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(57) ABSTRACT

In one embodiment, a power converter system includes a
first input terminal and a second input terminal operable to
connect to an alternating current (AC) power source, and an
output terminal at which an output voltage can be provided
to a load. A first inductor and a first diode are connected in
series between the first input terminal and the output termi-
nal. A second inductor and a second diode are connected in
series between the second input terminal and the output
terminal. A first switch is connected to the first inductor and
the first diode, and a second switch is connected to the
second inductor and the second diode. The first switch and
the second switch alternately function as a boost switch and
a synchronous rectifier for charging and discharging the first
and second inductors during operation of the power con-
verter system. An auxiliary network is operable to provide
for zero voltage switching (ZVS) and zero current switching
(ZCS) conditions for both the first and second switches
during operation of the power converter system.
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HIGH-EFFICIENCY POWER CONVERTER

SYSTEM

BACKGROUND
[0001] 1. Field of Invention
[0002] The present invention relates to power conversion,
and more particularly, to a high-efficiency power converter
system.
[0003] 2. Description of Related Art
[0004] Power converters are essential for many modern

electronic devices. Among other capabilities, power con-
verters can adjust voltage level downward (buck converter)
or adjust voltage level upward (boost converter). Power
converters may also convert from alternating current (AC)
power to direct current (DC) power, or vice versa. Power
converters are typically implemented using one or more
switching devices, such as transistors, which are turned on
and off to deliver power to the output of the converter.
Substantial losses may occur when such switches are turned
on and off under certain conditions. Losses may also occur
in a power converter due to the flow of current through
various circuit components (e.g., diodes) which have an
associated forward conduction power loss. It is desirable to
reduce or minimize such losses. Furthermore, various gov-
ernment regulatory agencies have mandated the use of
power factor correction (PFC) in order to meet standards
(e.g., EN61000-3-2 harmonics control) in some applica-
tions.

SUMMARY

[0005] According to an embodiment of the present inven-
tion, a power converter system includes a first input terminal
and a second input terminal operable to connect to an
alternating current (AC) power source, and an output ter-
minal at which an output voltage can be provided to a load.
A first inductor and a first diode are connected in series
between the first input terminal and the output terminal. A
second inductor and a second diode are connected in series
between the second input terminal and the output terminal.
A first switch is connected to the first inductor and the first
diode, and a second switch is connected to the second
inductor and the second diede. The first switch and the
second switch alternately function as a boost switch and a
synchronous rectifier for charging and discharging the first
and second inductors during operation of the power con-
verter system. An auxiliary network is operable to provide
for zero voltage switching (ZVS) and zero current switching
(ZCS) conditions for both the first and second switches
during operation of the power converter system.

[0006] According to another embodiment of the present
invention, a power converter system includes a first input
terminal operable to connect to one end of an alternating
current (AC) power source and a second input terminal
operable to connect to another end of the AC power source.
An output voltage can be provided to a load at an output
terminal. A first boost inductor and a first boost diode are
connected in series between the first input terminal and the
output terminal. A second boost inductor and a second boost
diode are connected in series between the second input
terminal and the output terminal. A first switch is operable
to function as a boost switch to charge and discharge the first
boost inductor during a first half cycle of the AC power
source. A second switch is operable to function as a boost
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switch to charge and discharge the second boost inductor
during a second half cycle of the AC power source. An
auxiliary network is operable to provide for zero voltage
switching (ZVS) and zero current switching (ZCS) condi-
tions for both the first and second switches during the first
half cycle and the second half cycle, respectively, of the AC
power source.

[0007] According to yet another embodiment of the
present invention, a power converter system includes a first
input terminal and a second input terminal operable to
connect to an alternating current (AC) power source, and an
output terminal at which an output voltage can be provided
to a load. A first inductor and a first diode are connected in
series between the first input terminal and the output termi-
nal. A second inductor and a second diode are connected in
series between the second input terminal and the output
terminal. A first switch is connected to the first inductor and
the first diode, and a second switch is connected to the
second inductor and the second diode. The first switch and
the second switch alternately function as a boost switch and
a synchronous rectifier for charging and discharging the first
and second inductors during operation of the power con-
verter system. The power converter system includes means
for providing for zero voltage switching (ZVS) and zero
current switching (ZCS) conditions for both the first and
second switches during operation of the power converter
system.

[0008] Important technical advantages of the present
invention are readily apparent to one skilled in the art from
the following figures, descriptions, and claims.

BRIEF DESCRIPTION OF DRAWINGS

[0009] For a more complete understanding of the present
invention and for further features and advantages, reference
is now made to the following description taken in conjunc-
tion with the accompanying drawings.

[0010] FIG. 1 is a schematic diagram of an implementa-
tion of a power converter system, according to an embodi-
ment of the invention.

[0011] FIG. 2 is an exemplary timing diagram for the
implementation of a power converter system shown in FIG.
1, according to an embodiment of the invention.

[0012] FIG. 3 is an exemplary waveform diagram for a
power converter system, according to an embodiment of the
invention.

