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(57) ABSTRACT 

A Switching converter controller and method for controlling a 
Switch-mode converter in a hybrid discontinuous conduction 
mode (DCM)/continuous conduction mode (CCM) mode are 
disclosed. The hybrid mode involves using double (two) or 
more Switching pulses in a Switching period of a control 
signal for controlling the Switch-mode converter. The Switch 
ing period is defined by a Switch on-time duration, a Switch 
off-time duration, and an N number of switching pulses. N is 
an integer greater than one. An inductor current through the 
inductor of the switch-mode converter is zero beforean initial 
Switching pulse, is Zero after a last Switching pulse, and is 
non-zero for all other times within the switching period. The 
Switch-mode-converter controller can be used as a power 
factor correction controller for a power factor corrector. The 
Switch-mode converter controller can be implemented on a 
single integrated circuit. 
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SWITCH-MODE CONVERTER OPERATING 
INA HYBRD DISCONTINUOUS 

CONDUCTION MODE (DCM)/CONTINUOUS 
CONDUCTION MODE (CCM) THAT USES 

DOUBLE ORMORE PULSES INA 
SWITCHING PERIOD 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims the benefit under 35 U.S.C. 
S119(e) and 37 C.F.R S1.78 of U.S. Provisional Application 
No. 60/915,547, filed May 2, 2007, and entitled “Power Fac 
tor Correction (PFC) Controller Apparatuses and Methods.” 
and is incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates in general to the field 
of signal processing, and, more specifically, to a Switch-mode 
converter operating in a hybrid discontinuous conduction 
mode (DCM)/continuous conduction mode (CCM). 
0004 2. Description of the Related Art 
0005 Switch-mode converters are Direct Current (DC) to 
Direct Current (DC) converters that convert from one DC 
voltage level to another DC voltage level. A switch-mode 
converter operates by temporarily storing input energy at one 
Voltage level and respectively releasing the energy at its out 
put at a different voltage level. Two main exemplary switch 
mode converters are a Switch-mode boost converter and a 
switch-mode buck converter. Both of these switch-mode con 
verters are well known in the art. 
0006 An exemplary switch-mode boost converter/stage 
102 is shown in a typical exemplary power factor corrector 
100 in FIG. 1. Power factor correctors often utilize a switch 
mode boost stage to convert alternating current (AC) Voltages 
(such as line/mains Voltages) to direct current (DC) voltages 
or DC-to-DC wherein the input current is proportional to the 
input voltage. Power factor correctors provide power factor 
corrected (PFC) and regulated output Voltages to many 
devices that utilize a regulated output voltage. Switch-mode 
boost converter/stage 102 will now be explained, in more 
detail in the context of power factor corrector 100. 
0007 Voltage source 101 supplies an alternating current 
(AC) input voltage V(t) to a full-wave diode bridge rectifier 
103. The voltage source 101 (e.g., voltage V(t)) is, for 
example, a public utility, such as a 60 Hz/120 V line (mains) 
voltage in the United States of America or a 50 Hz/230 V line 
(mains) Voltage in Europe. The input rate associated with 
input Voltage V(t) is the frequency of Voltage source 101 
(e.g., 60 Hz in the U.S. and 50Hz in Europe). The rectifier 103 
rectifies the input Voltage V(t) and Supplies a rectified, time 
varying, line input voltage V(t) to the switch-mode boost 
stage 102. The actual voltage at any time t is referred to as the 
instantaneous input Voltage. Unless otherwise stated, the term 
“line rate' is hereafter referred to and defined as the rectified 
input frequency associated with the rectified line Voltage 
V(t). The line rate is also equal to twice the input frequency 
associated with input Voltage V(t). The rectified line input 
voltage is measured and provided in terms of Root Mean 
Square (RMS) Voltage, e.g., V. 
0008. The switch-mode boost converter/stage 102 
includes a switch 108 (e.g., Field Effect Transistor (FED) by 
which it is controlled and provides power factor correction 
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(PFC) in accordance with how switch 108 is controlled. The 
switch-mode boost converter/stage 102 is also controlled by 
switch 108 and regulates the transfer of energy from the 
rectified line input voltage V(t) through inductor 110 to 
capacitor 106 via a diode 111. The inductor current it ramps 
up when the switch 108 conducts, i.e. is “ON”. The inductor 
currenti ramps down when Switch 108 is nonconductive, i.e. 
is "OFF", and supplies current it to recharge capacitor 106. 
The time period during which inductor current it ramps down 
is commonly referred to as the “inductor flyback time'. 
0009. A switch-mode converter controller 114, such as an 
exemplary power factor correction (PFC) controller, controls 
switch 108. Switch-mode converter controller 114 controls 
switch 108 and, thus, controls power factor correction and 
regulates output power of the switch-mode boost converter/ 
stage 102. The goal of power factor correction technology is 
to make the switch-mode boost converter/stage 102 appear 
resistive to the voltage source 101. Thus, the switch-mode 
converter controller 114 attempts to control the inductor cur 
rent it so that the average inductor current it is linearly and 
directly related to the rectified line input voltage V(t). Uni 
trode Products Datasheet entitled “UCC2817, UCC2818, 
UCC3817, UCC3818 BiCMOS Power Factor Preregulator” 
(SLUS3951) dated February 2000 Revised February 2006 
by Texas Instruments Incorporated, Copyright 2006-2007 
(referred to herein as “Unitrode datasheet’) and International 
Rectifier Datasheet entitled “Datasheet No PD60230 rev C 
IR1150(S(PbF) and IR 1150I(S)(PbF) dated Feb. 5, 2007 by 
International Rectifier, describe examples of a FTC control 
ler. The PPC controller Supplies a pulse width modulated 
(PWM) control signal CS to control the conductivity of 
Switch 108. 
0010. Two modes of switching stage operation exist: Dis 
continuous Conduction Mode (“DCM) and Continuous 
Conduction Mode ("CCM). In DCM, switch 108 of switch 
mode converter controller 114 (or boost converter) is turned 
on (e.g., “ON”) when the inductor current equals Zero. In 
CCM, Switch 108 of Switch-mode converter controller 114 
(or boost converter) switches “ON” when the inductor current 
is non-zero, and the current in the energy transfer inductor 
110 never reaches zero during the Switching cycle. In CCM, 
the current swing is less than in DCM, which results in lower 
IR power losses and lower ripple current for inductor current 
it which results in lower inductor core losses. The lower 
Voltage Swing also reduces Electro Magnetic Interference 
(EMI), and a smaller input filter can then be used. Since 
switch 108 is turned “OFF' when the inductor currenti, is not 
equal to Zero, diode 111 needs to be very fast in terms of 
reverse recovery in order to minimize losses. 
0011. The switching rate for switch 108 is typically oper 
ated in the range of 20 kHz to 100 kHz. Slower switching 
frequencies are avoided in order to avoid the human audio 
frequency range as well as avoid increasing the size of induc 
tor 110. Faster switching frequencies are typically, avoided 
since they increase the Switching losses and are more difficult 
to use in terms of meeting Radio Frequency Interference 
(RFI) standards. 
0012 Capacitor 106 supplies stored energy to load 112. 
The capacitor 106 is sufficiently large so as to maintain a 
Substantially constant link output voltage V(t) through the 
cycle of the line rate. The link output voltage V(t) remains 
Substantially constant during constant load conditions. How 
ever, as load conditions change, the link output voltage V(t) 
changes. The switch-mode converter controller 114 responds 
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to the changes in link output Voltage V(t) and adjusts the 
control signal CSo to resume a substantially constant output 
Voltage as quickly as possible. The Switch-mode converter 
controller 114 includes a small capacitor 115 to prevent any 
high frequency Switching signals from the line (mains) input 
Voltage V(t). 
0013 Switch-mode converter controller 114 receives two 
feedback signals, the rectified line input Voltage V(t) and the 
link output voltage V(t), via a wide bandwidth current loop 
116 and a slower voltage loop 118. The rectified line input 
voltage V(t) is sensed from node 120 between the diode 
rectifier 103 and inductor 110. The link output voltage V (L) 
is sensed from node 122 between diode 111 and load 112. The 
current loop 116 operates at a frequency f. that is sufficient to 
allow the switch-mode converter controller 114 to respond to 
changes in the rectified line input voltage V(t) and cause the 
inductor current it to track the rectified line input Voltage 
V(t) to provide power factor correction. The inductor current 
it controlled by the current loop 116 has a control bandwidth 
of 5 kHz to 10 kHz. The voltage loop 118 operates at a much 
slower frequency control bandwidth of about 5 Hz to 20 Hz. 
By operating at 5Hz to 20 Hz, the voltage loop 118 functions 
as a low pass filter to filtera harmonic ripple component of the 
link output Voltage V(t). 
0014 FIG. 1B shows an exemplary switch-mode buck 
converter 150 that comprises the similar elements that were 
used for switch-mode boost converter/stage 102 in FIG. 1A. 
Switch-mode converter controller 114 is coupled to switch 
mode buck converter 150. Switch-mode converter controller 
114 executes a switch control algorithm which defines 
Switching characteristics for the Switch control Signal CS 
that is used to control switch 108. 

