power stage, and a secondary stage. Front end 103 is connected to an AC voltage source (not
shown) at nodes L, N, and includes a bridge rectifier comprised of inductor L1, resistor R1,
fuse F1, diode D1, diode D2, diode D3, diode D4, and bulk capacitor C2. The rectified input
line voltage at node 105 is input to the supply voltage pin Vcce (pin 1) of controller IC 101 via
resistors R10 and R11. The line voltage at node 105 is also coupled to primary winding 107
of power transformer T1-A. Capacitor C5 removes high frequency noise from the rectified
line voltage input to the supply voltage pin Vce (pin 1). The output of the front end section at
node 105 is an unregulated DC input voltage.

[0032] The power stage is comprised of power transformer T1-A, bipolar junction
transistor (BJT) power switch Q1, and controller IC 101. Power transformer T1-A includes a
primary winding 107, a secondary winding 109, and an auxiliary winding 111. Controller IC
101 maintains output regulation via control of the ON and OFF states of BJT power switch
Q1 via a control signal 115 output from the OUTPUT pin (pin 6) of controller IC 101.
Control signal 115 drives the base (B) of BJT power switch Q1. The collector (C) of BJT
power switch Q1 is connected to the primary winding 107, while the emitter (E) of BIT
power switch Q1 is connected to the Ispnsg pin (pin 4) of controller IC 101 and to ground via
resistor R12. The Isgnsg pin (pin 4) senses the current through the primary winding 107 and
BJT switch Q1 in the form of a voltage across sense resistor R12. Controller IC 101 can
employ any one of a number of modulation techniques, such as pulse-width-modulation
(PWM) or pulse-frequency-modulation (PFM) and/or their combinations, to control the ON
and OFF states and duty cycle of BJT switch Q1, as well as the amplitude of the base current
of the BJT switch Q1. In one embodiment, controller IC 101 determines and practices the
configurable power factor control method for the switching power converter 100 as will be
further described below. The GND pin (pin 5) of controller IC 101 is connected to ground.

In one embodiment, transformer T1-A can be replaced with an inductor.
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[0033] The secondary stage is comprised of diode D6 functioning as an output rectifier
and capacitor C10 functioning as an output filter. The resulting regulated output voltage
Vout at node 113 is delivered to the load (not shown). Resistor R14 is the pre-load that is
typically used for stabilizing the output in case of no load conditions of flyback switching
power converter 100.

[0034] The output voltage Vout at node 113 is reflected across auxiliary winding 111,
which is input to the Vsense pin (pin 2) of controller 101 via a resistive voltage divider
comprised of resistors R3 and R4. Capacitor C9 is used to hold power from the line voltage
at node 105 at start-up or from the voltage across auxiliary winding 111 after start-up
between switching cycles.

[0035] As mentioned previously, a single switch Q1 is used in single-stage power factor
control circuits to regulate output power. However, switch Q1 also affects both the input
current and output current. If bulk capacitor C2 in a single-stage power factor control circuit
is small, input voltage distortion is minimized thus resulting in high power factor using a
constant on-time control method of switch Q1 with either fixed or variable switching
frequency operation. During the constant on-time control method, switch Q1 is turned on for
the same length of time during each switching cycle of operation of power converter 100.
[0036] FIG. 2 illustrates a voltage waveform 201 of the voltage at the bulk capacitor C2
with respect to an input current waveform 203 of the input current in a conventional single-
stage power factor control circuit using constant on-time control. As shown in FIG. 2, with
the constant on-time control method, average input current 203 follows voltage 201 on bulk
capacitor C2. Thus, the input current to power converter 100 follows the input voltage to
power converter 100 if there is little voltage distortion on bulk capacitor C2. High power
factor is therefore ensured using the single-stage approach with constant on-time control of
the switch Q1. However, using the constant on-time control method results in a large output
ripple at the output of power converter 100 which requires a large output capacitor to filter
the output ripple.

[0037] To obtain good output ripple performance, constant power delivery during an
alternating current (AC) cycle in either a constant voltage mode or a constant current mode is
used. The following equation is representative of the power (P) of switching power converter
100 where Vj, is the input voltage at the bulk capacitor C2, L,, is the primary winding
inductance, T,y 15 the on-time of switch Q1, and F; is the switching frequency of switching
power converter 100, assuming transformer is ideal (efficiency is 1) to transfer energy from

primary side to secondary side :
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[0038] According to the above equation, in order to maintain constant power delivery to
the load, the product of the input voltage to switching power converter 100 and on-time of
switch Q1 must be constant. Therefore, when the input voltage increases, the on-time of the
switch Q1 must decrease to maintain constant power delivery to the load. However, if
constant power control is used, the input current to switching power converter 100 will have
high distortion (i.e., the input current diverts from being sinusoidal) due to the power balance
requirement (i.c., constant power delivered to the load) of the single-stage power factor
control approach thereby resulting in the inability to achieve a high power factor.

[0039] For many low-power applications, power factor requirements are not necessarily
very high. For example, a power factor of 0.7 or less is sufficient for a 10-watt consumer
light emitting diode (LED) lighting. However, using a constant on-time control method
could result in a power factor of 0.95, for example, which may be excessive for low-power
applications. Thus, for low-power applications, a constant turn-on control method over the
entire AC cycle is not necessary to meet the power factor requirements as well as to meet
harmonic regulation requirements such as EN61000-3-2. Accordingly, controller IC 101
combines the power regulation control methods of constant on-time control and constant
power control (i.e., constant voltage mode and/or constant current mode) to adjust the power
factor of switching power converter 100 to balance the tradeoffs of the constant on-time
mode and the constant power mode to meet power factor requirements for low power
applications and for output ripple performance. Alternatively, there are some high power
applications where a power factor of close to 1.0 (i.e., approaching a value of 1.0 as in power
factor of 0.95) 1s necessary and it is essential that switching power converter 100 has the
ability to deliver power at a power factor of close to 1.0. For example, applications involving
a power of more than 20W might require a power factor close to 1.0 and a total harmonic
distortion (THD) less than 20%.