[0013] FIGS. 4 through 6 are exemplary waveform dia-
grams for a power converter system, according to an
embodiment of the invention.

[0014] FIG. 7 is a schematic diagram of another imple-
mentation of a power converter system, according to an
embodiment of the invention.

[0015] FIG. 8 is an exemplary timing diagram for the
implementation of a power converter system shown in FIG.
7, according to an embodiment of the invention.

[0016] FIG. 9 is a schematic diagram of another imple-
mentation of a power converter system, according to an
embodiment of the invention.

[0017] FIG. 10 is an exemplary timing diagram for the
implementation of a power converter system shown in FIG.
9, according to an embodiment of the invention.

[0018] FIG. 11 is a schematic diagram of an implementa-
tion of a power converter system with power factor correc-
tion (PFC) control, according to an embodiment of the
invention.
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[0019] FIG. 12 is an exemplary waveform diagram for a
rectified AC input signal, according to an embodiment of the
invention.

[0020] FIG. 13 is a schematic diagram of an implemen-
tation of a multiplier and output regulator loop, according to
an embodiment of the invention.

[0021] FIG. 14 is a schematic diagram of an implemen-
tation of a current regulator and pulse width modulation
(PWM) circuit, according to an embodiment of the inven-
tion.

DETAILED DESCRIPTION

[0022] Embodiments of the present invention and their
advantages are best understood by referring to FIGS. 1
through 14 of the drawings. Like numerals are used for like
and corresponding parts of the various drawings.

[0023] Inone embodiment, an AC-to-DC power converter
system is provided which integrates input side rectification
and soft-switched power factor correction (PFC). For soft-
switched PFC, various switches in the power converter
system are turned on and off under zero voltage switching
(ZVS) and/or zero current switching (ZCS) conditions. The
converter system may be capable of true synchronous rec-
tification. The power converter system may include circuitry
for input side rectification, boost, and soft-switched PFC.
[0024] Furthermore, in some embodiments, the present
invention increases converter efficiency by reducing con-
duction losses as well as switching losses. In some embodi-
ments, this reduces heat sink size as well as increases power
density.

[0025] FIG. 1 is a schematic diagram of an implementa-
tion of a power converter system 10, according to an
embodiment of the invention. Power converter system 10
can convert an alternating current (AC) power to direct
current (DC) power, and thus, is an AC/DC converter. Power
converter 10 receives the AC power from an AC power
source 6 at an input having a first terminal (P) and a second
terminal (N). The power converter system 10 delivers
boosted DC power to a load 8 at an output terminal Vout.
The power converter system 10 may have higher efficiency
than previous designs, because both conduction losses as
well as switching losses are reduced in system 10.

[0026] For typical applications AC power source 6 can
have a range from 85 volts rms to 264 volts rms, and operate
at a frequency in the range from 50 to 60 Hz. For these
typical AC input conditions the Vout voltage will be, for
example, 390Vdc. In some embodiment, power converter
system 10 can have circuitry for power factor correction
(PFC) for the AC, as shown and described with reference to
FIGS. 11-14 below.

[0027] As shown, power converter system 10 includes
inductors 12, 14, 16, switches 18, 20, 22, diodes 24, 26, 28,
30, 32, 34, 36, capacitors 38, 40, 42, 44, and controller 46.
Switches 18, 20, 22 may each be implemented as a metal-
oxide-semiconductor field effect transistor (MOSFET), but
it is understood that these transistor can be implemented
with other suitable devices such as, for example, insulated
gate bipolar transistors (IGBTs), insulated gate field effect
transistors (IGFETs), bipolar junction transistors (BJTs), etc.
MOSFET implementations for switches 18, 20 allow them
to function as synchronous rectifiers since a MOSFET
channel can carry current in the same direction as its body
diode. That is, for synchronous rectification, the MOSFET
channel and its body diode both carry current so conduction
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loss are reduced and the efficiency is increased. Capacitors
42 and 44 in parallel with switches 18 and 20 may represent
Coss, the parasitic drain source capacitance of 18 and 20
and/or additional capacitance placed in parallel with 18 and
20 to limit the switching rise and fall dv/dt. Controller 46,
which may be implemented in any suitable logic, provides
control signals for turning on and turning off switches 18,
20, and 22. In one embodiment, circuitry (not explicitly
shown) may be provided in power converter system 10 to
allow controller 46 to sense the drain-to-source voltage
(Vds) across the switches 18 and 20 so that controller can
drive the switches in response to near zero drain-to-source
voltage to achieve ZVS operation of 18 and 20.

[0028] In some embodiments, all or a portion of the
components of power converter system 10 can be imple-
mented on a single or multiple semiconductor dies (com-
monly referred to as a “chip”) or discrete components. Each
die is a monolithic structure formed from, for example,
silicon or other suitable material. For implementations using
multiple dies or components, the dies and components can
be assembled on a printed circuit board (PCB) having
various traces for conveying signals there between.

