U8005920471A

Unlted States Patent [19]

[11] Patent Number:

5,920,471

Rajagopalan et al.

[45]

Jul. 6, 1999

[54]

Date of Patent:

METHOD AND APPARATUS FOR

5,095,416

3/1992 Ohms ........................................ 363/97

AUTOMATIC AVERAGE CURRENT MODE

5,614,810

3/1997 Nostwick et al. ...................... 323/207

CONTROLLED POWER FACTOR

5,617,013

4/1997 Cozzi ...................

CORRECTION WITHOUT INPUT VOLTAGE

5,742,151

4/1998

323/207

Hwang ...................................... 363/89

SENSING
FOREIGN PATENT DOCUMENTS

[75]

anentOISI Jayendar RajagOPalan, Santa Clara,

wo 93/19514

Calif; Paolo Nora; Milan, Italy; Fred
C. Lee; Blacksburg; Va.

[73]

[21]
[22]

.
.
Primary Examiner—Peter S. Wong

Assignees: SGS-Thomson Microelectronics, SRL;

Assistant Examiner—Ba0 0- V11

Attorney) Again 0r Firm—MeDermott, Will & Emery

Propertles, Inc.; Blacksburg; Va.

[57]

Appl. No.: 08/921,062
.
.
Flled’
Aug. 29’ 1997

P

. .

1

.

Milan; Italy; Virginia Tech Intellectual

1.

.

N

60 024 878 A

ABSTRACT

A method for preparing power factor control integrated
circuits which generate linear pulse width modulation
(PWM) waveforms is presented. The method of pulse width
modulation waveform eneration involves rovidin a
g
p
g
capacitor; fast charging the capacitor; and controlling a

.
.
Related U S Appllcatlon Data
' '
60

9/1993 WIPO ........................... H02M 3/158

30 1996

discharge rate of the capacitor to ensure a constant switching

[ ]
[51]

mVlswna app lemon 0' / ’
’ ug’ ’
’
Int. Cl.6 ............................. H02M 1/12; H02M 5/42;
G05F 1/40

[52]

us. Cl. ................................. 363/89; 363/48; 363/80;

niques which utilize three feedback loops, the method of the

323 /288

P resent invention reduces the total number of feedback 100 P s

Field of Search .................................. 363/44; 47; 48;

to two, eliminates input voltage sensing and achieves the

363/74, 80; 81; 89; 323/285; 288; 222

same objective. This method results in signiﬁcant integrated
circuit simpliﬁcation; such as elimination of multiplier;
squarer and divider circuits in the control integrated circuit
and reduces the cost of the integrated circuit.

[58]
[56]

period and a linear PWM waveform. The method is applicable for any single-phase ac/dc converter topology that
performs power factor correction. Unlike conventional tech-

References Cited
U S PATENT DOCUMENTS
4,816,982

3/1989 Severinsky ................................ 363/44

22 Claims, 20 Drawing Sheets

rem'lmn
letmainl
aflllt'o

relzvline

look i‘

C

2"

I

v,v|

C‘

Tusssin
(tl

oneshpulw,

external capadtnr
27n
anexhpulse
tpzllln
P

(
(lock

tplll:5n
tphlt5ll

rehezout

)

tplh:5ll
hl.§
1P n

US. Patent

Jul. 6, 1999

Sheet 1 0f 20

5,920,471

VOIReq
PWM
SIGNALS

/

PWM
WAVEFORM
>t
FIG. 1(b)

DUTY
RATIO

E
'

.

.

.

.

E
'

i
'

E
'

E
f_ t
‘
V

0

FIG. 1(C)

D1TS TS

kth CYCLE

DZTS

2T5 t

(k+1) TH CYCLE

VCVS

(J

{J

PWM
WAVEFORM

34

32
RATIO

’

VRETT

VOLTAGE f
[00?
COMPENSATION

CONTROL
CIRCUITRY

44

CHARGE f“

PWM
CIRCUIIRY.

/
BOO
UUUUEER

INPUT ClﬁRENT

INPUTVOLTAGE
4°
‘
DUTY \AST
PUT
OUT VOLTAGE >

Jul. 6, 1999
Sheet 2 0f 20

FIG. 2

COMPARATOR 36

38

US. Patent

5,920,471

D—

\_r

\I\I\

‘J

VI

A

VOLTAGE LOOP COMPENSATION 44

(“InMOSL

w!
o
1:

MULTIPLIEROR
cvs

(42

)RST2

L

Vref V0

36

(38)

5

R Q

COMPARATOR

nITOS2

(42)

CLOCK :
PULSE (33)

lCC2

IT

jRSTLIﬁ.

\

CHARGE CONTROL CIRCUITS
I

GATE DRIVE SIGNAL

__

FI G . 3

Sheet 3 0f 20

PWM
WAVEFOIIM

34

I—_

V2l

I
'

24

LOAD

21__

Jul. 6, 1999

32

Dmax SIGNAL

I>rr

DIODE
BRIDGE

mm

NETWORK swncu
20
g‘

smsme

lﬁl

qusnnoucrgiil

RESNIIIIE ‘/

)6

i

ENABLE PULSE

CONTROL FOR TANDEM OPERATION OF
CHARGE CONTROL CAPACITORS (38)

'2

LINEVOLTAGECD

I4 \

US. Patent

5,920,471

JuL6,1999

Sheet4 0f20

5,920,471

.IIII

.l-------__———..-_.l---|.--_-_----_-- T"'-'

VOLEAGE
ACROSS
CHARGE
CAP #1

IIIIIII

US. Patent

INTEGRATE
PHASE

1

max SIGNAL
VOLTAGEA
ACROSS
CHARGE
CAR#2

G <'In>k
/

HOLDPHASE

FIG. 4(c)
CASE“)

A

"7/.--"

0 kthCYCLE

)
DUTY
RAIN)

D1Ts

0)

F1C3.11 ( e

Ts

DZTS 2TS

D3T3

3Ts t

Jul. 6, 1999

Sheet 5 0f 20

5,920,471

FIG. 5

US. Patent

US. Patent

CH1

Jul. 6, 1999

10mV

A

Sheet 6 0f 20

5ms -234v

5,920,471

CH1

CH2 50v
LINE CURRENT

CH1gnd

CH29nd

US. Patent

Jul. 6, 1999

Vg -—>

Sheet 7 0f 20

5,920,471

POWER STAGE
TRANSFER
FUNCTIONS

i0_>

:
vo
E

“

iin
d

>

V

e—j2an/fs

Ri

1

I

'2 50

/

3° :3
é.

PHASE (deg)
N 5; '3 (In
0

k.vm

g

I

103

104
FREQUENCY (Hz.)

FIG. 8b

_

105
/

US. Patent

Jul. 6, 1999

Sheet 8 0f 20

5,920,471

CURRENT LOOP GAIN

101

1o2
103
FREQUENCY (Hz)

FIG. 8a

104

105/

US. Patent

Jul. 6, 1999

Sheet 9 0f 20

5,920,471

A

£9,
H

E

(D

l\

(0

mo)
vu.