[0040] FIG. 3 illustrates the internal circuitry of controller 101 according to one
embodiment. Controller 101 receives analog parameters such as the Vsgnsg voltage at pin 2
and the Ispnspvoltage at pin 4, but can adaptively processes these parameters using digital
circuitry and digital state machines (not shown) to generate the appropriate base drive signal
at pin 6 (Output). Controller 101 includes several main circuit blocks, including Vsensg

signal conditioning block 301, Isgnsg signal conditioning block 303, and digital logic control



WO 2016/010693 PCT/US2015/037243

block 305. Controller IC 101 regulates the output voltage Vout and output current Iout of
switching power converter 100 by means of adaptive digital, primary-side feedback control.
[0041] Vgense signal conditioning block 301 receives Vspnsg voltage as an analog voltage
signal and generates one or more voltage feedback signals 307 that reflect the output voltage
(Vo) at node 113. Iggnse signal conditioning block 303 receives the Isgnsg voltage as an
analog voltage signal and generates one or more current feedback signals 309 that reflect the
primary side current flowing through switch Q1. Sensing the Vsensg voltage allows for
precise output voltage regulation, and sensing the Isgnsg voltage allows for precise cycle-by-
cycle peak current control and limiting in both constant voltage and constant current modes
as well as precise constant current (output current Iout) control that is insensitive to the
magnetizing inductance Lm of the transformer T1-A.

[0042] Digital logic control block 305 processes voltage feedback signals 307 and current
feedback signals 309 to generate control signal 311 that governs the operation and on/off
states of the switch Q1 for regulation of output voltage (Vo) and output current (Iout).
Although not shown, digital logic control block 305 includes digital circuitry that determines
the proper operation mode under which switching power converter 100 should operate. This
digital circuitry adaptively selects either pulse width modulation (PWM) or pulse frequency
modulation (PFM) for control of switching frequency, and cither constant power mode (i.c.,
constant voltage (CV) mode or constant current (CC) mode) or constant on-time mode for
output regulation. For example, during the constant power mode that utilizes the CC mode,
the load at the output of power converter 100 may be a string of light emitting diodes (LEDs)
where the voltage drop across the LEDs is a function of the constant current that is applied
across the LEDs. Thus, the voltage drop across the LEDs is constant since constant current is
supplied to the LEDs resulting in constant power being delivered to the load.

[0043] In one embodiment, during each AC cycle (or each half-cycle) of the input voltage
to the power converter 100 (i.c., a single AC cycle) digital logic control block 305 determines
whether to operate power converter 100 in the constant power mode or the constant on-time
mode based on the magnitude of the instantaneous input line voltage as frequently as at the
switching frequency of the switching power converter 100. In other embodiments, digital
logic control block 305 may determine whether to operate power converter 100 in the
constant power mode or the constant on-time mode based on the magnitude of the
instantaneous input line voltage at only certain switching cycles of switching power converter
100. Note that the frequency of the input voltage is different than the switching frequency of
power converter 100. The frequency of the input voltage is 50 Hz or 60 Hz compared to the
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higher switching frequency of switch Q1 of power converter 100 which is in the kHz range
(e.g., 40 kHz-200 kHz). That is, there are going to be a plurality of switching cycles for each
cycle (and half-cycle) of input voltage.

[0044] Particularly, digital logic control block 305 operates power converter 100 in the
constant on-time mode during the AC cycle of the input voltage if the instantaneous input
line voltage is lower than a threshold voltage and switches the mode of operation to the
constant power mode if the instantaneous line voltage is above the threshold voltage as
frequently as at the switching frequency of switching power converter 100. Alternatively,
digital logic control block 305 switches the mode of operation to the constant power mode
from the constant on-time mode if the instantaneous line voltage is above the threshold
voltage at only certain switching cycles of switching power converter 100. Thus, digital logic
control block 305 monitors the instantaneous input line voltage to determine whether the
instantaneous input line voltage is lower or higher than the threshold voltage and operates
power converter 100 in either the constant on-time mode or constant power mode at the next
switching cycle within the AC cycle of the input voltage to power converter 100 based on the
magnitude of the instantaneous input line voltage.

[0045] Assuming that the input line voltage is sinusoidal, within a single AC cycle of the
input voltage to power converter 100, digital logic control block 305 operates switching
power converter 100 in the constant on-time mode while the instantaneous line voltage is
below the threshold voltage. Once the instantaneous input line voltage of the AC cycle
exceeds the threshold voltage, digital logic control block 305 switches the operation of
switching power converter 100 to the constant power mode. More specifically, at the next
switching cycle of power converter 100 after the instantaneous input line voltage of the AC
cycle exceeds the threshold voltage, digital logic control block 305 switches the operation of
power converter 100 from the constant-on-time mode to the constant power mode.

[0046] Because the input line voltage is sinusoidal, the input line voltage eventually
decreases below the threshold voltage during the AC cycle of the input voltage to power
converter 100 and digital logic control block 305 switches the operation of switching power
converter 100 back to the constant on-time mode. That is, at the next switching cycle of
power converter 100 after the instantancous input line voltage of the AC cycle decreases
below the threshold voltage, digital logic control block 305 switches the operation of power
converter 100 from the constant power mode to the constant-on time mode.

[0047] In one embodiment, the threshold voltage is based on the percentage of time that

power converter 100 is configured to operate in the constant on-time mode within an AC
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cycle of the input voltage. For example, assuming a 110 volt line voltage in North America,
if power converter 100 is configured to operate in the constant on-time mode for 50 percent
of an AC cycle of the input voltage, the threshold voltage is 110 volts (i.c.,
Sqrt(2)*110*sin(45°)).