[0029] The inductors 12, 14, diodes 24, 26, switches 18,
20, and capacitor 40 may implement the circuitry for the
input side rectification as well as the boost function. During
the AC mains half cycle when the voltage at the P terminal
is positive, switch 18 is continuously turned on and switch
20 acts as a boost switch. When switch 20 is turned on, the
absolute value of the mains voltage 6 is applied to the series
combination of inductors 12 and 14, thus charging the
inductors to some energy level. This is called charging cycle.
When switch 20 is turned off, the inductors 12 and 14
discharge through diode 26, the parallel combination of load
8 and capacitor 40, switch 18, and the AC source. This is
called discharging cycle. Switch 18 thus provides a return
path for the input current back to the N terminal, thereby
functioning as a synchronous rectifier during this input half
cycle when the voltage at the P terminal is positive. The
energy transferred to capacitor 40 during the discharging
period is energy from boost inductors 12 and 14 plus energy
flowing from the AC mains 6 during this period. During the
alternate half cycle when the voltage at the N terminal is
positive, the roles of switches 18 and 20 are reversed. Switch
20 is continuously turned on and switch 18 acts as a boost
switch. When switch 18 is turned on, the absolute value of
the mains voltage is applied to inductor 14, thus charging the
inductor. When switch 18 is turned off, the inductors 12 and
14 discharge through diode 24, load 8, capacitor 40, and
switch 20. Switch 20 thus provides a return path for the input
current back to the P terminal, thereby functioning as a
synchronous rectifier during this input half cycle when the
voltage at the N terminal is positive. Capacitor 40 functions
as an output filter capacitor.

[0030] Diodes 28, 30, 32, 34, 36, capacitor 38, inductor 16
and switch 22 form an auxiliary switching network. This
auxiliary switching network provides for turn-on of the main
boost switches 18, 20 under zero voltage switching (ZVS)
and zero current switching (ZCS) conditions, and also
provides for turn-off of the main boost switches 18, 20 under
ZVS condition. Furthermore, the switch 22 of the auxiliary
switching network is itself operated at near ZVS condition.
For ZVS, switching transitions are performed at, or close to,
zero voltage across the switches 18 and 20 (i.e., Vds is
approximately zero). For ZCS, switching transitions are
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performed at, or close to, zero current flowing through the
switches. ZVS and ZCS conditions on both switching
devices eliminates the losses associated with diode reverse
recovery current. This greatly reduces switching losses in
power converter system 10, thus allowing operation at
higher switching frequency. For example, if the auxiliary
switching network is not provided, then when switch 18 or
20 is turned on, it would hard switch recover diode 24 or 26,
respectively. This would result in a large turn-on switching
loss since the diode recovery current would flow through the
large bus voltage (e.g., 390V). Thus, the auxiliary switching
network results in higher efficiency and a reduction in the
boost choke size and cost. The resulting improved circuit
commutation softness also reduces the conducted and radi-
ated electromagnetic interference (EMI).

[0031] An exemplary timing diagram 100 for the imple-
mentation of the power converter system 10 is shown in
FIG. 2. Timing diagram 100 includes a number of wave-
forms 102, 104, 106, and 108 which generally represent the
voltages for the AC mains input and the gates of switches 18,
20, and 22, respectively. In the first half of timing diagram
100 when the P terminal of the AC mains is positive, switch
18 is continuously turned on and switch 20 functions as the
boost switch. In the second half of timing diagram 100 when
the P terminal of the AC mains is negative, switch 20 is
continuously turned on and switch 18 functions as the boost
switch. It is understood that the AC mains waveform can be
sinusoidal in form.

[0032] Now referring to FIGS. 1 and 2, the switch 22 of
the auxiliary switching network is turned on before the boost
switch 18 or 20 is turned-on. The current through switch 22
will start rising at a di/dt rate of Vout divided by the
inductance value of inductor 16, and once the amplitude of
this current reaches the amplitude of the current flowing in
the boost inductors 12 and 14, the respective boost diode 24
or 26 stops conducting forward current and begins conduct-
ing its reverse recovery Q,, charge. Once diode 24 or 26 Q,,.
reverse recovery current is complete, inductor 16 in the
auxiliary switching network will resonant discharge the
output capacitor 42 or 44 of the boost switch 18 or 20,
respectively, depending on which switch is ready to be
turned-on. At the time when capacitor 42 or 44 is discharged
to zero volts, the current in inductor 16 will be greater than
the current in inductors 12 and 14. This excess current
circulates backwards through the parasitic body diode of
switch 18 or 20, reversing the voltage across switch 18 or 20
by one diode drop. Now that the voltage across boost switch
18 or 20 is almost zero, this zero voltage condition may be
sensed by the controller 46, which then allows the boost
switch 18 or 20 to turn-on. In an alternative embodiment,
zero voltage switching (ZVS) of switch 18 or 20 can be
accomplished by configuring power converter system 10 to
have a delay (e.g., 0.5 us) between the turn on of switch 22
and the turn on of the boost switch 18 or 20. This can be
achieved, for example, by making inductor 16 of sufficient
size that the resonant quarter cycle of inductor 16 and
capacitor 42 or 44 plus the diode recovery time (trr) of
diodes 24 or 26 is less than the 0.5 usec. Thus, the boost
switch 18 or 20 turns on at ZVS-ZCS condition. Once zero
voltage is sensed, the switch 22 of the auxiliary network is
also turned-off when either of the boost switches 18 or 20 is
turned on. The energy stored in inductor 16 is then trans-
ferred to capacitor 38 charging the capacitor 38 to the Vout
potential through diode 34. The charging of capacitor 38