CO

A

Q)

.E
3
>'
V

Z

,_

(A) 1 KS)

(A

v

US. Patent

Jul. 6, 1999

Sheet 10 0f 20

5,920,471

A

U)
V

(A)

FIG. 10

‘H

T

OUT

qmlt:_0

FPEI 0n

oneshpulse
I

T

me

@

CIR

g __

endoﬁschext

. ‘ ”I
td.30N

-

-

fdschext

.

clock

oneshtng

—

qin.it:_0

tp' I On

-

4—

. BIGSWITCHI
ﬁschext

(C

clock

P

n

tplhr5n
t hl:5

'

(j:

td:30N

0“

-

l

Cc C‘

v.v|

ic:0

27nP

exteTmal ca acitor

‘

k:3.555m
ﬂ
Sheet 11 0f 20

FIG.11A

‘

+

COMP l4

I 00k

l0n

rectilout

Jul. 6, 1999

°"°5hP"|5°_

VCC

VCC

refzvline

CD

refzmains
offsetro

rectifout

US. Patent

5,920,471

l

='

tplhz5n
tphtSn

refzeaout

1:

5k

FIG. 118

eaout w

®

eaout

td:30n

Jul. 6, 1999

—

__L

OSC

retng:_n

tp;5n

pw:200n

ppw|:(0,0,|00n,|,200n,|,9,5u,0)

US. Patent
Sheet 12 0f 20

5,920,471

R-se"
lin(t)
(BOOST me:
mnucrokcumm)

BUFFER

“gm

CIDIS
_

_C|
l l

SPDT2

4

CLOCK

<—§

"

C2

2 ‘

“\02

| ”/6

TURN-OFF

IOGIC

PWN

_~‘

-

~

\

,PWMMIN (<Iin> : 0)

PEAK VOLTAGE Vp

Sheet 13 0f 20

COMP

V OUT REE.

-~‘

‘~
-~--

OF THE OSCILLATOR

ALLOWABLE RANGE

(TURN-0N) VREFH (<Iin> = max)

------------

s- —~“

+

_1,CLOCK

COMPARATOR

PWM

Cl HOLD

CZDIS

CIDIS
“"‘_‘“

CZHOLD

SPDII }i(t)=iin(t) (Rsen/Rgm)

PWN SIGNAL
TO DRIVER A

Jul. 6, 1999

UPPERV PK LIN.
OSCILLATOR
LOWER V PK LIN.
V PK AMPLITUDE
CONTROL

AND
mama
SI

I CURRENT

RGM

US. Patent

5,920,471

5,920,471

FIG. 13

Sheet 14 0f 20

t(s)

Jul. 6, 1999

m

US. Patent

US. Patent

Jul. 6, 1999

Sheet 15 0f 20

5,920,471

(4)cosc

(5)cosc

(4)rosc

FIG. 15

(5)rosc

Sheet 16 0f 20

(V) :t(s)

_____r...—‘ ~
____--_-——_—_
.__-_—_..
‘_ -‘_
---~.~
-“
-_ ~-_
~§ -_
- -_

Jul. 6, 1999

VEA OUT = 13V

/

VEA OUT = 75V

US. Patent

5,920,471

US. Patent

Jul. 6, 1999

Sheet 17 0f 20

>

5,920,471

a

I I
I I

m,

:Z
-°'V

CD

1"

C5
LL

‘.
—~A

>.13
‘

US. Patent

Jul. 6, 1999

Sheet 18 0f 20

INPUTl/l

FIG. 17(3)

=
A
;

FIG 17(b)

Illlllllllllllllllllllllllllll

VOLTAGE INTEGRATE
PHASE
ACROSS
CHARGE
CAP #1

\

Illllllllllll

CURREN

j

G<'In>k1 :

VOLTAGE
ACROSS
CHARGE
CAP #2 HOLDPHASE

/ é;

FIG 17(c)

i

A

i

CASE(1)

IIIIIIIII

-__7{.-------.§----.

DUTY
RATIO

FIG. 17(eﬂ)‘

\

<lIn>k-1

Ts(k+1)th CYCLE '
Dmax SIGNA
- ......

0 kth CYCLE

FIG 17(d)

Illllllll

O

PWM
SIGNALS

V
I! u . ll--- .3:
\E
Ink

CASE 5

éTs(k+2)nd CYCL'E

5,920,471

R

(3M-

(VI) KS)

FIG. 18

m

5

“5)

Sheet 19 0f 20

(Vin) : t(s)

( l

Jul. 6, 1999

(1)w25

(Vln)

US. Patent
5,920,471

5,920,471
Sheet 20 0f 20

Jul. 6, 1999
US. Patent

T
0
9

ll

.L'IOA ZL ROM ”5'9 smamo
GELV‘InOEIH SHOW 80 EINO
HlIM HELHEANOO OG'OCI

\

\

HEILHEIANOO
WMd SCI-ov

6 L 'SH

DO

\

\

ﬁ

023

0V

0| lanHIO 03313933J.NI
NV 01 SCINOdSEIEIHOO
6‘9 W10 83d SV SﬂlVHVddV

/

NOLLOEIHHOO HOlOVd HEMOd HUM WELLSAS A'IddnS HSMOd

5,920,471

1

2

METHOD AND APPARATUS FOR
AUTOMATIC AVERAGE CURRENT MODE
CONTROLLED POWER FACTOR
CORRECTION WITHOUT INPUT VOLTAGE
SENSING

SUMMARY OF THE INVENTION

This application claims beneﬁt of provisional application

Ser. No. 60/024,878 ﬁled Aug. 30, 1996.
BACKGROUND OF THE INVENTION
1. Field of the Invention
The present invention relates to power factor correction in
pulse width modulation (PWM) converters. In particular, it
relates to a feedback control method for average current
mode control to achieve power factor correction in PWM
converters without input voltage sensing.
2. Description of the Related Art
Average current mode controlled (ACMC) power factor
correction techniques utilizing converters operating in continuous conduction mode (CCM) are the primary choice for
many medium and high power applications. A popular
control technique utilized to implement ACMC is the three
loop architecture as disclosed by P. C. Todd in “UC3854
Controlled Power Factor Correction Circuit Design”, Unitrode Product and Applications Handbook, 1995—1996, pp.
10—303~322. In accordance with this method, a current
programming signal sets the reference for a high bandwidth,
fast acting current loop. The amplitude of the current programming signal is slowly modulated by the low bandwidth
output voltage error signal and the low pass ﬁltered line
voltage rms signal to ensure steady-state input-output power
balance. The need for a squarer-divider-multiplier circuit in
the control IC to ensure power balance under dynamic
changes in load and line rms voltage is explained by L. H.
Dixon in “High Power Factor Switching Preregulator
Design Optimization”, Unitrode Power Supply Design
Seminar Manual, SEM 700, 1990. If the current programming signal is not derived from the line explicitly, the
advantages in terms of reducing the internal circuitry in the
integrated circuit (IC) and external passive components are
obvious. Generating the 120 Hz full-wave rectiﬁed sine
wave current programming signal on-chip is not an attractive solution either.
Methods for achieving high power factor without input
voltage sensing for converters operating in CCM have been
reported by D. Maksimovic et al., “Nonlinear-carrier Control for High Power Factor Boost Rectiﬁer”, APEC 95, pp.
635—641; D. Maksimovic et al., “Nonlinear-carrier Control
for High Power Factor Rectiﬁers based on Flyback, Cuk or
Sepic Converters”, APEC 96, pp. 814—820; and J. P. Gegner
and C. Q. Lee, “Linear Peak Current Mode Control: A