[0048] During the constant on-time mode, digital logic control block 305 outputs control
signal 311 to turn on switch Q1 with a constant on-time during which switch Q1 is turned on.
That is, during the constant on-time mode, the on-time of switch Q1 is constant (i.e., remains
the same) across the switching cycles of power converter 100. During the constant power
mode, digital logic control block 305 outputs control signal 311 to turn on switch Q1 with an
on-time that may vary switching cycle by switching cycle and is less than the constant on-
time of switch Q1 during the constant on-time mode, according to one embodiment. During
the constant power mode, power converter 100 may output constant current and/or voltage
depending on the control method employed to deliver constant power to the load. Thus,
digital logic control block 305 switches operation between the constant on-time mode and the
constant power mode any number of times during the switching cycles of power converter
100 within a single AC cycle based on the magnitude of the instantaneous input voltage with
respect to the threshold voltage. By switching the operation of the power converter between
the constant on-time mode and the constant power mode during the AC cycle of input voltage
to power converter 100, power factor requirements can be met while still providing good
output ripple performance.

[0049] In one embodiment, digital logic control block 305 determines the input line
voltage using the voltage at the Ispnse pin of controller 101. The voltage at the Ispnsg pin
functions as a proxy for the input line voltage Vin because the slope of increase of the
primary current I, through switch Q1 (represented by the Ispnspvoltage) is substantially
proportional to the input line voltage, through the relationship Vin = Lm (dI,/dt), where Lm is
the magnetizing inductance of the primary winding 107 of transformer T1-A. Particularly,
controller 101 uses the Ispnse voltage as a proxy for the line voltage Vin in CV mode and can
also use the Isensg voltage (representing the primary current I,) in CC mode to maintain a
constant, regulated output current from switching power converter 100 as described in U.S.
Patent No. 7,443,700 issued to Yan et al. on October 28, 2008, and assigned to iWatt Inc.,
which is incorporated by reference herein in its entirety.

[0050] FIG. 4 illustrates a waveform of the on-time (Ton) of power converter 100 with
respect to time using a combination of the constant power mode and the constant on-time

mode. In FIG. 4, the operation of power converter 100 in the constant on-time mode occurs
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during time t; to time t,. Thus, time t; to time t, corresponds to when the input line voltage of
power converter 100 is less than the threshold voltage. As shown in FIG. 4, the plateau 401
of the on-time waveform during time t; to time t, represents the utilization of the constant on-
time during the constant on-time mode.

[0051] In FIG. 4, the operation of power converter 100 in the constant power mode
occurs during time t; to time t;. Thus, time t, to t3 corresponds to when the input line voltage
of power converter 100 is greater than the threshold voltage. As shown in FIG. 4, during time
1, to ts, the on-time of power converter 100 may vary 403. Controller IC 101 varies (i.c.,
increases or decreases) the on-time of the switching power converter during time period t; to
t3 to output constant current and/or voltage depending on the control method employed to
deliver constant power to the load. By operating power converter 100 in both the constant
on-time mode and the constant power mode within a cycle of the input voltage, controller 101
provides enough power factor to at least meet power factor requirements for low power
applications while at the same time providing good output ripple performance. Alternatively,
there are some high power applications where a power factor of close to 1.0 (i.e., approaching
a value of 1.0 as in power factor of 0.95) is necessary and it is essential that switching power
converter 100 has the ability to deliver power at a power factor of close to 1.0.

[0052] Generally, the power factor of power converter 100 is based on the percentage of
time that the on-time of switch Q1 is constant within an AC cycle of the input voltage to
power converter 100. That is, the power factor of power converter 100 is based on the
percentage of time that power converter 100 is operated in the constant on-time mode with
respect to the constant power mode during an AC cycle of the input voltage to power
converter 100. In one embodiment, the percentage of time that the on-time of switch Q1 is
constant within an AC cycle is represented by the parameter PF_Index. Thus, the PF_Index
represents the percentage of time that the power converter is operated in the constant on-time
mode within an AC cycle of the input voltage to the power converter 100. For example, a

PF Index of 25% signifies that power converter 100 is operated in the constant on-time for
25% of the AC cycle of the input voltage and that power converter 100 is operated in the
constant power mode for the other 75% of the AC cycle.

[0053] Generally, a higher PF_Index results in a higher power factor and lower input
harmonic distortion. However, the higher PF_Index sacrifices output ripple performance. A
higher PF_Index indicates that power converter 100 is operated for a longer percentage of
time in the constant on-time mode during the AC cycle compared to the percentage of time

that the power converter 100 is operated in the constant power mode. In contrast, a lower
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PF Index increases output ripple performance by minimizing the output ripple. However, the
lower PF_Index produces lower power factor and higher input harmonic distortion. A lower
PF Index indicates that power converter 100 is operated for a shorter percentage of time in
the constant on-time mode during the AC cycle compared to the percentage of time that
power converter 100 is operated in the constant power mode. Configuring the PF_Index
allows for design flexibility to address the trade-off between input power factor, input
harmonic distortion, and output ripple performance. In one embodiment, the PF_Index is
based on the following parameters shown in FIG. 4:

e TON_ MAX which represents the maximum on-time of the switch Q1;

e T on_const which represents the time duration during which the on-time of the

switch Q1 is constant at TON_ MAX; and

e Tp ac which represents half-cycle of the AC period of the input line voltage.
[0054] In one embodiment, the relationship of the above parameters is described by the
following equation:

T on_const

PF  Index =
- TP ac

As shown above, the PF_Index is based on the ratio of the time duration (i.e., T on_const)
during which the on-time of switch Q1 is constant at TON_MAX and the half the AC period
(ie., Tp_ac).

[0055] FIG. 5 illustrates one example of voltage waveform 501 of the voltage at bulk
capacitor C2 with respect to an input current waveform 503 of the input current of power
converter 100 using both the power regulation control methods of constant on-time control
and constant power control. Note that in the example shown in FIG. 5, constant current mode
1s used during the constant power control.