Jan. 3, 2008

allows current through switch 22 to fall to zero at a very low
drain source voltage, and switch 22 turns off at near ZVS
condition. Excess energy in inductor 16 (after capacitor 38
is charged to Vout) is then transferred to the output through
diodes 30 or 32, 34, and 28. The same boost switch will
turn-off at ZVS condition because of its own Coss (the
parallel capacitor 42 or 44) and capacitor 38. As current
through switch 18 or 20 falls to zero, the AC input current
flowing in inductors 12 or 14 will transfer to diodes 30 or 32,
respectively. This current flows through capacitor 38 and
diode 28, discharging capacitor 38 in preparation for the
next switching cycle. The value of capacitor 38 is typically
dominant with respect to capacitor 42 or 44 in setting the
rate of rise of the drain voltage of switch 18 or 20. This slow
rise in voltage reduces the turn-off switching losses of
switches 18 and 20 to near zero. As such, all switches 18, 20,
and 22 are switched on and off under soft switching condi-
tions. Because of these conditions, the efficiency of power
converter system 10 can be increased to about 97%.
[0033] FIG. 3 is an exemplary waveform diagram 200 for
power converter system 10, according to an embodiment of
the invention. Diagram 200 includes waveform 202 repre-
senting the current flowing through switch 22, waveform
204 representing the current flowing through diode 26,
waveform 206 representing the gate drive signal for switch
22, waveform 208 representing the gate drive signal for
boost switch 20 (or 18), waveform 210 representing the
drain-to-source voltage (Vds) of switch 22, waveform 212
representing the current flowing through boost switch 20 (or
18), and waveform 214 representing the Vds of switch 20 (or
18).

[0034] Diagram 200 depicts the switching cycle of system
10 during the Y5-cycle when the AC mains voltage 6 is
positive (+) at the P terminal and negative (=) at the N
terminal in FIG. 1. During this time period, switch 18 will
be turned on continuously and conducting input current from
its source to drain and back into the N terminal. Assume a
current iAC is flowing into the P terminal and through diode
26 to the output capacitor 40. If switch 22 is then turned on
at time t1 to initiate the beginning of the next charge cycle
of'boost inductors 12 and 14, the output voltage Vout will be
impressed across inductor 16 and its current will rise at a rate

di  Vour
dr - Lr

(where Lr is the value of inductor 16) until it reaches a value
equal to the input current iAC plus the peak reverse recovery
current (I,z5) in the boost diode 26. When the boost diode
26 establishes its reverse blocking capability, inductor 16
will resonate with the output capacitance 44 of boost switch
20, thus discharging the capacitor 44 and placing boost
switch 20 in condition for ZVS. At this time, the current in
inductor 16 is greater than the AC input current iAC, and the
difference current will flow backwards through the body
diode of switch 20 at time t2.

[0035] Once the drain-to-source voltage (Vds) of switch
20 reaches zero potential, the controller 46 senses this and
turns on switch 20 and turns off switch 22. Switch 20 is thus
turned on at time t3 under ZVS and ZCS conditions. The
energy in inductor 16 then transfers into capacitor 38,
charging it to a potential of V,=I, xvLt/Cr, where Vcr is
the voltage on the capacitor 38, and Ilr is the current flowing
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in inductor 16. If the energy in inductor 16 is greater than
that required to charge the capacitor 38 to Vout, the excess
energy will flow to the output capacitor 40. The path for this
current flow is through diode 32, inductor 16, diode 34, and
diode 28. This turn-off sequence for switch 22 is illustrated
starting with time t4 in FIG. 3. Note that the voltage across
the capacitor 38 is near zero just prior to switch 22 turning
off, thus the current of switch 22 transfers almost immedi-
ately to capacitor 38, thus providing ZVS switching for
switch 22. Diode 36 prevents the output capacitance of
switch 22 from ringing with inductor 16 and capacitor 38,
which would discharge capacitor 38. Thus, diode 36 is
provided so that capacitor 38 is left fully charged when boost
switch 20 is turned off; thereby allowing boost switch 20 to
turn off under ZVS conditions.