0015 Switch-mode buck converter 150 includes switch 
108 coupled in series with inductor 110. One end of diode 111 
is coupled between switch 108 and inductor 110 at the posi 
tive side of the input voltage Vin. The other end of diode 111 
is coupled to the negative side of input Voltage Vin. Capacitor 
106 is coupled across the output voltage Vout. In contrast, for 
a Switch-mode buck converter (e.g., Switch-mode buck con 
verter 150), the average inductor current is the output current 
of the buck converter, and the input current is approximately 
calculated as: 

Iin=Iotti Vout/Win 

0016. This mode of operation for the switch-mode buck 
converter requires the output voltage Vout to be less than the 
input Voltage Vin. In some applications, the output current 
Iout is directly controlled, such as for LED lighting. In other 
applications, the output Voltage Vout requires regulation, and 
current control is still desirable. In FIG. 1B, switch-mode 
converter controller 114 is coupled to switch mode buck 
converter 150 in the manner shown. The current loop 152 
operates at a frequency f. that is sufficient to allow the Switch 
mode converter controller 114 to respond to changes in the 
rectified line input voltage V(t). A voltage feedback loop 154 
controls the input to a current regulator. 
0017. With reference now to FIG. 2A, a plot 200 of exem 
plary DCM current waveforms is shown for a switch control 
algorithm for controlling a switch (e.g., switch 108) of a 
Switch-mode boost converter (e.g., Switch-mode boost con 
verter/stage 102) at a time scale of 10 microseconds wherein 
the target current i, in FIG. 2A is set at 0.8 Amp. Plot 200 
shows the current waveform for inductor current it through 
inductor 110. Exemplary on-time t, and off-time t are also 
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shown. In this case, since the target current i, is low and 
below the exemplary minimum target current i, of 1 Amp 
for operating in CCM, the switch-mode boost converter/stage 
102 operates in DCM. 
(0018. With reference now to FIG. 2B, a plot 202 of exem 
plary DCM current waveforms is shown for a switch control 
algorithm for controlling a switch (e.g., switch 108) of a 
Switch-mode boost converter (e.g., Switch-mode boost con 
verter/stage 102) at a time scale of 10 microseconds wherein 
the target current i, in FIG. 2A is set at or very close to 1 
Amp (e.g., the exemplary minimum target current level i 
get). Plot 202, shows the current waveform for inductor cur 
rent i, through inductor 110. Exemplary on-time t, and off 
time trare again shown. In this case, since the target current 
it is at or very close to the minimum target currenti, of 
1 Amp for operating in DCM, the switch-mode boost con 
verter/stage 102 is in a transitional conduction mode in which 
operation of the switch-mode boost, stage/converter 102 may 
be able to be switched to CCM. 
0019. Several advantages of operating the switch-mode 
converter (e.g., switch-mode boost converter 102) in CCM 
exist. For example, “shoot-through conduction, in which the 
diode (e.g., diode 111) and the switch (e.g., switch 108) are 
both on for the same (transient) time, does not exist. The 
switch (e.g., switch 108) always turns on with Zero current 
(other than for parasitics). These advantages allow for good 
Switch-mode conversion efficiency at low cost. Also, the con 
trol of the switch for the switch-mode converter can be 
entirely open loop, with no need to sense the actual inductor 
Current. 