[0056] As shown in FIG. 5, during the constant on-time (Ton) operation within the AC
cycle of the input voltage to power converter 100, digital logic control 305 clamps the on-
time (Ton) of switch Q1 at TON_MAX. Thus, the on-time of switch Q1 is constant during
the constant on-time control. Furthermore, as shown in FIG. 5, input current waveform 503
follows voltage waveform 501 during the constant on-time control. In contrast, during the
constant power control operation during the cycle of the input voltage, the on-time may vary
and is less than TON_MAX to maintain constant power delivery to the load. Also, as shown
in FIG. 5, input current waveform 503 does not follow voltage waveform 501 during the

constant power mode control. For example, peak 505 of the input current maintains constant
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during the constant power mode due to the use of constant current control while in the
constant power mode.

[0057] While some conventional techniques use a control loop to configure PF_Index to
achieve a trade-off between power factor, harmonic distortion, and ripple performance, it was
found that such techniques based on configuring PF Index have a upper limit on achievable
power factor with a reasonable harmonic distortion. For example, conventional power
converters using techniques based on configuring PF_Index cannot deliver power for
applications requiring a power factor close to 1.0. A novel hysteretic control loop-based
technique to control a power converter is proposed and discussed in detail in FIGS. 6 through
8 below.

[0058] FIG. 6 illustrates a block diagram of a hysteretic control loop 600 of a controller
integrated circuit (IC), according to one embodiment. The hysteretic control loop includes,
among others, comparator 660, step block 610, accumulator 620, dither block 630, adder 640,
and truncate block 650. Each of the listed blocks can be implemented in either hardware or
software, or a combination of hardware and software. While control loop 600 is referred to
and explained below as a digital control loop, it is understood that control loop 600 can also
be implemented as an analog control loop in accordance with this disclosure. It will be
understood that control loop 600 can be operated once at every half-cycle of the AC input
line voltage.

[0059] Control loop 600 regulates a value of switch on-time (i.c., TON_MAX 655) by
comparing it with a switch (e.g., switch Q1 of FIG. 1) on-time value in constant power mode
(i.e., MIN TON 656) corresponding to a peak voltage of the input AC line voltage such that
control loop 600 sets TON_MAX 655 within one step value of MIN_TON 656. MIN_TON
656 1s a minimum value of a first signal switch on-time that represents the switch on-time of
a power converter (e.g., power converter 100) in constant power mode. The first signal
represents the switch on-time of the power converter and is related to a rectified input line
voltage that is an input to the power converter satisfying the following equation, as described

above with reference to FIG. 2:

2
AR
2L

That is, to produce a constant power output, a product of rectified input voltage, ¥;,, and on-
time of power converter, 7,,, is to be a constant. Accordingly, the first signal, 7,,,

representing an on-time of the power converter is inversely proportional to an amplitude of
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the rectified input voltage. TON_MAX 655 is defined as a threshold value of the switch on-
time of the power converter that can determine whether the switching power converter
operates in a constant on-time mode or a constant power mode. Threshold value TON MAX
655 is defined such that when TON MAX 655 is larger than an instantaneous value of 7,,
during a first time period of AC half-cycle, the power converter is operated in a constant
power mode. And for the remaining time duration of the AC half-cycle (i.e., a second time
duration), where TON_MAX 655 is either equal to or smaller than an instantaneous value of
Ton, the power converter is operated in a constant on time mode, with on-time clamped as
TON_MAX 655. It will be understood that a sum of the first time period and the second time
period can result in a time period of one AC half-cycle.

[0060] Control loop 600 regulates TON_MAX 655 by comparing TON_MAX 655 with
MIN_TON 656 using comparator 660. Comparator 660 receives TON_MAX 655 and

MIN _TON 656 as inputs and generates delta signal 665 as an output. When control loop 600
is implemented in digital domain, delta signal 665 can be represented by 1-bit digital output
as either “1” or “0.” Signal 665 can be propagated to step block 610 to either increase or
decrease TON_MAX 655 by a step. For example, when delta signal 665 represents “1,”
signifying that MIN_TON 656 is smaller than TON_MAX 655, step block 610 can select
input - step 604 to decrease TON_MAX 655 by a predetermined value. In one embodiment,
TON_MAX 655 can be represented as a digital integer value. For example, TON _MAX 655
can be represented in a digital domain equivalent to an analog voltage value of Sus (e.g., a 4-
bit value of 0101). Step value can be sct in control loop 600 to a fractional value (¢.g.,
equivalent to 0.1us analog time step) or an integer value (e.g., equivalent to 1us analog time
step). It will be understood that step value of step block 610 can be programmable based on a
precision requirement of power converter’s power factor (by regulating constant on-time
mode which can further be regulated by regulating TON _MAX 655). Step block 610
generates output signal 615 that is a fractional time value to be added by accumulator 620 to
TON_MAX 655.

[0061] Accumulator 620 accumulates TON_MAX 655 with signal 615 of step block 610.
For example, accumulator 620 can add (or subtract) a fractional value of signal 615 (e.g.,
digital equivalent to 0.1us step) to an integer value of TON_MAX 655 (e.g., digital
equivalent to Sps) resulting in a fractional value for output signal 625 (e.g., digital equivalent
to 5.1ps. In one embodiment, when a 1MHz system clock is used, a step size of TON_MAX
655 would be 1us. Dither block 630 generates a dithering function that aids in a conversion

of a fractional value into an integer representation on average over multiple cycles of the
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signal. For example, signal 625 at the output of accumulator 620 represents a fractional value
equivalent to an analog on-time value of 5.1us. Because TON_MAX 655 is expected to be
an integer value for a comparison using comparator 660, it is necessary to convert a fractional
value of signal 625 to an equivalent integer value.