[0036] At time t5, when switch 20 is turned off, thus
ending the power factor correction (PFC) charging cycle for
switch 20, the AC input current iAC may immediately
transfer to diode 32, capacitor 38, and diode 28, flowing
directly to the output capacitor 40 and returning through the
body diode of switch 18 to the N input terminal. If the
inductance/capacitance ratio of inductor 16 and capacitor 38
is suitably set, capacitor 38 will be charged to almost the
potential of output capacitor 40 when switch 20 is turned off.
Thus, the current in switch 20 will transfer to diode 32 at a
very low voltage, thereby accomplishing switching under
ZVS condition. The voltage across switch 20 will then rise
to the potential of Vout at a rate of dv/dt=1AC/Cr where iAC
is the magnitude of the AC input current at that time and Cr
is the value of capacitor 38. Referencing waveform 212 in
FIG. 3 the small current flowing in switch 20 during the time
that its drain to source voltage is rising to Vout is the current
required to charge capacitor 44 and switch 20 Coss output
capacitance to Vout

[0037] Once the drain to source voltage (Vds) of switch 20
reaches the potential of Vout, then capacitor 38 Cr will be
completely discharged and the AC input current will transfer
to the boost diode 26. The power converter system 10 is then
ready or preset for the next boost inductor charging cycle.
[0038] Note that when switch 22 turns back on to initiate
the next charging cycle, the current in inductor 16 is zero.
Thus, if switch 22 is turned on sufficiently rapidly, switching
will occur under ZCS condition (with minimal turn-on
losses).

[0039] During the alternate AC mains cycle, when the AC
mains voltage 6 is positive (+) at the N terminal and negative
(-) at the P terminal, switch 20 will be turned on continu-
ously and switch 18, diode 30, and diode 24 will perform in
essentially the manner described and illustrated in FIG. 3.

[0040] FIGS. 4, 5, and 6 are waveform diagrams which
illustrate the impact of diode 36 on the operation of power
converter system 10. FIG. 4 is a waveform diagram 220 for
the system 10 if diode 36 is provided or included. FIG. 4
includes waveform 222 representing the voltage across
capacitor 38, waveform 224 representing the gate drive
signal for switch 22, waveform 226 representing the current
flowing in inductor 16, waveform 228 representing the
drain-to-source voltage (Vds) for switch 22, and waveform
230 representing the Vds for switch 20 (or 18). In FIG. 4, the
voltage across capacitor 38 remains near or is close to that
across output capacitor 40 at the time when switch 20 is
turned off.

[0041] FIG. 5 is a waveform diagram 240 for the system
10 if diode 36 is absent or not provided and is replaced by
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a direct connection between the drain of switch 22 and the
node at which inductor 16 is connected to diode 34. FIG. 5
includes waveform 242 representing the current flowing in
inductor 16, waveform 244 representing the Vds for switch
20 (or 18), waveform 246 representing the voltage across
capacitor 38, waveform 248 representing the drain-to-source
voltage (Vds) for switch 22, and waveform 250 representing
the gate drive signal for switch 22. In FIG. 5 the output
capacitance of switch 22 rings through inductor 16, capaci-
tor 38 and diode 28, thus discharging capacitor 38 to a
potential less than the output voltage Vout. This causes an
abrupt rise in the voltage of switch 20 when it is turned off,
thus increasing its switching losses. In some embodiments,
the benefit or advantage provided by diode 36 correlates to
the ratio of capacitor 38 to the output capacitance Coss of
switch 22. That is, diode 36 provides greater benefits or
advantages (e.g., in terms of increasing efficiency) when the
output capacitance Coss of switch 22 is larger.

[0042] FIG. 6 is exemplary waveform diagram 260 for a
power converter system, according to an embodiment of the
invention. In particular, FIG. 6 illustrates the switching
characteristics of switch 22. FIG. 6 includes waveform 262
representing the current flowing in inductor 16, waveform
264 representing the current flowing through switch 22,
waveform 266 representing the voltage across capacitor 38,
and waveform 268 representing the drain-to-source voltage
(Vds) of switch 22. As shown, switch 22 turns on under zero
current switching (ZCS) and turns off at zero voltage. The
current in switch 22 during the rise in Vds is not indicative
of energy dissipated in switch 22 but is the charge current
associated with recharging its Coss output capacitance.
Switch 22 can be viewed as a switch in parallel with a
capacitance Coss. If this switch is turned off very rapidly,
most of the current flowing in switch 22 transfers to charge
capacitor 38 through diode 34. A small portion of this
current, as seen by the decaying current in switch 22, flows
in Coss charging it to Vout potential. Coss is a non linear
capacitance (i.e., large when Vds is low, and decreasing with
increasing charge potential. That is why the current falls off
as Vds increases.