0020. However, there are disadvantages for operating a 
switch-mode converter in CCM. One disadvantage is that 
high ripple in the inductor current (e.g., inductor current i) 
exists. The Switch-mode converter in CCM also has a limited 
power range. In CCM, the Switch-mode converter has a peak 
current that is limited by the saturation limit of the inductor. 
The switch-mode converter in CCM is also limited by the 
current capability of the switch (e.g., switch 108) and diode 
(e.g., diode 111). 
0021. In various instances, transient power produced from 
a system utilizing a Switch-mode converter is higher than the 
rated maximum. In a pure DCM System, components must be 
rated for the peak transient. Thus, it may be desired to allow 
a system with a switch-mode converter operating in DCM to 
enter into CCM operation on a temporary basis to allow the 
system to deliver more power. However, controlling Such a 
system in CCM without current sensing has made for unreli 
able designs, as the inductor current can easily “run away’ 
and become excessive. 
0022. Thus, it is needed and desired to provide a switch 
mode converter that can operate in a mode that has the advan 
tages of both DCM and CCM and that minimizes or elimi 
nates at least some of the disadvantages of operating in CCM 
and/or DCM. It is further needed and desired to provide away 
to operate the switch-mode-converter in a hybrid DCM/CCM 
mode and to be able to operate in Such a mode Such that 
current sensing is not required. It is additionally needed and 
desired to be able to operate such a switch-mode converter in 
a hybrid DCM/CCM that can be used in a PFC system as well 
as for a number of other applications. 

SUMMARY OF THE INVENTION 

0023. A switching converter controller and method that 
use a finite State machine configured to operate and control a 
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Switch-mode converter in a hybrid discontinuous conduction 
mode (DCM)/continuous conduction mode (CCM) mode are 
disclosed. The Switch-mode converter has a Switch and an 
inductor coupled to the Switch, and the Switch-mode con 
Verter receives an input Voltage and provides an output Volt 
age. The hybrid mode involves using double (two) or more 
Switching pulses in a Switching period of a control signal for 
controlling the Switch-mode converter. The Switching period 
is defined by a switch on-time duration, a switch off-time 
duration, and an N number of switching pulses. Nisan integer 
greater than one. An inductor current through the inductor of 
the switch-mode converter is Zero before an initial switching 
pulse, is Zero after a last Switching pulse, and is non-zero for 
all other times within the switching period. 
0024. In one exemplary embodiment, the N number of 
Switching pulses is set equal two, and the Switch-mode con 
verter controller operates the switch-mode converter in a 
hybrid DCM/CCM double-pulse mode. In another exemplary 
embodiment, the N number of Switching pulses is set equal 
three, and the switch-mode converter controller operates the 
switch-mode converter in a hybrid DCM/CCM triple-pulse 
mode. 
0025. In a further exemplary embodiment, for a subse 
quent Switching pulse that is after the initial Switching pulse 
and before the last switching pulse, the switch is turned on for 
a fraction of the on-time duration and the Switch is turned off 
for the fraction of the off-time duration. The fraction is set to 
a value that is greater than Zero and less than one and is 
defined by a ratio of a width of the subsequent switching pulse 
to a width of the initial switching pulse. The fraction can be 
selected as an exemplary optimal value in a range between 
0.25 and 0.50. 
0026. Furthermore, the switching converter controller can 
be used as a power factor correction (PFC) controller for 
controlling is a Switch-mode boost converter of a powerfactor 
corrector. Also, the Switch-mode converter controller can be 
implemented on a single integrated circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0027. The present invention may be better understood, and 
its numerous objects, features and advantages made apparent 
to those skilled in the art by referencing the accompanying 
drawings. The use of the same reference number throughout 
the several figures designates a like or similar element. 
0028 FIG. 1A depicts an exemplary switch-mode boost 
converter/stage coupled to a Switch-mode converter control 
ler that is power factor correction (PFC) controller wherein 
the Switch-mode boost converter/stage is being used in a 
power factor corrector. 
0029 FIG. 1B depicts an exemplary switch-mode buck 
converter/stage coupled to a Switch-mode converter control 
ler. 
0030 FIG. 2A depicts exemplary current waveforms for a 
Switch control algorithm wherein the exemplary target cur 
rent is set below a minimum target current for operating in 
CCM (at 0.8Amp) and the switch-mode converter operates in 
DCM. 

0031 FIG. 2B depicts exemplary current waveforms for a 
Switch control algorithm wherein the exemplary target cur 
rent is set at or close to a minimum target current for operating 
in CCM (at 1 Amp) and the switch-mode converter still oper 
ates in DCM but may be able or close to switching to alter 
natively operating in CCM. 
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0032 FIG. 3A depicts an exemplary switching period of 
current waveforms for a switch control algorithm wherein the 
exemplary target current is set at or close to a minimum target 
current for operating in CCM (at 1 Amp) and the switch-mode 
converter still operates in DCM and FIG.3A is for comparing 
with FIG. 3B. 
0033 FIG. 3B depicts an exemplary switching period of 
current waveforms for a switch control algorithm wherein the 
switch-mode converter operates in the hybrid. DCM/CCM 
double-pulse mode. 
0034 FIG. 4 depicts a state diagram for implementing by 
the switch-mode converter controller shown in FIGS. 1A and 
1B the preferred switch control algorithm as characterized by 
the exemplary current waveforms of FIG. 3B for operating 
the switch-mode converter in the hybrid DCM/CCM double 
pulse mode. 
0035 FIG. 5A depicts an exemplary switching period of 
current waveforms for a switch control algorithm, wherein 
the exemplary target current is set at or close to a minimum 
target current for operating in CCM (at 1 Amp) and the 
switch-mode converter still operates in DCM and FIG. 5A is 
for comparing with FIG. 5B. 
0036 FIG. 5B depicts an exemplary switching period of 
current waveforms for a switch control algorithm wherein the 
switch-mode converter operates in the hybrid DCM/CCM 
triple-pulse mode. 
0037 FIG. 6 depicts a state diagram for implementing by 
the switch-mode converter controller shown in FIGS. 1A and 
1B the preferred switch control algorithm as characterized by 
the exemplary current waveforms of FIG. 5B for operating 
the switch-mode converter in the hybrid DCM/CCM triple 
pulse mode. 
0038 FIG. 7 depicts an exemplary power factor corrector 
that includes a switch-mode converter controller (PFC con 
troller) on a single integrated circuit, that is able to incorpo 
rate and implement the FSM algorithms of the present inven 
tion, wherein the switch-mode converter controller is coupled 
to a Switch-mode converter. 