[0062] Dither block 630 helps in converting a fractional value to an integer value by
including a random number generator to generate a value between 0 and 0.99 and adding
(e.g., using adder 640) the generated random fractional value to fractional value of signal 625
to generate a near integer value for signal 645. For example, each AC input voltage period
(equivalent to say 60Hz frequency of input line voltage) can be sampled to comprise one
hundred samples, where each sampling period is one switching cycle for a switch (e.g.,
switch Q1) of power converter. That is, for each AC input voltage period there would be one
hundred switching cycles. When signal 625 represents a fractional value of 5.1ps that needs
to be converted to an integer value, dither 630 generates a fractional random value for each
switching cycle such that an average value of TON_ MAX 655 over each AC input period
(i.e. over one hundred switching cycles) is equivalent to 5.1us. The two closest integer
values for 5.1ps is either Sus or 6us. For a dither block 630, a probability of generating a
fractional random value of 0.9 or larger (from a range of possible values 0-0.99) is ten
percent. That is, dither 630 generates a fractional value of 0.9 or higher at signal 635 in ten
cycles out of one hundred switching cycles. For those ten cycles with a value of 0.9 or
higher, signal 645 (i.c., output of adder 640) represents a value between 6.0 and 6.09us. For
the other 90 cycles where dither block 630 generates a fractional random value of less than
0.9, output signal 645 represents a value between 5.1 and 5.99us.

[0063] Signal 645 is propagated as an input signal to truncate block 650. Truncate block
650 performs fractional to integer conversion for signal 645 by truncating (or removing) a
fractional value of input signal 645 and resulting in an integer value for output signal,
TON_MAX 655. For example, for the ten switching cycles where input signal to truncate
block 650 (i.c., signal 645) represents a value between 6.0us and 6.09us, truncate block 650
removes the fractional portion of signal 645 and results in a value of 6.0us for TON_MAX
655. For the other 90 cycles signal 645 represents a value between 5.1 and 5.99us, truncate
block 650 removes the fractional portion of signal 645 and results in a value of 5.0us for
TON _MAX 655. In summary for each AC input voltage period, TON_ _MAX 655 represents
Sus for 90% of the period and 6pus for 10% of the period for an average value of 5.1us over
the period. Control loop 600 can adjust a value of TON_MAX 655 for each cycle of AC
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input voltage. Alternatively, control loop 600 can adjust TON_MAX 655 for each half-cycle
of AC input voltage.

[0064] Control loop 600 reaches a steady state operation when TON_MAX 655 is within
one step of MIN_TON 656. When control loop 600 reaches a steady state operation,
TON_MAX 655 will be increased by one step in a first AC cycle and subsequently decreased
by one step in the next consecutive AC cycle. The process of increasing TON_MAX 655 in
one AC cycle and decreasing in the next AC cycle continues until the input AC line voltage
changes. A change in the input AC line voltage is discussed in detail below with reference to
FIGs. 8 and 9.

[0065] In an embodiment where control loop 600 is implemented in analog domain,
signal 665 represents a continuous-time waveform (e.g., a pulse waveform) with a pulse
width of signal 665 representing a difference in TON_MAX 655 and MIN_TON 656. In an
analog implementation of control loop 600, dither 630 and truncate 650 blocks need not be
implemented. Step block 610 receives signal 665 such that step block 610 selects a fractional
step value to adjust TON_MAX 655, where the fractional step value is based on delta signal
665. In an analog representation, MIN_TON 656 can be a sinusoidal waveform that
represents an on-time of a power converter (e.g., power converter 100) instead of a single
time point used in a digital implementation of control loop 600.

[0066] FIG. 7 illustrates exemplary waveforms depicting a steady-state operation of the
hysteretic loop depicted in FIG. 6, according to one embodiment. The exemplary waveforms
are depicted on an independent time axis, time 790, and a dependent axis, 795. Dependent
axis 795 can represent either voltage to depict rectified input voltage 720 and can also
represent time to depict time-based signals such as, TON_MAX 730, MIN_TON 750,
Const_Ton_Mode 760, and Delta Signal 770. FIG. 7 illustrates exemplary waveforms of a
controller IC (e.g., controller 101) in response to a steady state for three half AC cycle
periods. Rectified input voltage 720 is related to an input AC line voltage that can be
rectified as shown. TON_ MAX 730 is a regulated switch on-time signal generated by the
controller IC and MIN TON 750 is a minimum value of a switch on-time of during a
constant power mode that corresponds to the peak voltage at a given half AC cycle.

[0067] Const_Ton_Mode 760 is a signal gencrated from the controller IC that provides an
indication whether the power converter is operated in a constant on-time mode or a constant
power mode. For example, if Const Ton Mode signal 760 depicts a high-level signal (i.e.,
active high level or a digital high signal indicating that the signal is on), it can represent that

the power converter is operating in a constant on-time mode and if Const Ton Mode 760
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depicts a low-level signal (i.e., active low signal or a digital low signal), it can represent that
the power converter is operating in a constant power mode. Const Ton_Mode 760 can be a
low-level signal (i.e., off) if TON MAX 730 is greater than MIN_TON 750 and can be a
high-level signal if TON_MAX 730 is smaller than MIN_TON 750. Delta signal 770 is
similar to delta signal 665 described above with reference to FIG. 6. Delta signal 770 is a
signal that can be fed back to step block of the hysteretic loop to either increase or decrease
TON_MAX 730. Delta signal 770 can be related to Const Ton Mode 760 such that delta
signal 770 changes its level only after a certain minimum pulse width of Const Ton Mode
760. For example, for delta signal 770 to change from low to high, Const Ton Mode 760
might need to have a low pulse for a predetermined duration of time. In one embodiment, the
predetermined duration of time can be a predetermined number of switching cycles (e.g., 3
switching cycles) before which delta signal 770 will change its level and thereby triggering
control loop 600 to change a value of TON_MAX 730.