Simple Active Power Factor Correction Control Technique
for Continuous Conduction Mode”, PESC 96, pp. 196—202.
Maksimovic et al. utilized the steady-state input-output
voltage relationships of boost and ﬁyback topologies along
with the average switch current information to derive “nonlinear” PWM waveforms that provide high power factor.
However, the opportunity of utilizing the average values of
other branch currents in the power-stage to derive alternate
PWM waveforms was not considered. Moreover, it is
exceedingly difficult to design circuits which accurately and
consistently produce such “non-linear” PWM waveforms.
Accordingly, there exists a need for an apparatus and
method for average current mode control to achieve power
factor correction in PWM converters without input voltage
sensing, that does not suffer from the foregoing drawbacks.

An object of the present invention is to provide a control
circuit having high power factor correction which does not
require input voltage sensing.
Another object of the present invention is to provide a
control circuit using a linear pulse width modulation waveform which may be applied to any boost topology to obtain
high power factor correction.
Another object of the present invention is to provide a
10 control circuit using a linear pulse width modulation waveform which may be applied to any buck-boost topology to
obtain high power factor correction.
Another object of the present invention is to provide a
method and apparatus for eliminating the light-load insta15
bility problem associated with utilizing a pulse width modulation waveform with variable amplitude.
These and other objects are achieved by the present
invention. Accordingly, the present invention relates to a
method for preparing a control circuit having high power
20
factor correction.
In one method of pulse width modulation waveform
generation, a capacitor is provided and is fast-charged. The
discharge rate of the capacitor is then controlled to ensure a
constant switching period. According to this method, a pulse
25
width modulator ramp with a variable amplitude is compared with a signal proportional to the average value of input
current during the previous switching cycle. The duty ratio
is then determined by comparing the pulse width modulator
ramp signal to the average value of input current signal.
30
The methods of the present invention can be applied to
any boost topology, buck topology or buck-boost topology
known to those skilled in the art.
The present invention provides numerous advantages
35 over prior art devices and methods. For example, as the
present invention does not utilize input voltage sensing, it
minimizes the number of feedback loops required for performing PFC. Further, the present invention also utilizes
linear PWM waveforms, which can be generated readily and
40 consistently, as compared to “non-linear” PWM waveforms
currently utilized in known methods. Consequently, the
variation of current loop gain magnitude with duty ratio is
eliminated. As such, the present invention minimizes the
complexity and cost of the overall design. Another advan45 tage of the present invention is that it discloses a method and
circuit for eliminating the light-load instability problem
associated with utilizing a variable amplitude pulse width
modulator ramp, without requiring the use of another external ramp and the related additional circuitry.
Additional advantages associated with the present inven50
tion will be readily apparent to those of skill in the art.
The invention itself, together with further objects and
attendant advantages, will best be understood by reference
to the following detailed description, taken in conjunction
55 with the accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

60

FIG. 1(a) is a schematic of the boost power stage topology
for performing power factor correction.
FIG. 1(b) illustrates exemplary linear pulse width modulator waveforms generated in accordance with the present
invention for the topology of FIG. 1(a).
FIG. 1(c) is an exemplary waveform illustrating the duty

ratio corresponding to the waveforms of FIG. 1(b).
65

FIG. 2 is a system block diagram illustrating the components of the present invention as applied to a boost converter
for power factor correction.
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FIG. 3 is a schematic diagram illustrating one embodiment of the charge control circuit and the PWM circuit of the
present invention utilized in a boost topology.

simpliﬁcation and reduces the overall cost of the integrated
circuit. Application of the present invention involves providing a capacitor; fast charging the capacitor; and controlling a discharge rate of the capacitor to ensure a constant
switching period and a linear PWM waveform.
As explained in more detail below, one of the key steps of
the present invention is to derive a set of PWM waveforms
using the large-signal averaged CCM PWM-switch model
for a given power stage topology and then choose the branch
currents that yield a suitable PWM waveform. Use is made
of the fact that there is a signiﬁcant time-scale separation
between the switching frequency and variation of the fullwave rectiﬁed line voltage. The present invention utilizes a
pulse width modulation rule based on the steady-state relationships and then veriﬁes that the control rule is being
satisﬁed by using a fast control loop.
In accordance with the present invention, the general
4-step procedure to derive linear PWM waveforms for
average current mode controlled PFC can be stated as
follows. In Step 1, the objective of PFC is expressed as:

FIG. 4(a)—4(e) illustrate the salient waveforms for the
power factor correction circuit of the present invention
utilized in a boost topology.
FIG. 5 illustrates key waveforms for boost power factor
correction control generated by a prototype of the present
invention.
FIG. 6 illustrates the line current and the rectiﬁed line
voltage of a prototype of the present invention.
FIG. 7 is a block diagram of the small-signal model for
current and voltage loop design of the power factor correction circuit of the present invention.

10

15

FIG. 8(a) illustrates the current loop gain of the small
signal model of the boost power factor correction circuit
shown in FIG. 7.
FIG. 8(b) illustrates a speciﬁc region of the current loop
gain to predict light load instability of the small signal model
of the boost power factor correction shown in FIG. 7 at
various loads.
FIG. 9 illustrates the current loop instability at light load.
FIG. 10 illustrates how the instability is corrected by
utilizing the foregoing technique.
FIG. 11 illustrates an exemplary circuit utilized to perform trailing-edge-to-trailing-integration to compute the
average current for a given cycle.
FIG. 12 illustrates one embodiment of an exemplary
circuit for eliminating current loop stability at light loads.
FIG. 13 illustrates the current waveform at light load
obtained by utilizing the circuit of FIG. 12.
FIG. 14 illustrates an exemplary embodiment of a PWM
waveform generation circuit that can be utilized with the
circuit of FIG. 12.
FIG. 15 illustrates the simulation waveforms of the PWM
ramp obtained by the circuit of FIGS. 12 and 14.
FIG. 16 is a schematic of the buck-boost power stage
topology for performing power factor correction.