DETAILED DESCRIPTION 

0039. The present invention provides a switch-mode con 
verter that operates in a mode, which is defined and disclosed 
as a hybrid. DCM/CCM mode. A switch-mode converter 
operating in the hybrid DCM/CCM mode has advantages of 
both DCM and CCM. The hybrid DCM/CCM mode also 
minimizes or eliminates at least some Of the disadvantages of 
operating in CCM and/or DCM. For example, a switch-mode 
converter operating in the hybrid DCM/CCM mode does not 
require the use of current sensing. Significantly more current 
can be delivered by the hybrid DCM/CCM mode as con 
trasted with the DCM, given the same power components. 
Two exemplary embodiments for operating the Switch-mode 
converter will be discussed in detail in this specification: a 
hybrid DCM/CCM double-pulse mode and a hybrid DCM/ 
CCM triple-pulse mode. However, the present invention is 
not in any way limited, to being implemented by the use of 
just a double-pulse or triple pulse defined in the Switching 
period, and additional pulses in the Switching period may 
further be added and utilized as well. Practically, the number 
of pulses implemented in the Switching period may be limited 
by the eventual mismatch between the current in the ideal 
model and the actual circuit that exists as additional pulses are 
added and used. Furthermore, such a switch-mode converter 
operating in a hybrid DCM/CCM can be used in a PFC system 
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as well as for a number of other systems and applications. The 
systems and applications which incorporate the present 
invention are not in any way limited to the ones disclosed in 
this specification. 
0040 Switch-mode converter controller 114 of FIGS. 1A 
and 1B can be utilized and configured to operate the respec 
tive switch-mode converter 100 or 150 in the hybrid DCM/ 
CCM mode in accordance with the principles of the present 
invention. Switch-mode converter 114 further has a finite 
state machine (FSM) 117 which includes a timer. The switch 
control algorithms defined by the characteristics of the exem 
plary current waveforms in FIGS. 3B and 5B and the corre 
sponding state diagrams in FIGS. 4 and 6, which will be 
discussed in more detail later, can be implemented as FSM 
algorithms that are executed by FSM 117 and the timer. Thus, 
elements and components of Switch-mode controller 114 and 
Switch-mode converter 100 or 150 will be referenced when 
discussing the present invention in this specification. 
0041 FIG. 3A depicts a plot 300 which shows an exem 
plary switching period of current waveforms for a switch 
control algorithm. The switch control algorithm would be 
used, for example, to control switch 108 of switch-mode 
converter 102 or 150. In the exemplary current waveforms of 
FIG. 3A, the target current is set at or close to the exemplary 
minimum target current for operating a Switch-mode con 
verter in CCM, that is, 1 Amp in this example. Plot 300 shows 
that the exemplary switching period represented by the total 
time period TT. The total time period TT is the sum of the 
on-time duration T and off-time duration T of switch 108, 
that is, 

0042. Referring specifically to the example in plot 300, 
on-time duration T is equal to 4 microseconds while off-time 
duration T is equal to 2 microseconds. Thus, the total time 
period TT for the switching period is 6 microseconds. The 
ratio of the on-time duration T to the off-time duration T is 
determined by the input and output Voltages. In implementing 
a Switch control algorithm based on the characteristics in plot 
300 of FIG. 3A, the switch-mode converter 102 or 150 still 
operates in DCM. However, the switch-mode converter 102 
or 150 may be able or close to switching to alternatively to 
operate in CCM since the target current is at the exemplary 
minimum target current level of 1 Amp for operating in CCM. 
Plot 300 of FIG. 3A will be used for comparison purposes 
with plot 302 of FIG. 3B. 
0043 FIG. 3B shows a plot 302 which depicts an exem 
plary switching period of current waveforms for a switch 
control algorithm in accordance with the principles of the 
present invention. The switch control algorithm would be 
used, for example, to control switch 108 of switch-mode 
converter 102 or 150. In the exemplary current waveforms of 
FIG. 3B, the switch-mode converter 102 or 150 operates in 
the hybrid DCM/CCM double-pulse mode. 
0044) Generally, the hybrid DCM/CCM mode for a switch 
mode converter involves adding one or more additional 
pulses (i.e., adding n pulses) to the Switching period to further 
increase the average current is of the inductor currenti,. 
For example, the hybrid DCM/CCM double-pulse mode 
involves having two switching pulses P1 and P2 defined in the 
switching period as shown in plot 302. Switching pulse P2 is 
defined and used in addition to the switching pulse P1 in the 
switching period. As another example, the hybrid DCM/ 
CCM triple-pulse mode involves having three switching 
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pulses P1, P2, and P3 defined in the switching period as 
shown in plot 502. Switching pulses P2 and P3 are defined 
and used in addition to the Switching pulse P1 in the Switching 
period. 
0045. The number of n pulses added is limited by the 
inaccuracy of the current model. Such inaccuracies include 
mismatches generally caused by parasitic components and 
non-Zero on-voltages. For high Voltage systems (e.g., 400 
Volts), three to four pulses can be added to the switching 
period without the occurrence of significant current control 
error. Thus, these circuit non-idealities drive the average cur 
renti for inductor currenti, lower than what is modeled 
by simple mathematics so that destructive operation of the 
circuit is avoided. The model currents will drift, away from 
the actual currents until Such time as the inductor current it is 
allowed to go to Zero, and the process is re-started. The drift 
limits the practical number of pulses that can be added to the 
Switching period. The number of Subsequently added pulses, 
and hence additional current capacity, can be increased with 
more accurate modeling. 
0046. The general mathematical relationships for adding 
pulses (e.g., adding n pulses) in the Switching period for 
controlling a switch in the switch-mode converter so that the 
switch-mode converter can operate in the hybrid DCM/CCM 
mode are now discussed. If n number of pulses are added to 
the Switching period; the total charge transferred is defined as: 

Total Charge Q=Q1*(1+n(1-(1-r) 

0047 where Q1 is the total charge for a single period of the 
inductor current i, operating in DCM (and not in the hybrid 
DCM/CCM mode) operating at the same peak current; n is the 
number of added pulses; and r is a fraction defined by the ratio 
of the width of subsequent pulses to the width of the initial 
pulse. The optimum value selected for r is usually in the range 
of 0.25 and 0.50. 