[0043] FIG. 7 is a schematic diagram of another imple-
mentation of a power converter system 310, according to an
embodiment of the invention. Power converter system 310
converts an AC mains voltage 6 into DC power for delivery
to a load 8. Power converter system 310 shown in FIG. 7 is
similar to power converter system 10 shown in FIG. 1, and
as such, includes inductors 12, 14, 16, switches 18, 20, 22,
diodes 24, 26, 28, 30, 32, and capacitors 40, 42, 44. Power
converter system 310 also includes a capacitor 312 and a
controller 346. The inductors 12, 14, diodes 24, 26, switches
18, 20, and capacitor 40 may implement the circuitry for the
input side rectification as well as the boost function. Diodes
28, 30, 32, capacitors 40, 312, inductor 16 and switch 22
may form an auxiliary switching network. This auxiliary
switching network provides for turn-on of the main boost
switches 18, 20 under zero voltage switching (ZVS) and
zero current switching (ZCS) conditions. In particular, the
diodes 30 and 32 in power converter system 310 help
support or provide switching of boost switches 18 and 20,
respectively, under ZVS or ZCS for each half cycle (at
fundamental frequency). Furthermore, diodes 30 and 32 help
to reduce or eliminate current through diode 28 during
steady state to eliminate or reduce recovery current for diode
28 when switch 22 is turned on. Thus, as with power
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converter system 10, the turn-on of the boost switches 18
and 20 is at ZVS-ZCS conditions.

[0044] An exemplary timing diagram 350 for the imple-
mentation of the power converter system 310 is shown in
FIG. 8. Timing diagram 350 includes a number of wave-
forms 352, 354, 356, and 358 which generally represent the
voltages for the AC mains input and the gates of switches 18,
20, and 22, respectively. It is understood that waveform 352
for the AC mains input could be in the form of a sinusoidal
wave. In the first half of timing diagram 350 when the
voltage of the AC mains is positive, switch 18 is continu-
ously turned on and switch 20 functions as the boost switch.
In the second half of timing diagram 350 when the voltage
of the AC mains is negative, switch 20 is continuously
turned on and switch 18 functions as the boost switch.
Switch 22 is turned on just before the boost switch 18 or 20
is turned on.

[0045] FIG. 9 is a schematic diagram of another imple-
mentation of a power converter system 410, according to an
embodiment of the invention. Power converter system 410
converts an AC mains voltage 6 into DC power for delivery
to a load 8. Power converter system 410 shown in FIG. 9 is
similar to power converter system 10 shown in FIG. 1, and
as such, includes inductors 12, 14, 16, switches 18, 20, 22,
diodes 28, 30, 32, and capacitors 40, 42, 44. As with power
converter system 10, the turn-on of the boost switches 18
and 20 is at ZVS-ZCS conditions. Because of this, power
converter system 410 can replace the boost diodes 24 and 26
of converter system 10 with SuperFETs 424 and 426 having
fast-body diodes, thus further reducing the conduction losses
of the system. Power converter system 110 also includes a
controller 446 for controlling the switches 18, 20, 22, 424,
and 426.

[0046] An exemplary timing diagram 450 for the imple-
mentation of the power converter system 410 is shown in
FIG. 10. Timing diagram 450 includes a number of wave-
forms 452, 454, 456, 458, 460, and 462 which generally
represent the voltages for the AC mains input and the gates
of' switches 18, 20, 424, 426, and 22, respectively. In the first
half of timing diagram 200 when the voltage of the AC
mains is positive on pin (P) and negative on pin (N), switch
18 is continuously turned on, switch 424 is continuously
turned off, and switches 20 and 426 function as the boost
switches. In the second half of timing diagram 450 when the
voltage of the AC mains is negative, switch 20 is continu-
ously turned on, switch 426 is continuously turned off, and
switches 18 and 424 function as the boost switches.
[0047] Like power converter system 10 of FIG. 1, the
power converter systems 310 and 410 shown and described
with reference to FIGS. 7 through 10 can provided higher
efficiency than previous designs. The various implementa-
tions for a power converter system shown and described
herein may provide for one or more of the following: turning
on one or both of the boost switches at zero voltage
switching (ZVS) condition, turning off one or both of the
boost switches at ZVS condition, and turning off one or both
of the boost switches at zero current switching (ZCS)
condition. This reduces switching loss. The electromagnetic
interference (EMI) is also reduced. This allows the switch-
ing frequency to be increased so as to reduce size of boost
choke. Because of these conditions the efficiency of an
AC-10-DC converter can be increased to about 97%.
[0048] FIGS. 11-14 illustrate waveforms and circuitry for
PFC. The power converter system can have or support
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power factor correction (PFC). In general, PFC reduces high
peak current and harmonic currents drawn from the AC
input which reduces EMI and produces or supports a cleaner
AC line with increased energy potential.

[0049] Referring to FIG. 11, there is shown a power
converter system 510 with an active PFC control circuit 512.
The power converter system 510 has input terminals for an
AC power source 506 and a output terminal Vout. For PFC,
the waveform of the current drawn by the power converter
system 510 should closely match the voltage waveform of
the AC power source 506 (which can be sinusoidal in form).
Stated differently, the PFC input current should have a
sinusoidal waveform in phase with the voltage of the mains
input power source 506.