20

<im>=Vm/Req
25

30

35

a) input current; b) current through the active terminal; c)

40

FIG. 17(a)—17(e) illustrate the salient waveforms for the
power factor correction circuit of the present invention
utilized in a buck-boost topology.
FIG. 18 illustrates the simulation results for a buck-boost
power factor correction utilizing the power factor correction
circuit of the present invention.
FIG. 19 is a system block diagram providing an overview
of how the present invention is incorporated into a power
supply system.
DESCRIPTION OF THE PREFERRED
EMBODIMENTS

where <im> is the average value of input current over a
switching period, Vin is the instantaneous value of line
voltage, and Req is an equivalent resistance whose magnitude is that of the load, reﬂected to the input terminals of the
boost power stage. In Step 2, the CCM steady-state inputoutput voltage relationship for the given topology is determined and substituted for Vin in the above equation. Step 3
uses a PWM-switch model, such as disclosed by V.
Vorperian, “Simpliﬁed analysis of PWM converters using
the model of the PWM switch: Part I”, IEEE Trans. of
Aerospace and Electronic Systems, vol. 10, no. 6, Nov.
1995, pp. 659—665, to determine relationships between the

45

50

current through the passive terminal; and d) current through
the common terminal. All average quantities are deﬁned
over the switching frequency interval. In Step 4, the results
of Steps 3 and 2 are substituted into Step 1 and a set of
solution candidates are obtained.
There will be multiple candidates for PWM waveforms to
achieve the objective of power factor correction. The waveform is chosen based on the following considerations: a)
implementation in an integrated circuit; b) current sense
considerations; and c) small-signal stability. The time variable t/Ts is substituted for the duty ratio D.
The above methodology can be applied to any topology
and also to discontinuous conduction mode (“DCM”) of
operation. Depending on the power stage topology relationships appropriate relationships between input-output volt-

ages (Step 2) and between the currents (Step 3), a set of

As stated above, the present invention relates to power
control laws that implement average current mode control
factor control integrated circuits which generate linear pulse 55 are obtained. A PWM waveform that is optimal for IC
width modulation (PWM) waveforms without input voltage
implementation and from small-signal stability considersensing, and which also eliminate light-load instability probation is then chosen. The same procedure can be applied to
lems. The present invention is applicable to any single-phase
converters operating in DCM such as the BiBRED and the
ac/dc converter topology that performs power factor correcBiFRED simply by using the DCM relationships of currents
tion. As a preferred embodiment, boost converter topology 60 and voltages in Step 2 and Step 3.
and buck-boost topology working in CCM can be utilized.
Turning to FIG. 1, the method for deriving linear PWM
waveforms for average current mode controlled PFC is
The ﬁyback topology provides an example of the buck-boost
illustrated in detail using a boost topology. FIG. 1 illustrates
topology application. Unlike conventional techniques which
utilize three feedback loops, the apparatus and method of the
an exemplary schematic of a boost power stage topology
present invention reduces the total number of feedback loops 65 with three terminals active (A), passive (P) and common (C)
marked to facilitate application of the large-signal averaged
to two and achieves the same objective. As a result, the
PWM-switch model relationships. As shown, the boost
present invention results in signiﬁcant integrated circuit
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power stage comprises an ac power source 12, a rectiﬁer 14,
As explained in more detail below, a second method for
computing the average current value of the switching period
an inductor 16, a diode 18, a switch 20, a capacitor 22 and
is via a technique referred to herein as trailing-edge-toa load 24, which are coupled together as shown in FIG. 1.
trailing-edge integration. In accordance with this method,
The main objectives of the application of the circuit of
FIG. 1 are: to provide high power factor at the input (resistor 5 the value of the average current computed over approximately an entire switching period is available exactly at the
emulation); and regulation of the output voltage V0. The
time instant when the duty ratio needs to be determined.
high power factor can be expressed using the aforemenThus, there is no need to hold the average current value
tioned average current mode controlled PFC technique as:
information from the previous switching cycle.
FIG. 2 is a system block diagram illustrating the compo10
nents of the present invention as applied to a boost converter
<im>=Vm/Req
(1)
for power factor correction. As shown therein, the system
where <im> is the average value of input current drawn by
comprises a PWM waveform generator 32, a voltage conthe converter in one switching period, Vin is the instantatrolled voltage source 34 (“VCVS”), a comparator 36, a
neous value of line voltage, and Req is an equivalent
PWM circuit 38 that generates a square voltage pulse having
resistance whose magnitude is that of the load 24, reﬂected 15 a width that is a certain fraction of the switching period, and
to the input terminals of the boost power stage. By applia boost power stage 40. The system also comprises two
cation of the large-signal averaged PWM-switch model
feedback loops. The ﬁrst feedback loop comprises a charge
relationships:
control circuit 42 which receives the input current (i.e., the
current drawn from the AC power supply) as an input and
<ia>

<lp>

(2) 20 generates the average current value for a given cycle

<im> = <ic> =

D = (1 — D)
where < > refer to switching frequency averages and D is the
duty ratio of the main switch. The duty ratio is calculated as
the ratio of the time the active switch is turned on over the
entire switching time period. The branch currents are as

25

deﬁned in FIG. 1(a). In this analysis it is assumed that the
input voltage is constant over a switching period (quasistatic approach). Given the signiﬁcant time-scale separation
between the switching frequency and the line frequency, this
assumption is justiﬁed. The steady-state input-output conversion ratio of the boost topology is:

30

35

Vm=Vo(1—D)

(3)

By substitution of (2) and (3) in equation (1), the following
set of equations are derived which satisfy the objectives.

<im> = V" (1 — D)

(4a)

40

Eq

.

V0

<la> =

(4b)
(1 — D)D

Eq

45

<zp> _

(1 — D)2

G<im>k, which is fed to the comparator 36 as an input signal.
The second feedback loop couples the output voltage to the
VCVS 32 via a voltage loop compensation circuit 44.
In operation, the PWM waveform generator 32 functions
to generate a PWM waveform having a magnitude set by the
output of the voltage loop compensation circuit 44 operating
in conjunction with the VCVS 32. The output of the VCVS
32 is a PWM waveform, which is coupled to the comparator
36 as one input. The other input to the comparator 36 is the
average current level for the previous cycle, which is generated by the charge control circuit 42. The PWM circuit 38
then functions to generate the duty ratio in accordance with
the present invention as explained herein. The PWM circuit
38 functions to produce a square-wave pulse having a duty
ratio D, that corresponds to the ON time D*Ts of the switch
20 in FIG. 1a by recognizing the start of every new
switching period and processing the signals from the comparator. Speciﬁcally, the PWM circuit 38 functions: 1) to
turn on switch 20 at the beginning of every switching period,
2) to recognize which comparator output transition has to
determine the duty ratio D (e.g., by latching the transition),
and 3) to blank every other spurious comparator transition.
Another function of the PWM circuit 38 is to generate the
proper reset signals for the integration/holding capacitor(s)
discharge inside the charge control circuitry 42.