0048 Since n number of pulses is added to the switching 
period, the total time duration TT" (e.g., in FIGS. 3B and 5B) 
of the Switching period becomes respectively longer than the 
total timer duration TT (e.g., in FIGS. 3A and 5B). For 
example, a first off-time duration rT is added to the total 
Switching period, and a second on-time duration rT is also 
added to the total switching period. Thus, the total time dura 
tion TT for the switching period is then determined by: 

Equation C 

0049. In other words, the total time duration TT for the 
switch-mode converter operating in the hybrid DCM/CCM 
mode is defined as (1+nr) longer than the Switching time 
period TT=(T+T), that is, the total switching time period 
defined for when the switch-mode converter simply operates 
in DCM. 

0050. The average current for operating the switch-mode 
converter in the hybrid DCM/CCM mode is defined as fol 
lows: 

Equation D 

average 

n*r) Equation E 

0051. However, the average current (e.g., target current 
i) when the Switch-mode converter is operating in DCM 
is defined as follows: 

0.052 Thus, operating the switch-mode converter in the 
hybrid DCM/CCM mode provides an improved/additional 

Equation F 
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average current over and in comparison with operating the 
switch-mode converter simply in the DCM mode, defined by 
the following ratio: 

0053. In other words, operating the switch-mode con 
verter in the hybrid DCM/CCM mode provides i fi e-erage sergei 

more times average current than operating the switch-mode 
converter simply in DCM. r is selected within the range of 
0.25 to 0.50 based on an optimal value calculation. Such a 
calculation is achieved by performing a derivative on the ratio 
i.e/i.e., defined in Equation G. 
0054 Referring now to the specific example in plot 302 of 
FIG. 3B, the charge area Q1 defined by a first set of bolded 
boundaries represents the charge defined in a first portion of 
the current waveform for inductor currenti, when the switch 
mode converter is operating in the hybrid DCM/CCM mode. 
The area Q1 in FIG. 3B is identical to the area Q1 defined by 
the bolded boundaries in FIG. 3A since Q1 represents the 
charge defined for a single Switching period of the current 
waveform for inductor current i, when the switch-mode con 
verter is simply operating in DCM. Plot 302 further shows an 
additional charge area Q2 defined by a second set of bold 
boundaries. Area Q2 defines new/added charge for a second 
portion of the current waveform for inductor currenti, when 
the switch-mode converter is operating in the hybrid DCM/ 
CCM mode. Since two pulses. P1 and P2 (e.g., total N number 
of pulses-2 pulses in this case wherein N>1)are defined in the 
Switching period, the Switch-mode converter in this case is 
considered to be operating in the hybrid DCM/CCM double 
pulse mode. 
0055. In this example of FIG.3B, n is equal to 1 since pulse 
P2 is added, and r is set equal to 0.5. The total charge being 
transferred for the switching period is then calculated as: 

Equation G 

0056. The total time duration TT for the switching period 
is defined as: 

Equation H 

TT = (T + T): (1 + 1 : 0.5) Equation I 

= 1.5 : (T + T2) = 

= 1.5 : TT 

= 1.5(4 microsec.--2 microsec.) 

=9 microseconds. 

0057. In other words, the total time duration TT for the 
switching period defined when the switch-mode converter is 
operating in the hybrid DCM/CCM mode (e.g., FIG. 3B) is 
1.5 times longer than the switching period defined when the 
Switch-mode converter is simply operating in DCM (e.g., 
FIG.3A). FIG. 3B also shows that the total time duration TT 
is the sum of on-time duration T+off-time duration T/2+on 
time duration T/2+off-time duration T. This break down of 
the total time duration TT will be used for the timing in 
controlling activation and deactivation of the Switch (e.g., 
switch 108). 
0058. The current comparison ratio between the hybrid 
DCM/CCM mode and the DCM mode is then calculated as 
follows: 
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iverage (1 + 1 (1-(1-0.5))) Equation J 
itarget (1 + 1 : 0.5) 

1.75 
- is 
= 1.1666 

0059. That is, the average current provided when the 
switch-mode converter is operating in the hybrid DCM/CCM 
double-pulse mode is 1.1666 times the average current when 
the same Switch-mode converter is simply operating in DCM. 
This comparison is shown in FIG. 3B where the i line is 
at 1.1666 Amp while the is line is at 1 Amp. 
0060. With reference now to FIG.4, a state diagram 400 is 
shown for the FSM 117 in FIGS. 1A and 1B. State diagram 
400 shows how the FSM algorithm implements the preferred 
Switch control algorithm as characterized by the exemplary 
current waveforms of FIG. 3B for operating the switch-mode 
converter in the hybrid DCM/CCM double-pulse mode. The 
timer that is in FSM 117 is used in implementing and execut 
ing the switch timing for the FSM algorithm (e.g., Switch 
control algorithm). 
0061 State diagram 400 shows that for this preferred con 
trol technique embodiment, FSM algorithm moves to a state 
S0 in which the timer is reset. At state S0, Switch 108 is on, 
and the timer waits for an on-time duration T (e.g., the 
on-time duration T is the on-time duration defined by when 
the Switch-mode converter would have been simply operating 
in DCM). When the timer reaches the end of the on-time 
duration T, the off-time duration T (e.g., the off-time dura 
tion T is the off-time duration defined by when the switch 
mode converter would have been simply operating in DCM) 
is calculated or determined. The FSM algorithm then moves 
to state S1 in which switch 108turns off, and the timer is reset. 
FSM algorithm stays at state S1 until the timer tracks and 
waits an off-time duration T/2. 
0062. When the timer reaches the end of the off-time dura 
tion T/2, FSM algorithm then moves to state S2 in which the 
switch 108 is turned back on. Timer is again reset. FSM 
algorithm stays at state S2 until the timer tracks, and waits an 
on-time duration T/2. When the timer reaches the end of the 
on-time duration T/2, FSM algorithm then moves to state S3 
in which the switch 108 is turned back off. Timer is then reset. 
FSM algorithm stays at state S3 until the timer tracks and 
waits the off-time duration T. FSM algorithm then returns to 
state S0 and repeats the process therefrom. 
0063 FIG. 5A depicts a plot 500 which is identical to the 
plot 300 shown in FIG. 3A. Plot 500 in FIG. 5A is used for 
comparing, exemplary current waveforms that are shown for 
operating the switch-mode converter in DCM with exemplary 
current waveforms in plot 502 in FIG. 5B for a switch-mode 
converter operating in the hybrid DCM/CCM mode. 
0064 Referring now to the specific example in plot 502 of 
FIG. 5B, the charge area Q1 defined by a first set of bolded 
boundaries represents the charge defined in a first portion of 
the current waveform for inductor currenti, when the switch 
mode converter is operating in the hybrid DCM/CCM mode. 
The area Q1 in FIG. 5B is identical to the area Q1 defined by 
the bolded boundaries in FIG.5A since area Q1 represents the 
charge defined for a single Switching period of the current 
waveform for inductor current i, when the switch-mode con 
verter is simply operating in DCM. Plot 502 further shows an 