[0050] FIG. 11 illustrates the interface between the active
PFC control circuitry 512 and the power circuitry of a
conventional boost PFC circuit. If a bridgeless PFC circuit
is used, then a common mode isolating circuitry may be
required to establish a signal proportional to the rectified AC
input but in reference to the ground output. This embodi-
ment of FIG. 11 can be an analog implementation for control
circuitry. The same functions may be implemented using
digital circuitry such as a digital signal processor (DSP) or
microcontroller.

[0051] In power converter system 510, a rectifier circuit
508 rectifies the sinusoidal input to produce a rectified AC
input reference signal, for example, as shown in FIG. 12.
FIG. 12 illustrates a rectified 60 Hz voltage of 1 volt peak
amplitude. The rectified AC input reference signal may be
input into active PFC control circuit 512. The active PFC
control circuit 512 also has an input for feedback from the
output Vout. In one embodiment, the active PFC control
circuit 512 comprises a multiplier output regulator loop 514
and a current regulator and PWM circuit 516.

[0052] FIG. 13 illustrates an exemplary implementation
for the multiplier and output regulator loop 514. As shown,
the multiplier and output regulator loop 514 comprises a
multiplier 520 and an output regulator amplifier 522. The
multiplier 520 receives the rectified AC input reference
signal of FIG. 12 at a first input (A) and the output from the
output regulator amplifier 522 at a second input (B). A
resistor divider 524 divides PFC output voltage Vout. The
resistor divider 524 may comprise a plurality of resistors (as
shown, for example, having values of 395 k2 and 5 k)
which divide the PFC output. The output regulator amplifier
522 receives the divided portion of the PFC output and
compares it against a reference voltage, which can have a
value of, for example, 5V. If the PFC output voltage is 400V,
for example, then resistor divider 524 will provide 5V to the
input of output regulator amplifier 522, and the output of
amplifier 522 will be held at its value. If the PFC output
voltage decreases, then the output of output regulator ampli-
fier 522 will start to increase, thus increasing the value of the
input to the multiplier 520. The output of the multiplier 520
is the product of its A and B inputs, and is provided as the
reference to current regulator and PWM circuit 516. This
input reference to the regulator and PWM circuit 516 will
thus be identical in wave shape to the signal shown in FIG.
12 with its amplitude adjusted by the multiplier and output
regulator loop 514.

[0053] If the PFC output voltage decreases below 400V,
the multiplier and output regulator loop 514 will, through
operation of its multiplier 520, increase the value of the
reference signal provided to the current regulator and PWM
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circuit 516. Conversely, if the PFC output voltage is greater
than 400V, the multiplier and output regulator loop 514 will
lower the value of the reference signal provided to the
current regulator and PWM circuit 516. In some embodi-
ments, this multiplier and output regulator loop 514 is
relatively slow with zero gain crossover frequencies in the
range of only several Hz. This can be desirable to prevent
output ripple from injecting distortion into the input current
through the multiplier 520.

[0054] FIG. 14 illustrates an exemplary implementation
for the current regulator and PWM circuit 516. As shown,
the current regulator and PWM circuit 516 includes a current
loop amplifier 528 and a PWM comparator 530.

[0055] The current loop amplifier 528 receives the output
from the multiplier 520 of multiplier and output regulator
loop 514 (FIG. 13) and compares it to a signal proportional
to the rectified input current. In particular, the output of the
multiplier 520 is input to the non-inverting terminal of the
current loop amplifier 528. This signal is compared with the
signal across a sense resistor (Rsense) which is proportional
to the rectified input current. If the Rsense signal is greater
than the reference multiplier signal, the output of current
loop amplifier 528 will decrease, thereby decreasing the
boost switch pulse width. Conversely, if the Rsense signal is
less than the output of multiplier 520, the output of current
loop amplifier 528 will increase, thereby increasing the
boost switch conduction time. The PWM comparator 530
receives the output signal from the current loop amplifier
528 and compares it against a ramp or sawtooth signal at
switching frequency. The PWM comparator 530 outputs a
PWM signal to the boost switches.

[0056] In one embodiment, the current regulator and
PWM circuit 516 is capable of relatively fast operation, with
its crossover frequency set in the several kilohertz range
such that it can force the signal across the Rsense resistor to
track the rectified voltage input signal.

[0057] In summary for the active PFC control circuit 512,
the output voltage is sensed by the multiplier and output
regulator loop 514, and the error signal is used to control the
amplitude of a voltage to the current regulator and PWM
circuit 516. The current regulator and PWM circuit 516 then
forces the input current to track the multiplier output signal.
[0058] Although the present invention and its advantages
have been described in detail, it should be understood that
various changes, substitutions, and alterations can be made
therein without departing from the spirit and scope of the
invention as defined by the appended claims. That is, the
discussion included in this application is intended to serve as
a basic description. It should be understood that the specific
discussion may not explicitly describe all embodiments
possible; many alternatives are implicit. It also may not fully
explain the generic nature of the invention and may not
explicitly show how each feature or element can actually be
representative of a broader function or of a great variety of
alternative or equivalent elements. Again, these are implic-
itly included in this disclosure. Where the invention is
described in device-oriented terminology, each element of
the device implicitly performs a function. Neither the
description nor the terminology is intended to limit the scope
of the claims.