(4°)

FIG. 3(a) is a more detailed schematic illustrating one
embodiment of the charge control circuit 42 and the PWM
circuit 38 of the present invention as utilized in the circuit of
FIG. 2. The key waveforms associated with operation of the
circuit of FIG. 3 are illustrated in FIG. 4. Referring again to
FIG. 3, prior to t=0, the capacitor, C61, has been fully
discharged and its voltage VC1=0- The reset switch is open
after the discharge operation and continues to remain so.

The ﬁrst equation (4a) is interpreted as follows: in every
switching cycle, if the power switch is turned-off (in the 50
conventional trailing edge modulation sense, with a duty
ratio D), when the average value of the input current over an
entire switching cycle is equal in value to a waveform whose
time variation is given by (VG/Req) (1—t/T5), then resistor
From t=0 to t=Ts, the input (inductor) current is used to
emulation is obtained. The graphical interpretation of the 55 charge the capacitor C61. The charging current determined
above statement is shown in FIGS. 1(b) and 1(c).
by a resistive sensing network provides a voltage input to a
As stated, the switch is turned-off when the average value
voltage-to-current (V2I) converter circuit. The V2I conof input current equals the PWM ramp. This control law
verter circuit drives the charge capacitor, C61. The voltage
requires the duty ratio during one switching period to be
across the charge capacitor CC1 is given by:
determined by the average value of current during the entire 60
period. This is not possible in a causal system. However,
R T
R S - gm
(5)
since the input voltage varies very slowly compared to the
Vc] = S gmf Sim 'd1 =
'(im)
Cc]
0
Cc]
switching period, use of the average value of input current
during one switching period to determine duty ratio in the
next period is justiﬁed. As shown in FIG. 1(b), the average 65 where R5 is the current sense resistor gain and gn is the gain
current G<im>k of the kth cycle is utilized to compute the
of the V21 converter. At t=mecT5 the charge control circuit
duty ratio in the kth+1 cycle.
discharges charge capacitor CC2 and sets the initial condi-
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tions correct for the charging and averaging operation from
t=T5 to t=2T5. At t=T5 the charge control circuit “holds” the
voltage across CC1 by causing the gate signals to pMOSl and
pMOSZ to go high and low, respectively. Simultaneously,
the gate signals to nMOSl and nMOSZ are commanded high
and low, respectively. During the time interval t=T5 to t=2T5,
the held value of voltage across CC1 is compared with the
PWM ramp waveform to determine the duty ratio. While the
waveform of the PWM ramp signal was established by
equation 4(a), the dynamics of the signal are shown for 3
cases of output voltage error in FIG. 4(a) These three cases

phase delay is detrimental to the current loop stability, and
is worse at large duty cycle values. At light load, the gain and
the crossover frequency of the current loop is pushed
upwards due to the increase in the PWM modulator gain,
which is the inverse of the peak-to-peak amplitude of the

PWM waveform, Vm of FIG. 8(b). As a result of the

premature phase loss, current loop instability occurs at light
load.
In accordance with the present invention, the duty cycle
dependent phase delay is eliminated by performing the
10
integration (i.e., average current computation performed by
the charge control circuit) between two subsequently turncorrespond to: (1) large output voltage error, (2) a smaller
OFF events. This technique does not change the result of the
output voltage error and (2) an even smaller output voltage
integration if periodic steady state operation is utilized. In
error. It is noted that the dynamics of the output voltage error
accordance with this technique, it is unnecessary to hold the
signal are determined by the output voltage control loop 15 integrated value because the turn-OFF event also determines
whose unity gain crossover frequency is about 10—20 Hz.
the beginning of a new integration cycle. As a result, the
The foregoing PWM technique is unique in the sense that
integration capacitor can be reset as soon as the capacitor
it uses two control variables, namely duty ratio modulation
waveform intersects the PWM waveform, and a new inteand PWM ramp amplitude modulation to achieve power
gration cycle is initiated. This improved integration techfactor correction and output voltage regulation, respectively. 20 nique also permits for the use of only one integration
This is in contrast to conventional PWM techniques where
capacitor, provided that the reset time is kept sufﬁciently
short in comparison to the entire integration period. The
duty ratio modulation is used to achieve both objectives.
foregoing technique is advantageous in part because only
FIG. 5 is a snapshot of the PWM ramp signal, the average
of input current, and the integrate-and-hold operation of the
one physical component deﬁnes the gain of the cycle-bytwo charge capacitors. This photograph of operation of the 25 cycle integration. In the event two capacitors are utilized, the
capacitors should be matched so as to prevent a subcontrol board prototype captures the variations of the 4
harmonic current at one half of the switching frequency.
quantities over part of a line cycle. FIG. 6 shows the current
FIG. 9 illustrates the current loop instability at light load.
drawn from the line and the full-wave rectiﬁed line voltage
FIG. 10 illustrates how the instability is corrected by utiliz(after the diode bridge).
FIG. 7 is a block diagram of the small-signal model for 30 ing the foregoing technique. FIG. 11 illustrates an exemplary
circuit utilized to perform the foregoing technique, namely
current and voltage loop design of the power factor correcthe trailing-edge-to-trailing-edge integration, utilized to
tion circuit of the present invention. The current loop gain is
compute the average current drawn during a given cycle. It
given by:
is noted that if the input voltage changes, a small discrep35 ancy between the switching period and the integration
Ti=(il/d)R,gm (TS/CC)He(s)Fm
(6)
period is introduced, but because the input voltage changes
very slowly, the integration period error is negligible.
where il/d is the duty-ratio to inductor current transfer
In FIG. 11, the trailing-edge-to-trailing-edge integration is
function, Rl— is the input current sense resistor, gm is the
implemented in a boost PFC. The ammeter voltage source,
transconductance of the ampliﬁer which converts the voltage
across R. to a current which charges the integration capacitor 40 VI, in series with the 2 mh inductor senses the current. The
current controlled current source CCCS is commanded by
CC, T5 is the switching time period, He(s) is the continuousthe ammeter VI. The current gain of the CCCS represents the
time expression for the sampling effect as deﬁned in R.
product of the gains of a resistive sensing network and of a
Ridley, “A new, continuous-time model for current-mode
cascaded V2I stage.
control”, IEEE Trans. Power Electron, vol. 6, no. 2, pp.
In operation, the CCCS charges the external integration
271—280, 1991, and Fm is the small-signal gain of the PWM 45
capacitor tied to the node “Cc”. In order to perform the
modulator.
trailing-edge-to-trailing-edge integration, the capacitor is
For the linear PWM waveform utilized in the Boost
reset every time the boost converter switch is turned OFF.
topology, from geometric considerations, the small-signal
This event coincides with a low-to-high transition at the
gain magnitude of Fm can be derived to be 1/Vm, where Vm
is the amplitude of the PWM ramp. The phase-lag intro- 50 node “oneshtrig”. This transition triggers a one-shot that
generates a pulse at the node “oneshpulse”. The pulse
duced by action of the “hold” circuit is equivalent to the
initiates the discharge of the external integration capacitor
action of a uniformly-sampled modulator. The phase-lag is
by closing the switch S4. Owing to the NAND latch driven
given by Fm=Df/fs*360(deg). The gain k is determined by
by the signals “oneshpulsei” and “endofdischext,” the reset
the magnitude of the output voltage error.
FIG. 8(a) illustrates the current loop gain with a phase 55 time cannot be any shorter than the programmed duration of
the one-shot pulse, but it could be extended, if necessary,
margin of 40 degrees (measured w.r.t.—360 degrees), an
until the external capacitor is discharged below some low
unity gain crossover frequency of 10 kHz for a converter
reference level “refdischext”. This level marks the end of the
with a switching frequency of 100 kHz. Converter paramdischarge for the external capacitor. The function is impleeters based on how the current loop gain is computed are:
L=1 mH, C=45 OuF, Vo=4OOV, Rigm=lm, CC=10 nF, 60 mented by a comparator that resets the NAND latch whenever the capacitor has been completely discharged.
Vm=5V, k=1.
If the capacitor is properly chosen, the capacitor reset time
It is also important to note that the relative timing of the
is very small in comparison to the switching period. As a
integration period with respect to the switching period has a
result, the integration capacitor is reset every time the switch
signiﬁcant impact on the current loop stability. As stated
above, the current loop model is shown in FIG. 7. A duty 65 is turned OFF, and the computation of the average current
cycle dependent phase delay associated with the “hold”
value is accomplished between two subsequent turn-OFF
function in the tandem capacitor operation is present. The
events. Thus, the need for holding the signal is eliminated.
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A second technique for eliminating current loop stability
is to prevent the current loop crossover frequency from
increasing beyond a deﬁned point when the load current
becomes increasingly smaller. This technique can be implemented with either the two tandem capacitors integrate and
hold scheme, or with the trailing edge to trailing edge
integration scheme, both of which are described above. In
fact, as the presence of He(s) can still cause instability by
introducing additional phase loss when the current loop
bandwidth approaches one half of the switching frequency,
it is necessary to place an upper limit on the variation of the
current loop bandwidth, even if the aforementioned trailingedge-to-trailing-edge integration timing is implemented.
This second technique comprises limiting the variation of
the amplitude of the PWM ramp waveform. An exemplary
circuit for implementing this technique is illustrated in FIG.
12. Referring to FIG. 12, a minimum PWM ramp amplitude
is established by deriving a voltage level between the
maximum allowed peak voltage of the PWM waveform