[0068] In the first half cycle depicted in FIG. 7, TON_MAX 730 has a value greater than
a value for MIN_TON 750 as depicted between time points, t1 and t2. Const Ton_ Mode 760
will have a low pulse between the time points t1 and t2 to signify that the power converter is
operating in a constant power mode between tl and t2. Delta signal 770 can have a high
pulse at time points t1 and t2 to signify that control loop 600 has to decrease a value of
TON_MAX 730. In the second half cycle that includes time point t3, the value of
TON_MAX 730 is the same as a value of MIN_TON 750 during the second half cycle. It
will be understood that even though TON_MAX 730 is shown to be slightly larger than

MIN _TON 750 at t3, it is actually intended that TON_MAX 730 is the same as (or the
difference is less than one step of control loop 600) MIN TON 750. Because the difference
between TON_ MAX 730 and MIN_TON 750 is less than minimum step size of control loop
600, Const_Ton Mode 760 will have a high pulse and delta signal 770 will have a low pulse,
which will increase a value of TON_MAX 730.

[0069] In the third half cycle that includes time points t4 and t5, the value of TON_MAX
730 is again larger than that of MIN TON 750. Similar to the first half cycle,
Const_Ton_Mode 760 has a low pulse and delta signal 770 has a high pulse between t4 and
t5 thereby decreasing a value of TON_MAX 730. It will be appreciated that a delta between
TON_MAX 730 and MIN_TON 750 has reduced in the third half cycle as compared to the
first half cycle as evident by a reduced low pulse width of Const Ton Mode 760. Control
loop 600 can keep adjusting TON_MAX 730 as long as a delta between TON_MAX 730 and
MIN_TON 750 is less than a minimum step size of control loop 600.
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[0070] FIG. 8 illustrates exemplary waveforms of the controller IC in response to a
transition of the input voltage from a high voltage to a low voltage during a line-transient
event (i.e. input AC line voltage steps down and thereby MIN_TON 805 steps up), according
to one embodiment. FIG. § depicts an exemplary embodiment where a power converter
(c.g., power converter 100) is operated to deliver power at a power factor of close to 1.0.
FIG. 8 shows a waveform corresponding to a rectified input voltage waveform 830 of the
power converter. FIG. 8 also depicts TON MAX 810, Tp ac 820, and Const Ton Mode
850. TON_MAX 810 is a threshold value for a switch on-time signal of a controller IC (e.g.,
controller 101) that aids in determining whether power converter 100 is to be operated in a
constant on-time mode or in a constant power mode as described above with reference to
FIGS. 4 through 6. Const Ton Mode 850 is a pulse waveform that indicates when power
converter 100 is operated in a constant on-time mode and when power converter 100 is
operated in constant power mode as described above with reference to FIG. 7. Tp_ac 820
represents half-cycle of the AC period of the input line voltage.

[0071] FIG. 8 further depicts a transition, line transition 840, of rectified input voltage
830 from a high value to a low value. An exemplary line transition 840 corresponding to a
high to low input line voltage transition can be a transition from 120V to 110V due to voltage
fluctuations of the line voltage. For a line voltage transition from high to low voltage, the
MIN_TON value of the line voltage increases (not shown in FIG. 8). Control loop 600 would
need to adjust TON_MAX 810 in response to line transition 840 to maintain a same power
factor for power converter 100. When power factor is close to 1.0, TON_MAX 810 needs to
be set to a value very close to a minimum value (i.e., MIN TON) of on-time waveform.
Control loop 600 adjusts TON_MAX 810 by comparing TON_MAX 810 with MIN_TON
805. Control loop 600 generates Const Ton Mode 850 that represents a difference between
a signal representing a switch on-time of power converter and TON MAX §10. For
example, pulse width of Const Ton Mode 850 can represent a time duration during which
the power converter is operated in a constant on-time mode. Const Ton_Mode 850 can also
represent a time duration during which the power converter is operated in a constant power
mode when Const Ton Mode 850 is active low. Control loop 600 can generate
Const_ton_mode 850 by comparing MIN_TON 805 with TON_MAX 810 for every half AC
cycle.

[0072] TON_MAX 810 can be adjusted by control loop 600 by increasing TON _MAX
810 until control loop 600 observes a low pulse for Const Ton Mode 850. A low pulse for
Const_Ton Mode 850 occurs when TON MAX 810 is within one step of control loop 600
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when compared with new MIN_TON after line transition 840. In one embodiment, control
loop 600 can initiate increasing the size of the step to a predetermined value to adjust
TON_MAX 810 until a low pulse appears on Const Ton Mode 850 signal. The size of step
can be chosen from a set of predetermined values in such a way that the chosen step size can
be increased until TON_MAX 810 can track a transition in MIN_TON. For example, if
Const_Ton_Mode 810 is missing a low pulse for three AC half-cycles, the predetermined
step size can be increased to a first predetermined step size and the loop continues to detect
for a low pulse on Const Ton Mode 850 signal. If the loop cannot detect a low pulse on
Const_Ton_Mode 850 signal for more AC half-cycles (e.g., three more AC half-cycles), the
loop can increase the step size to a second predetermined step size, where the second
predetermined step size can be larger than the first predetermined step size. The loop can
repeat the above method of trying to detect a low pulse on Const Ton Mode 850 and
increasing the step size until the loop detects a low pulse on Const Ton Mode 850. Once a
low pulse is detected for Const Ton Mode 850, the controller IC restores the loop step size
to a normal step size to resume a steady-state operation of control loop 600. Once
TON_MAX 810 is adjusted to be within one step size of control loop 600 when compared
with new MIN_TON (after line transition 840), control loop 600 has successfully corrected
for input voltage transition and control loop 600 resumes its normal operation as described
above with reference to FIGs. 6 and 7.

[0073] FIG. 9 illustrates exemplary waveforms of the controller IC in response to a
transition of the input voltage from a low voltage to a high voltage during a line-transient
event (i.e. input AC line voltage steps up and thereby MIN_TON 905 steps down), according
to one embodiment. FIG. 9 depicts an exemplary embodiment where a power converter (e.g.,
power converter 100) is operated to deliver power at a power factor of close to 1.0. FIG. 9
shows a waveform corresponding to a rectified input voltage waveform 930 of the power
converter. FIG. 9 is similar to FIG. 8 described above except that FIG. 8 represents an input
voltage transition from high to low voltage whereas FIG. 9 represents a transition from low to
high voltage.