average 
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additional charge area-Q2 defined by a second set of bold 
boundaries. Area Q2 defines new/added charge for a second 
portion of the current waveform for inductor current i, when 
the switch-mode converter is operating in the hybrid DCM/ 
CCM mode. Plot 502 further shows a further additional 
charge area Q3 defined by a third set of bold boundaries. Area 
Q3 defines new/added charge for a third portion of the current 
waveform for inductor current i, when the switch-mode con 
verter is operating in the hybrid DCM/CCM mode. Since 
three pulses P1, P2, and P3 (e.g., total N number of pulses=3 
pulses in this case wherein N>1) are defined in the switching 
period, the Switch-mode converter in this case is considered to 
be operating in the hybrid DCM/CCM triple-pulse mode. In 
this exemplary case, the Switching pulse P2 is considered to 
be a Subsequent pulse that is after the initial Switching pulse 
P1 and before the last switching pulse P3. 
0065. In this example of FIG. 5B, n is equal to 2 since 
pulses P2 and P3 are added, and r is set equal to 0.5. The total 
charge being transferred for the Switching period, is then 
calculated as: 

0066. The total time duration TT for the switching period 
is defined as: 

Equation H 

TT = (T + T): (1 + 2 : 0.5) Equation I 

= 2 : (T + T2) = 

= 2: TT 

= 2 : (4 microsec.--2 microsec.) 

= 12 microseconds. 

0067. In other words, the total time duration TT for the 
switching period defined when the switch-mode converter is 
operating in the hybrid DCM/CCM mode (e.g., FIG. 5B) is 2 
times longer than the Switching period defined when the 
Switch-mode converter is simply operating in DCM (e.g., 
FIG.5A). FIG.5R also shows that the total time duration TT 
is the sum of on-time duration T+off-time duration T/2+on 
time duration T/2+off-time duration T/2+on-time duration 
T/2+off-time duration T+. This breakdown of the total time 
duration TT will be used for the timing in controlling activa 
tion and deactivation of the switch (e.g., switch 108). 
0068. The current comparison ratio between the hybrid 
DCM/CCM mode and the DCM mode is then calculated as 
follows: 

incrge (1 +2(1 - (1 - 0.5))) Equation J 
itarget (1 + 2 : 0.5) 

2.5 
- 
= 1.25 

0069. That is, the average current provided when the 
switch-mode converter is operating in the hybrid DCM/CCM 
triple-pulse mode is 1.25 times that when the switch-mode 
converter is simply operating in DCM. This comparison is 
shown in FIG.SB where the i line is at 1.25 Amp while average 

the is line is at 1 Amp. 
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(0070. With reference now to FIG. 6, a state diagram 600 is 
shown for the FSM 117 in FIGS. 1A and 1B. State diagram 
600 shows how the FSM algorithm implements the preferred 
Switch control algorithm as characterized by the exemplary 
current waveforms of FIG. 5B for operating the switch-mode 
converter in the hybrid DCM/CCM triple-pulse mode. The 
timer that is in FSM 117 is also used to implement and execute 
the timing for the FSM algorithm (e.g., Switch control algo 
rithm). 
0071 State diagram 600 shows that for this preferred con 
trol technique embodiment, FSM algorithm moves to a state. 
S0 in which the timer is reset. At state S0, Switch 108 is on, 
and the timer waits for an on-time duration T (e.g., the 
on-time duration T is the on-time duration defined by when 
the Switch-mode converter would have been simply operating 
in DCM). When the timer reaches the end of the on-time 
duration T, the off-time duration T (e.g., the off-time dura 
tion T is the off-time duration defined by when the switch 
mode converter would have been simply operating in DCM) 
is calculated or determined. The FSM algorithm then moves 
to state S1 in which switch 108turns off, and the timer is reset. 
FSM algorithm stays at state S1 until the timer tracks and 
waits an off-time-duration T/2. 
0072. When the timer reaches the end of the off-time dura 
tion T/2, FSM algorithm then moves to state S2 in which the 
switch 108 is turned back on. Timer is again reset. FSM 
algorithm stays at State S2 until the timer tracks and waits an 
on-time duration T/2. When the timer reaches the end of the 
on-time duration T/2, FSM algorithm then moves to state S3 
in which the switch 108 is turned back off. Timer is then reset. 
FSM algorithm stays at state S3 until the timer tracks and 
waits an off-time duration T/2. When the timer reaches the 
end of the off-time duration T/2, FSM algorithm then moves 
to state S4 in which the switch 108 is turned hack on. Timer is 
again reset. FSM algorithm stays at state S4 until the timer 
tracks and waits an on-time duration T/2. When the timer 
reaches the end of the on-time duration T/2, FSM algorithm 
then moves to state S5 in which the switch 108 is turned off 
Timer is again reset. FSM algorithm stays at state S5 until the 
timer tracks and waits an off-time duration T. FSM algo 
rithm stays at state S5 until the timer tracks and waits the 
off-time duration. T. FSM algorithm then returns to state S0 
and repeats the process therefrom. 
(0073. With reference now to FIG. 7, an exemplary power 
factor corrector 700 is shown. Power factor corrector 700 
comprises full-wave diodebridge rectifier 103; capacitor 115; 
switch-mode converter 102, which is a switch-mode boost 
converter/stage; and switch-mode converter controller 114 
which operates as a power factor correction (PFC) controller. 
These elements and components are coupled in the manner 
shown in FIG. 7. The switch-mode controller 114 (e.g., PFC 
controller) uses a finite state machine 117 that has a timer. 
Switch-mode converter 102 further includes inductor 110, 
diode 111, switch 108, and capacitor 106. A line (mains) 
voltage source 101 can couple to the input of power factor 
corrector 700, and a load 112 can couple to the output of 
power factor corrector 700. 
0074 Switching of switch 108 may be calculated and per 
formed so that the average current of boost inductor current 
it, being the input current, varies proportionately with the 
rectified line input voltage V(t) where the proportionality 
ratio is selected Such that the capacitor link Voltage/output 
Voltage V(t) is regulated. Switch-mode conversion controller 
114 (PFC controller) and its operations and functions can be 
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implemented on a single integrated circuit. A Voltage divider 
comprising resistors R1 and R2 is coupled to the input of the 
switch-mode converter controller 114 where the input voltage 
V(t) is fed in, and another Voltage divider comprising resis 
tors R3 and R4 is coupled to the input of the switch-mode 
converter controller 114 where the link output voltage V(t) is 
fed in. The values for resistors R1,R2, R3, and R4 are selected 
so that the Voltage dividers scale down the line input voltage 
V(t) and link output Voltage V(t) to scaled line input Voltage 
V(t) and scaled link output Voltage V(t) that can be used 
for an integrated circuit. 
0075. In a power factor corrector, there are times in which 
extra current is desired for a short period of time. Such exem 
plary times include but are not limited to the time at the peak 
of the input sine-wave at low-line operation, during recovery 
from temporary input sag or brown-out, during start-up, and 
during load transients. The switch-mode converter controller 
114 (e.g., PFC controller) that implements and executes the 
FSM algorithm (e.g., switch control algorithm) for control 
ling switch 108 to operate the switch-mode boost converter/ 
stage 102 in the hybrid DCM/CCM mode can provide the 
advantages of providing Such additional current during these 
times without adding additional components or complexity to 
the overall power factor corrector. Such advantages can fur 
ther provide cost-savings and improve efficiency for the over 
all power factor corrector. 
0076 Furthermore, an error may exist between the actu 
ally observed off-time duration T. (e.g., observed as the 
actual off-time or flyback time of switch 108) and the above 
mathematically calculated off-time duration T. Such an error 
e is calculated as follows: 