In operation, transistor pair Q1-Q3 buffers the voltage EA

out. The emitter current of Q1 is (Vm—VrefL)/RT. This
current is mirrored by the mirrors Q5-Q6 and Q7-Q8.

Assuming that the capacitor CT is initially charged at the
voltage value Vm, and the MOSFET switch M is initially
ON, thereby shorting current I4 to ground and maintaining
Q2 (and Q4) OFF, timing capacitor CT is discharged linearly
by the collector current Q8 down to the level VrefL. The

10

of Q2 is released and CT is charged by Q2 to the level Vm.

15

20

divider (RI-R2 in FIG. 12). The internally generated reference voltages VrefH and VrefL are brought out to the IC pins
as outputs, and the voltage at the midpoint of the divider
R1-R2 is fed back into the input pin “PWMmin”. Thus, the
minimum ramp amplitude is PWMmin—VrefL, and the
maximum ramp amplitude is VrefH—VrefL. As such, the
max./min. amplitude ratio is deﬁned. Speciﬁcally, the minimum ramp amplitude corresponds to zero input current, and
the maximum ramp amplitude corresponds to full load, low

line (i.e., maximum input current).

At the end of the charging phase Tone_5hot, the currents of
the transistor pair Q1-Q2 are equal, thereby ensuring equal
base-emitter voltage drops. The same is true for transistor
pair Q3—Q4. As a result, the emitter voltages of Q1 and Q2

(VrefH) and the minimum value (VrefL). The offset value is
referred to as PWMmin and can be readily programmed by
the user in an IC implementation with a single voltage

discharge time is RT*CT.
When the timing capacitor voltage reaches VrefL, the
comparator CMP triggers thereby turning the switch M OFF
for the duration of the oneshot pulse Tothot. Then, the base

are equal with a high degree of accuracy when the discharge
phase is initiated, ensuring frequency stability over the Vm
range. If a minimum ramp amplitude is established in
accordance with the technique described above, the operating current of Q1 and of the current mirrors will not drop

below the value (PWMmin—VrefL) /RT, which minimizes

25

30

errors that occur at very low current levels. FIG. 15 illustrates the simulation waveforms of the PWM ramp obtained
by this method.
While the foregoing techniques for performing average
current mode control to achieve power factor correction in
PWM converters without input voltage sensing have been
explained in conjunction with a Boost topology, the techniques are suitable for use with various other topologies,
including Buck-Boost topologies.
More speciﬁcally, similar to the 4 step procedure derived
for boost topologies, the general 4-step procedure can be
applied to derive PFC control laws for the buck-boost family
of topologies as follows. FIG. 16 illustrates a simple buckboost topology with the 3 PWM-switch terminals marked as
A,C and P. The application of the control law derivation
procedure is outlined below.

FIG. 13 illustrates the current waveform at light load with
a minimum ramp amplitude. In order to guarantee that the
switch is not turned ON when the ramp amplitude is at its
minimum, the integration capacitor voltage is shifted 35
upwardly by an amount equal to the offset PWMmin. A zero
voltage stored after integration, which corresponds to zero
input current, will bring the input of the PWM comparator
substantially to the peak of the PWM waveform at the start
of the switching cycle, thereby preventing the power switch 40
S
1
.
Vm
t ep 1 (1 m ) = Rm
from being turned ON.
Accordingly, no load operation is enabled with non-zero
t 6p 1 (l m ) = (l)
a = (l)
c = —
(1_D)(lp)
slope of the PWM ramp amplitude by properly shifting the
integration capacitor voltage by the amount corresponding
(1-D)
to the minimum peak of the PWM waveform. It is noted that 45
Step 3: VW 2 V0
D
the actual implementation should take into account a voltage
V0(l—D)
shift slightly larger than PWMmin to compensate for the
Step4: (Ln): —
quD
PWM comparator offset.
It is also noted that in a single supply IC implementation,
.
Vo(1-D)
(to):
2
it is necessary to shift the voltage of the integration capacitor 50
REqD
because the PWM waveform cannot be implemented with a
.
Von—D)2
linear discharge down to zero volts. As such, the shifting
(In) — W
function cannot be avoided. The integration capacitor voltage should be shifted by the amount VrefL if the slope of the
PWM ramp is allowed to drop down to zero at no load. By 55
The control law chosen is:
shifting the integration capacitor voltage by an amount
greater than VrefL, namely PWMmin, the necessary current
V0 (1 -D)
loop bandwidth limitation at no load is also accomplished.
<im> =
Reg D
One exemplary embodiment of a PWM waveform generation circuit that can be utilized with the foregoing 60
technique, which sets a minimum amplitude for the PWM
and a simple manipulation yields a simpliﬁed control law:
waveforms, is illustrated in FIG. 14. Referring to FIG. 14,
the voltage loop error ampliﬁer output (EA out) directly
V0
1‘
controls the amplitude of the PWM ramp waveform Vm. In
_lm
order to maintain the operating frequency constant over the 65
T,Ir) = Re, T,