[0074] FIG. 9 depicts a transition, line transition 940, of rectified input voltage 930 from
a low value to a high value. An exemplary line transition 940 corresponding to a low to high
input line voltage transition can be a transition from 110V to 120V due to voltage
fluctuations of the line voltage. For a line voltage transition from low to high voltage, the
MIN_TON of the line voltage decreases as depicted by MIN_TON transition 945. Control
loop 600 would need to adjust TON_MAX 910 in response to MIN_TON transition 945 to
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maintain a same power factor for power converter 100 even after line transition 940. When
power factor is close to 1.0, TON_MAX 910 needs to be set to a value very close to a
minimum value of on-time waveform 905. Control loop 600 adjusts TON_MAX 910 by
comparing TON _MAX 910 with MIN_TON 905. Control loop 600 generates

Const_Ton Mode 850 that represents a difference between a signal representing a switch on-
time of power converter and TON_MAX 910. For example, an active high pulse width of
Const Ton Mode 950 can represent a time duration during which the power converter is
operated in a constant on-time mode. Const Ton Mode 950 can also represent a time
duration during which the power converter is operated in a constant power mode when
Const_Ton Mode 950 is active low. Control loop 600 can generate Const Ton Mode 950
by comparing MIN_ TON 905 with TON_MAX 910 for every half AC cycle.

[0075] TON_MAX 910 can be adjusted by control loop 600 by decreasing TON_MAX
910 until control loop 600 observes a high pulse for Const Ton Mode 950. A high pulse for
Const Ton_Mode 950 occurs when TON_MAX 910 is within one step of control loop 600
when compared with new MIN_TON after MIN_TON transition 945. In one embodiment,
control loop 600 can decrease the size of the step to adjust TON_MAX 910 by monitoring a
duration of time Const Ton_Mode 950 stays low. For example, if control loop 600
determines that Const Ton_ Mode 950 stays low for a predetermined amount of time, control
loop 600 can decrease the TON MAX 910 by a step size that is predetermined and is
proportional to the predetermined amount of time. In one embodiment, instead of decreasing
TON_MAX 910, the controller IC can directly measure a value of MIN_TON after
MIN_TON transition 945 as the MIN TON value after MIN_ Ton transition 945 is visible, as
depicted in FIG. 9, and assign this value to TON_MAX 910, so that it will be faster to adjust
TON_MAX 910 in this transition case. Alternatively, the controller is configured to decrease
TON_MAX 910 by an amount that is proportional to an increase in the input AC line voltage.
Once TON_MAX 910 is adjusted to be within one step size of control loop 600 when
compared with new MIN_TON (after MIN_TON transition 945), control loop 600 has
successfully corrected for input voltage transition and control loop 600 resumes its normal
operation as described above with reference to FIGS. 6 and 7.

[0076] The foregoing description of the embodiments of the invention has been presented
for the purpose of illustration; it is not intended to be exhaustive or to limit the invention to
the precise forms disclosed. Persons skilled in the relevant art can appreciate that many

modifications and variations are possible in light of the above disclosure.
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[0077] Some portions of this description describe the embodiments of the invention in
terms of symbolic representations of operations on information. These representations are
commonly used by those skilled in the data processing arts to convey the substance of their
work effectively to others skilled in the art. These operations, while described functionally,
computationally, or logically, are understood to be implemented by computer programs or
equivalent electrical circuits, microcode, or the like. Furthermore, it has also proven
convenient at times, to refer to these arrangements of operations as modules, without loss of
generality. The described operations and their associated modules may be embodied in
software, firmware, hardware, or any combinations thereof.

[0078] Any of the operations described herein may be performed or implemented with
one or more hardware or software modules, alone or in combination with other devices. In
one embodiment, a software module is implemented with a computer program product
comprising a computer-readable medium containing computer program code, which can be
executed by a computer processor for performing any or all of the steps, operations, or
processes described.

[0079] Embodiments of the invention may also relate to an apparatus for performing the
operations herein. This apparatus may be specially constructed for the required purposes,
and/or it may comprise a general-purpose computing device selectively activated or
reconfigured by a computer program stored in the computer. Such a computer program may
be stored in a tangible computer readable storage medium or any type of media suitable for
storing electronic instructions, and coupled to a computer system bus. Furthermore, any
computing systems referred to in the specification may include a single processor or may be
architectures employing multiple processor designs for increased computing capability.
[0080] Embodiments of the invention may also relate to a computer data signal embodied
in a carrier wave, where the computer data signal includes any embodiment of a computer
program product or other data combination described herein. The computer data signal is a
product that is presented in a tangible medium or carrier wave and modulated or otherwise
encoded in the carrier wave, which is tangible, and transmitted according to any suitable
transmission method.

Finally, the language used in the specification has been principally selected for readability
and instructional purposes, and it may not have been selected to delineate or circumscribe the
inventive subject matter. It is therefore intended that the scope of the invention be limited not
by this detailed description, but rather by any claims that issue on an application based

hereon. Accordingly, the disclosure of the embodiments of the invention is intended to be
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illustrative, but not limiting, of the scope of the invention, which is set forth in the following

claims.
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What is claimed is:

1. A switching power converter comprising:
a transformer including a primary winding coupled to an input voltage and a
secondary winding coupled to an output of the switching power converter;
a switch coupled to the primary winding of the transformer, current passing through
the primary winding while the switch is turned on and not passing through
while the switch is turned off;
a controller configured to generate a control signal to turn on and turn off the switch
at each of a plurality of switching cycles of the switch;
wherein for cach alternating current (AC) half-cycle of the input voltage, the
controller is further configured to:
determine a minimum value of a first signal representing an on-time of the
switching power converter,

compare the determined minimum value with a threshold value of the first
signal, the threshold value is used to determine whether the switching
power converter operates in a constant on-time mode or in a constant
power mode, and

adjust the threshold value by increasing or decreasing the threshold value
based on a result of the comparison; and

wherein the controller generates the control signal to operate the switching power
converter in a constant power mode during a first time period of the AC half-
cycle, the first time period representing a duration where the threshold value is

larger than an instantancous value of the first signal.