e=Calculated T-Observed T. 

0077. The error e can be compensated by dividing it 
among and during the off-times provided by the additional 
pulse(s) such that the current waveform for the inductor cur 
rent I (e.g., in FIGS. 3B and 5B) does not ramp or decay. For 
example, if the off-time T. CalculatedT/2, then the updated 
off-time T2 maybe Updated Off-Time T. Calculated T/2- 
e/4. The inductor current it can be accurately controlled after 
making a few iterations of error compensation. Such compen 
sation for errore allows for a larger n number of pulses to be, 
added to the switching period and in effect allow the average 
current it be made higher. Such error compensation also 
allows the actual Switch-mode conversion system to be cali 
brated against the mathematically modeled Switch-mode con 
version system. 
0078. An additional benefit of operating a switch-mode 
current in the hybrid DCM/CCM mode exists, even when 
operating it in DCM would be adequate for the required 
current. For example, when operating the Switch-mode con 
verter in the hybrid DCM/CCM mode, the current waveform 
for the inductor current it is less repetitive, which causes less 
radio frequency interference (RFI) than when simply operat 
ing the switch-mode converter in DCM. 
0079 Although the present invention has been described 
in detail, it should be understood that various changes, Sub 
stitutions and alterations can be made hereto without depart 
ing from the spirit and scope of the invention as defined by the 
appended, claims. 

Equation K 

1. A Switching converter controller for controlling a 
Switch-mode converter which has a Switch and an inductor 
coupled to the switch wherein the switch-mode converter 
receives an input Voltage and provides an output Voltage, 
comprising: 
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a finite state machine configured to operate the Switch 
mode converter in a hybrid discontinuous conduction 
mode (DCM)/continuous conduction mode (CCM) 
mode; and 

wherein the finite state machine defines a Switching period 
for a control signal for controlling the Switch based on an 
on-time duration of the Switch and an off-time duration 
of the Switch and wherein an average inductor current is 
calculated for the switching period from the on-time 
duration of the switch and the off-time duration of the 
Switch. 

2. The switching converter controller of claim 1 wherein 
the finite state machine defines the switching period for the 
control signal for controlling the Switch also based on an N 
number of switching pulses defined within the switching 
period wherein N is an integer greater than one and wherein 
the average inductor current through the inductor is Zero 
beforean initial switching pulse of the N number of switching 
pulses, is Zero after a last switching pulse of the N number of 
Switching pulses, and is non-Zero for all other times within the 
Switching period. 

3. The switching converter controller of claim 2 wherein 
the N number of switching pulses is two Switching pulses and 
the hybrid DCM/CCM mode is a hybrid DCM/CCM double 
pulse mode. 

4. The switching converter controller of claim 2 wherein 
the N number of Switching pulses is three Switching pulses 
and the hybrid DCM/CCM mode is a hybrid DCM/CCM 
triple-pulse mode. 

5. The switching converter controller of claim 2 wherein 
for a Subsequent Switching pulse after the initial Switching 
pulse and before the last switching pulse, the switch is turned 
on for a fraction of the on-time duration and the switch is 
turned off for the fraction of the off-time duration, wherein 
the fraction is greater than Zero and less than one and is 
defined by a ratio of a width of the subsequent switching pulse 
to a width of the initial switching pulse. 

6. The switching converter controller of claim 5 wherein 
the fraction is selected as an optimal value in a range between 
0.25 and 0.50. 

7. The switching converter controller of claim 1 wherein 
the Switching converter controller is a powerfactor correction 
(PFC) controller for controlling the switch-mode converter 
that is a Switch-mode boost converter. 