0—]

entire PWM waveform amplitude range, Q1 and Q2 are
matched, Q3 and Q4 are matched, and I3 equals I4.
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FIGS. 17(a)—17(e) illustrates all the key waveforms associated with the control action. FIG. 17(a) is the input current
whose average value is computed by charging the capacitors. As in the case of the boost PFC control strategy, the
charge capacitors operate in tandem and the capacitor volt-

12
initializing a second integration capacitor to a predetermined voltage before the start of said nth+1 cycle of
said periodic waveform;

charging said second integration capacitor by said input
current during said nth+1 cycle of said periodic waveage waveforms are shown in FIGS. 17(b) and 17(C). The
form; and
right hand side of the foregoing equation is the linearly
maintaining
the charge stored by said ﬁrst integration
decreasing ramp voltage waveform (VG/Rm) (1—t/T5) and is
capacitor during a nth+2 cycle of said periodic
similar to the boost topology. The left hand side of the
waveform, said charge having a corresponding voltage.
equation, t/T5<im> is a linearly increasing ramp waveform
2. A method of performing power factor correction in
whose amplitude is the average value of input current during
pulse width modulation converters according to claim 1,
the previous switching cycle (held value of capacitor
further comprising the step of:
voltage). These two ramp waveforms are the inputs to the
comparing said voltage stored by said ﬁrst integration
PWM comparator that determines the duty ratio.
capacitor to a linear PWM ramp to determine a duty
Simulation waveforms of a ﬂyback operation with this 15
ratio during said nth+2 cycle of said periodic wavenew PFC control scheme are shown in FIG. 18. The sensing
form.
and control structure is exactly the same as in FIG. 3, except
3. A method of performing power factor correction in
for the linearly rising ramp at the input to the PWM
pulse width modulation converters according to claim 2,
comparator.
FIG. 19 is a system block diagram providing an overview 20 wherein said linear PWM ramp has an amplitude which is
proportional to the ratio of an output voltage across a load
of how the present invention is incorporated into a power
and a resistance associated with said load.
supply system. As shown therein, the power supply 60
4. A method of performing power factor correction in
comprises an AC-DC PWM converter, which incorporates
pulse width modulation converters according to claim 3,
any of the novel PWM converters 62, and which receives an
AC voltage supply as an input. The power supply further 25 wherein said pulse width modulation converters are utilized
in a boost topology.
comprises a DC—DC converter 64 coupled to the output of
5. A method of performing power factor correction in
the AC-DC PWM converter 62. The output of the DC—DC
pulse width modulation converters, said method comprising
converter is regulated DC voltage sources.
the steps of:
The present invention provides important advantages over
initializing an integration capacitor before the start of a
the prior art methods and devices. Most importantly, as the 30
nth cycle of a periodic waveform, said initialization
present invention does not utilize input voltage sensing, it
occurring during the (n—1)th cycle of said periodic
minimizes the number of feedback loops required for perwaveform;
forming PFC. Further, the present invention also utilizes
linear PWM waveforms, which can be generated readily and
allowing the charging of said integration capacitor after
consistently, as compared to “non-linear” PWM waveforms 35
said initialization by an input current during said (n—1)
currently proposed in known methods. As such, the present
th cycle of said periodic waveform;
invention, minimizes the complexity and cost of the overall
continuing charging said integration capacitor by an input
design.
current during said nth cycle of said periodic waveAnother advantage of the present invention is that it
form;
discloses a method and circuit for eliminating the light-load 40
comparing said voltage stored by said integration capaciinstability problem associated with utilizing a variable
tor to a PWM ramp decreasing linearly in amplitude
amplitude pulse width modulator ramp, without requiring
during said nth cycle;
the use of another external ramp and the related additional
determining when said voltage stored by said integration
circuitry.
capacitor is equal to said amplitude of said PWM ramp
Of course, it should be understood that a wide range of 45
during said nth cycle so as to deﬁne a duty cycle; and
changes and modiﬁcations can be made to the exemplary
discharging
said integration capacitor during said nth
embodiments described above. It is therefore intended that
cycle when the voltage stored by said integration
the foregoing detailed description be regarded as illustrative
capacitor is equal to said amplitude of said PWM ramp;
rather than limiting and that it be understood that it is the
wherein said linear PWM ramp has an amplitude which is
following claims, including all equivalents, which are 50
proportional to the ratio of an output voltage across a
intended to deﬁne the scope of this invention.
load and a resistance associated with said load.
What is claimed is:
6. A method of performing power factor correction in
1. A method of performing power factor correction in
pulse width modulation converters according to claim 5,
pulse width modulation converters, said method comprising
wherein said pulse width modulation converters are utilized
the steps of:
55
in a boost topology.
initializing a ﬁrst integration capacitor to a predetermined
7. A method for minimizing light load instability in an
voltage before the start of a nth cycle of a periodic
average
current mode controlled power factor system, said
waveform;
method comprising the steps of:
charging said ﬁrst integration capacitor by an input curderiving a voltage level corresponding to a maximum
rent during said nth cycle of said periodic waveform;
allowable peak of a linear pulse width modulation ramp
maintaining the charge stored by said ﬁrst integration
signal;
capacitor during a nth+1 cycle of said periodic
deriving a voltage level corresponding to a valley value of
waveform, said charge having a corresponding voltage;
said linear pulse width modulation ramp signal;
comparing said voltage stored by said ﬁrst integration
capacitor to a linear PWM ramp to determine a duty 65
deriving a voltage level that deﬁnes the minimum allowratio during said nth+1 cycle of said periodic waveable value of said linear pulse width modulation ramp
form;
signal, said minimum allowable value being between
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said maximum allowable peak value and said valley
proportional to the ratio of an output voltage across a load
and a resistance associated with said load.
value of said linear pulse width modulation ramp
13. An apparatus for performing power factor correction
signal;
in pulse width modulation converters according to claim 12,
shifting a voltage level of an integration capacitor by an
wherein said pulse width modulation converters are utilized
amount equal to said minimum allowable value of said
in a boost topology.
linear pulse width modulation ramp signal; and
14. An apparatus for performing power factor correction
comparing said shifted voltage level to said linear pulse
in pulse width modulation converters, said apparatus comwidth modulation ramp signal to determine a duty ratio.
prising:
8. A method for performing power factor correction in
means for generating a ﬁrst linear PWM ramp signal
10
pulse width modulation converters, said apparatus comprishaving an amplitude which is proportional to the ratio
ing:
of an output voltage across a load and a resistance
generating a ﬁrst linear PWM ramp signal having an
associated with said load, said ﬁrst linear PWM signal
amplitude which is proportional to the ratio of an
being a periodic signal;
output voltage across a load and a resistance associated
15
means for generating a second pulse width modulation
with said load, said ﬁrst linear PWM signal being a
signal exhibiting a linearly increasing amplitude which
periodic signal;
is proportional to an average input current value of said
generating a second pulse width modulation signal exhibapparatus determined during a given cycle of said
iting a linearly increasing amplitude which is proporperiodic signal; and
tional to an average input current value of said appa- 20
means for comparing said ﬁrst linear PWM ramp signal to
ratus determined during a given cycle of said periodic
said second linear PWM ramp signal to determine a
signal; and
duty ratio.
comparing said ﬁrst linear PWM ramp signal to said
15. An apparatus for performing power factor correction
second linear PWM ramp signal to determine a duty
in pulse width modulation converters according to claim 14,
ratio.
25 wherein said pulse width modulation converters are utilized
9. A method for performing power factor correction in
in a buck-boost topology.
pulse width modulation converters according to claim 8,
16. An apparatus for performing power factor correction
wherein said pulse width modulation converters are utilized
in pulse width modulation converters, said apparatus comin a buck-boost topology.
prising:
10. An apparatus for performing power factor correction 30
means for initializing an integration capacitor before the
in pulse width modulation converters, said apparatus comstart of a nth cycle of a periodic waveform, said
prising:
initialization occurring during the (n—1)th cycle of said
means for initializing a ﬁrst integration capacitor to a
periodic waveform;
predetermined voltage before the start of a nth cycle of
means for allowing the charging of said integration
a periodic waveform;
35
capacitor after said initialization by an input current
means for charging said ﬁrst integration capacitor by an
during said (n—1)th cycle of said periodic waveform;
input current during said nth cycle of said periodic
means for continuing charging said integration capacitor
waveform;
by an input current during said nth cycle of said
means for maintaining the charge stored by said ﬁrst
periodic waveform;
integration capacitor during a nth+1 cycle of said 40
means for comparing said voltage stored by said integraperiodic waveform, said charge having a corresponding
tion capacitor to a PWM ramp decreasing linearly in
voltage;
amplitude during said nth cycle;
means for comparing said voltage stored by said ﬁrst
means for determining when said voltage stored by said
integration capacitor to a linear PWM ramp to deterintegration capacitor is equal to said amplitude of said
mine a duty ratio during said nth+1 cycle of said
PWM ramp during said nth cycle so as to deﬁne a duty
periodic waveform;
cycle; and
means for initializing a second integration capacitor to a
means for discharging said integration capacitor during
predetermined voltage before the start of said nth+1
said nth cycle when the voltage stored by said integracycle of said periodic waveform;
tion capacitor is equal to said amplitude of said PWM
50
means for charging said second integration capacitor by
ramp;
said input current during said nth+1 cycle of said
wherein said linear PWM ramp has an amplitude which is
periodic waveform; and
proportional to the ratio of an output voltage across a
load and a resistance associated with said load.
means for maintaining the charge stored by said ﬁrst
17. An apparatus for performing power factor correction
integration capacitor during a nth+2 cycle of said 55
in pulse width modulation converters according to claim 16,
periodic waveform, said charge having a corresponding
wherein said pulse width modulation converters are utilized
voltage.
in a boost topology.
11. An apparatus for performing power factor correction
18. A pulse-width modulation waveform generation cirin pulse width modulation converters according to claim 10,
further comprising:
60 cuit comprising:
means for generating a pulse width modulation waveform
means for comparing said voltage stored by said ﬁrst
exhibiting an amplitude that decreases in a linear
integration capacitor to a linear PWM ramp to determanner; and
mine a duty ratio during said nth+2 cycle of said
periodic waveform.
means for generating a current which is proportional to
12. An apparatus for performing power factor correction 65
the voltage amplitude of said pulse width modulation
in pulse width modulation converters according to claim 11,
signal, said current operative for discharging a timing
wherein said linear PWM ramp has an amplitude which is
capacitor, said capacitor having a discharging time;
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said discharging time of said timing capacitor being
independent of the voltage amplitude of said pulse
width modulation waveform.
19. A power supply system comprising:
an AC-DC pulse width modulation converter, and
a DC—DC converter coupled to said AC-DC pulse width
modulation converter,
said AC-DC pulse width modulation converter comprising:
means for initializing a ﬁrst integration capacitor to a
predetermined voltage before the start of a nth cycle
of a periodic waveform;
means for charging said ﬁrst integration capacitor by an
input current during said nth cycle of said periodic
waveform;
means for maintaining the charge stored by said ﬁrst
integration capacitor during a nth+1 cycle of said
periodic waveform, said charge having a corresponding voltage;
means for comparing said voltage stored by said ﬁrst
integration capacitor to a linear PWM ramp to determine a duty ratio during said nth+1 cycle of said
periodic waveform;
means for initializing a second integration capacitor to
a predetermined voltage before the start of said
nth+1 cycle of said periodic waveform;
means for charging said second integration capacitor by
said input current during said nth+1 cycle of said
periodic waveform; and
means for maintaining the charge stored by said ﬁrst
integration capacitor during a nth+2 cycle of said
periodic waveform, said charge having a corresponding voltage.
20. The power supply system of claim 19, said AC-DC
pulse width modulation converter, further comprising:
means for comparing said voltage stored by said ﬁrst
integration capacitor to a linear PWM ramp to deter-