2. The switching power converter of claim 1, wherein the controller is further
configured to generate the control signal to operate the switching power converter in a
constant on-time mode during a second time period of the AC half-cycle, the second time
period representing a duration that is different from the first time period and a sum of the first

time period and the second time period results in a time period of the AC half-cycle.

3. The switching power converter of claim 1, wherein the controller is configured
to adjust the threshold value by increasing the threshold value when the comparison results in

the minimum value being larger than the threshold value.
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4. The switching power converter of claim 1, wherein responsive to an increase
in the input voltage, the controller 1s configured to decrease the threshold value in proportion

to the input voltage increase.

5. The switching power converter of claim 1, wherein the controller is configured
to adjust the threshold value by decreasing the threshold value when the comparison results in

the minimum value being smaller than the threshold value.

6. The switching power converter of claim 1, wherein responsive to a decrease in
the input voltage, the controller is configured to increase the threshold value by a

predetermined value.

7. The switching power converter of claim 1, wherein the controller is configured
to determine the minimum value, compare the minimum value with the threshold value, and

adjust the threshold value in a digital implementation of a control loop.

8. The switching power converter of claim 7, wherein the controller is configured
to adjust the threshold value by adding a dithering value to convert a fractional value of the
threshold value adjustment into an integer value spread over each alternating current half-

cycle of the input voltage.

9. The switching power converter of claim 7, wherein the controller is configured
to adjust the threshold value by converting a fractional value of the threshold value

adjustment into an integer value by using a truncating function.

10. A switching power converter comprising:

an inductor coupled to an input voltage on one side and to an output of the switching
power converter on the other side;

a switch coupled to the inductor, current passing through the inductor while the switch
is turned on and not passing through while the switch is turned off;

a controller configured to generate a control signal to turn on and turn off the switch
at each of a plurality of switching cycles of the switch;

wherein for cach alternating current (AC) half-cycle of the input voltage, the
controller is further configured to:
determine a minimum value of a first signal representing an on-time of the

switching power converter,
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compare the determined minimum value with a threshold value of the first
signal, the threshold value is used to determine whether the switching
power converter operates in a constant on-time mode or in a constant
power mode,

adjust the threshold value by increasing or decreasing the threshold value
based on a result of the comparison; and

wherein the controller generates the control signal to operate the switching power
converter in a constant power mode during a first time period of the AC half-
cycle, the first time period representing a duration where the threshold value is

larger than an instantaneous value of the first signal.

11. In a controller, a method of controlling a switching power converter, the
switching power converter including a transformer coupled between an input voltage and an
output of the switching power converter, the transformer including a primary winding
coupled to the input voltage and a secondary winding coupled to the output of the switching
power converter, and a switch coupled to the primary winding of the transformer, current
passing through the primary winding while the switch is turned on and not passing through
while the switch is turned off, the method comprising:

generating a control signal to turn on and turn off the switch at each of a plurality of

switching cycles of the switch;

wherein for each alternating current (AC) half-cycle of the input voltage, the method

further comprising:

determining a minimum value of a first signal representing an on-time of the
switching power converter,

comparing the determined minimum value with a threshold value of the first
signal, the threshold value is used to determine whether the switching
power converter operates in a constant on-time mode or in a constant
power mode, and

adjusting the threshold value by increasing or decreasing the threshold value
based on a result of the comparison; and

wherein the control signal is generated to operate the switching power
converter in a constant power mode during a first time period of the
AC half-cycle, the first time period representing a duration where the

threshold value is larger than an instantaneous value of the first signal.
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12. The method of claim 11, wherein the control signal is generated to operate the
switching power converter in a constant on-time mode during a second time period of the AC
half-cycle, the second time period representing a duration that is different from the first time
period and a sum of the first time period and the second time period results in a time period

of the AC half-cycle.

13.  The method of claim 11, wherein the threshold value is adjusted by increasing
the threshold value when the comparison results in the minimum value being larger than the

threshold value.

14.  The method of claim 11, wherein responsive to an increase in the input

voltage, the threshold value is decreased in proportion to the input voltage increase.

15.  The method of claim 11, wherein the threshold value is adjusted by decreasing
the threshold value when the comparison results in the minimum value being smaller than the

threshold value.

16. The method of claim 11, wherein responsive to a decrease in the input voltage,

the threshold value is increased by a predetermined value.

17.  The method of claim 11, wherein determining the minimum value, comparing
the minimum value with the threshold value, and adjusting the threshold value is

implemented in a digital control loop.

18.  The method of claim 17, wherein the threshold value is adjusted by adding a
dithering value to convert a fractional value of the threshold value adjustment into an integer

value spread over each alternating current half-cycle of the input voltage.

19.  The method of claim 17, wherein the threshold value is adjusted by converting
a fractional value of the threshold value adjustment into an integer value by using a

truncating function.

20.  Ina controller, a method of controlling a switching power converter, the
switching power converter including an inductor coupled between an input voltage on one
side and an output of the switching power converter on the other side, and a switch coupled to
the inductor, current passing through the inductor while the switch is turned on and not

passing through while the switch is turned off, the method comprising:
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generating a control signal to turn on and turn off the switch at each of a plurality of
switching cycles of the switch;
wherein for each alternating current (AC) half-cycle of the input voltage, the method
further comprising:
determining a minimum value of a first signal representing an on-time of the
switching power converter,
comparing the determined minimum value with a threshold value of the first
signal, the threshold value is used to determine whether the switching
power converter operates in a constant on-time mode or in a constant
power mode, and
adjusting the threshold value by increasing or decreasing the threshold value
based on a result of the comparison; and
wherein the control signal is generated to operate the switching power
converter in a constant power mode during a first time period of the
AC half-cycle, the first time period representing a duration where the

threshold value is larger than an instantaneous value of the first signal.
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