8. A method for controlling a switch-mode converter which 
has a switch and an inductor coupled to the switch wherein the 
Switch-mode converter receives an input Voltage and provides 
an output Voltage, comprising: 

configuring to operate the Switch-mode converter in a 
hybrid discontinuous conduction mode (DCM)/continu 
ous conduction mode (CCM) mode: 

defining a Switching period for a control signal for control 
ling the Switch based on an on-time duration of the 
Switch and an off-time duration of the Switch; and 

calculating an average inductor current for the Switching 
period from the on-time duration of the switch and the 
off-time duration of the Switch. 

9. The method of claim 8 further comprising: 
defining a Switching period for the control signal for con 

trolling the switch also based on an N number of switch 
ing pulses defined within the Switching period wherein 
N is an integer greater than one and wherein the average 
inductor current through the inductor is zero before an 
initial switching pulse of the N number of switching 
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pulses, is zero after a last switching pulse of the N 
number of Switching pulses, and is non-Zero for all other 
times within the switching period. 

10. The method of claim 9 wherein the N number of switch 
ing pulses is two Switching pulses and further comprising: 

configuring to operate the Switch-mode converter in a 
hybrid DCM/CCM double-pulse mode. 

11. The method of claim 9 wherein the N number of switch 
ing pulses is three Switching pulses and further comprising: 

configuring to operate the Switch mode converter in a 
hybrid DCM/CCM triple-pulse mode. 

12. The method of claim 9 further comprising: 
defining a fraction, that is greater than Zero and less than 

one, based on a ratio of a width of a Subsequent Switch 
ing pulse after the initial Switching pulse and before the 
last Switching pulse to a width of the initial Switching 
pulse; and for the Subsequent Switching pulse, turning on 
the switch for a fraction of the on-time duration and 
turning off the switch for the fraction of the off-time 
duration. 

13. The method of claim 12 wherein defining the fraction 
further comprises: 

Selecting an optimal value for the fraction in a range 
between 025 and 0.50. 

14. The method of claim 8 further comprising: 
controlling the Switch-mode converter that is a Switch 
mode boost converter which is used in a power factor 
COrrectOr. 

15. An integrated circuit which incorporates a switch-mode 
converter controller for controlling a switch-mode converter 
which has a switch and an inductor coupled to the switch 
wherein the Switch-mode converter receives an input Voltage 
and provides an output Voltage, and wherein the Switch-mode 
converter controller includes a finite state machine, the inte 
grated circuit configured to: 

operate the switch-mode converter in a hybrid discontinu 
ous conduction mode (DCM)/continuous conduction 
mode (CCM) mode: 

define a Switching period for a control signal for control 
ling the Switch based on an on-time duration of the 
twitch and an off-time duration of the Switch; and 

calculating an average inductor current for the Switching 
period from the on-time duration of the switch and the 
off-time duration of the Switch. 

16. The integrated circuit of claim 15 further configured to: 
define the Switching period for the control signal for con 

trolling the switch also based on an N number of switch 
ing pulses defined within the Switching period wherein 
N is an integer greater than one and wherein the average 
inductor current through the inductor is Zero before an 
initial switching pulse of the N number of switching 
pulses, is zero after a last switching pulse of the N 
number of Switching pulses, and is non-Zero for all other 
times within the Switching period. 

17. The integrated circuit of claim 16 further configured to: 
set the N number of switching pulses to two switching 

pulses; and 
operate the switch-mode converter in a hybrid DCM/CCM 

double-pulse mode. 
18. The integrated circuit of claim 16 further configured to: 
set the N number of Switching pulses to three switching 

pulses; and 
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operate the switch-mode converter in a hybrid DCM/CCM 
triple-pulse mode. 

19. The integrated circuit of claim 16 further configured to: 
define a fraction, that is greater than Zero and less than one, 

based on a ratio of a width of a Subsequent Switching 
pulse after the initial switching pulse and before the last 
Switching pulse to a width of the initial Switching pulse: 
and 

for the Subsequent Switching pulse, turn on the Switch for a 
fraction of the on-time duration and turn off the switch 
for the fraction of the off-time duration. 

20. The integrated circuit of claim 19 further configured to: 
select the fraction as an optimal value in a range between 

0.25 and 0.50. 
21. The integrated circuit of claim 15 further configured to: 
control the Switch-mode converter that is a Switch-mode 

boost converter which is used in a power factor corrector. 
22. A power factor corrector (PFC), comprising: 
a Switch-mode boost stage having a Switch and an inductor 

coupled to the switch wherein the switch-mode boost 
stage receives a rectified line input Voltage and provides 
a link output Voltage; 

a target current generator for receiving the link output 
Voltage and for generating a target current proportionate 
to the rectified line input Voltage; and 

a finite state machine configured to operate the Switch 
mode boost stage in a hybrid discontinuous conduction 
mode (DCM)/continuous conduction mode (CCM) 
mode wherein the finite state machine defines a switch 
ing period for a control signal for controlling the Switch 
based on an on-time duration of the Switch and an off 
time duration of the Switch and wherein an average 
inductor current is calculated for the Switching period 
from the on-time duration of the switch and the off-time 
duration of the switch. 

23. The PFC of claim 22 wherein the finite state machine 
defines the Switching period for the control signal for control 
ling the Switch also based on an N number of Switching pulses 
defined within the switching period wherein N is an integer 
greater than one and wherein the average inductor current 
through the inductor is Zero before an initial Switching pulse 
of the N number of switching pulses, is Zero after a last 
Switching pulse of the N number of Switching pulses, and is 
non-zero for all other times within the switching period. 

24. The PFC of claim 23 wherein the N number of Switch 
ing pulses is two switching pulses and the hybrid DCM/CCM 
mode is a hybrid DCM/CCM double-pulse mode. 

25. The PFC of claim 23 wherein the N number of Switch 
ing pulses is three switching pulses and the hybrid DCM/ 
CCM mode is a hybrid DCM/CCM triple-pulse mode. 

26. The PFC of claim 23 wherein for a subsequent switch 
ing pulse after the initial Switching pulse and before the last 
switching pulse, the switch is turned on for a fraction of the 
on-time duration and the switch is turned off for the fraction 
of the off-time duration, wherein the fraction is greater than 
Zero and less than one and is defined by a ratio of a width of 
the subsequent switching pulse to a width of the initial switch 
ing pulse. 

27. The PFC of claim 26 wherein the fraction is selected as 
an optimal value in a range between 0.25 and 0.50. 
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