mine a duty ratio during said nth+2 cycle of said
periodic waveform.
21. The power supply system of claim 20, wherein said
linear PWM ramp has an amplitude which is proportional to
the ratio of an output voltage across a load and a resistance
associated with said load.
22. A power supply system comprising:
an AC-DC pulse width modulation converter, and
a DC—DC converter coupled to said AC-DC pulse width
modulation converter,
said AC-DC pulse width modulation converter compris-
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mgans for initializing an integration capacitor before
the start of a nth cycle of a periodic waveform, said
initialization occurring during the (n—1)th cycle of
said periodic waveform;
means for allowing the charging of said integration
capacitor after said initialization by an input current
during said (n—1)th cycle of said periodic waveform;
means for continuing charging said integration capacitor by an input current during said nth cycle of said
periodic waveform;
means for comparing said voltage stored by said integration capacitor to a PWM ramp decreasing linearly
in amplitude during said nth cycle;
means for determining when said voltage stored by said
integration capacitor is equal to said amplitude of
said PWM ramp during said nth cycle so as to deﬁne
a duty cycle; and
means for discharging said integration capacitor during
said nth cycle when the voltage stored by said
integration capacitor is equal to said amplitude of
said PWM ramp;
wherein said linear PWM ramp has an amplitude which is
proportional to the ratio of an output voltage across a
load and a resistance associated with said load.