What is claimed is:

1. A power converter system comprising:

a first input terminal and a second input terminal operable
to connect to an alternating current (AC) power source;
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an output terminal at which an output voltage can be
provided to a load;

a first inductor and a first diode connected in series
between the first input terminal and the output terminal;

a second inductor and a second diode connected in series
between the second input terminal and the output
terminal;

a first switch connected to the first inductor and the first
diode;

a second switch connected to the second inductor and the
second diode;

wherein the first switch and the second switch alternately
function as a boost switch and a synchronous rectifier
for charging and discharging the first and second induc-
tors during operation of the power converter system;
and

an auxiliary network operable to provide for zero voltage
switching (ZVS) and zero current switching (ZCS)
conditions for both the first and second switches during
operation of the power converter system.

2. The power converter system of claim 1 wherein the

auxiliary network comprises:

a third switch; and

a third inductor connected at one end to the first and
second inductors and at another end to the third switch;

wherein during operation current from the third inductor
circulates through the third switch and backwards
through a body diode of the first or second switch,
thereby reducing the voltage drop across the first or
second switch.

3. The power converter system of claim 2 wherein the
auxiliary network comprises a capacitor and a third diode
connected in parallel to the third inductor.

4. The power converter system of claim 1 wherein the
system is implemented on an integrated circuit (IC) device.

5. The power converter system of claim 1 comprising a
controller for providing control signals to turn on and off the
first and second switches.

6. The power converter system of claim 1 comprising
circuitry detecting a zero voltage condition on the first
switch or the second switch.

7. The power converter system of claim 1 comprising
circuitry for providing power factor correction (PFC) con-
trol.

8. A power converter system comprising:

a first input terminal operable to connect to one end of an

alternating current (AC) power source;

a second input terminal operable to connect to another end
of the AC power source;

an output terminal at which an output voltage can be
provided to a load;

a first boost inductor and a first boost diode connected in
series between the first input terminal and the output
terminal;

a second boost inductor and a second boost diode con-
nected in series between the second input terminal and
the output terminal;

a first switch operable to function as a boost switch to
charge and discharge the first boost inductor during a
first half cycle of the AC power source;

a second switch operable to function as a boost switch to
charge and discharge the second boost inductor during
a second half cycle of the AC power source; and
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an auxiliary network operable to provide for zero voltage
switching (ZVS) and zero current switching (ZCS)
conditions for both the first and second switches during
the first half cycle and the second half cycle, respec-
tively, of the AC power source.
9. The power converter system of claim 8 wherein the
auxiliary network comprises:
a third switch; and
a third inductor connected at one end to the first and
second inductors and at another end to the third switch;

wherein during operation current from the third inductor
circulates through the third switch and backwards
through a body diode of the first or second switch,
thereby reducing the voltage drop across the first or
second switch.

10. The power converter system of claim 8 wherein the
system is implemented on an integrated circuit (IC) device.

11. The power converter system of claim 8 comprising a
controller for providing control signals to turn on and off the
first and second switches.

12. The power converter system of claim 8 comprising
circuitry detecting a zero voltage condition on the first
switch or the second switch.

13. The power converter system of claim 8 comprising
circuitry for providing power factor correction (PFC) con-
trol.

14. A power converter system comprising:

a first input terminal and a second input terminal operable

to connect to an alternating current (AC) power source;
an output terminal at which an output voltage can be
provided to a load;

a first inductor and a first diode connected in series

between the first input terminal and the output terminal;

a second inductor and a second diode connected in series

between the second input terminal and the output
terminal;

a first switch connected to the first inductor and the first

diode;

a second switch connected to the second inductor and the

second diode;
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wherein the first switch and the second switch alternately
function as a boost switch and a synchronous rectifier
for charging and discharging the first and second induc-
tors during operation of the power converter system;
and

means for providing for zero voltage switching (ZVS) and

zero current switching (ZCS) conditions for both the
first and second switches during operation of the power
converter system.
15. The power converter system of claim 14 wherein the
means for providing for ZVS and ZCS conditions comprises
an auxiliary network.
16. The power converter system of claim 14 wherein the
means for providing for ZVS and ZCS conditions com-
prises:
a third switch; and
a third inductor connected at one end to the first and
second inductors and at another end to the third switch;

wherein during operation current from the third inductor
circulates through the third switch and backwards
through a body diode of the first or second switch,
thereby reducing the voltage drop across the first or
second switch.

17. The power converter system of claim 16 comprising
a capacitor and a third diode connected in parallel to the
third inductor.

18. The power converter system of claim 14 wherein the
system is implemented on an integrated circuit (IC) device.

19. The power converter system of claim 14 comprising
a controller for providing control signals to turn on and off
the first and second switches.

20. The power converter system of claim 14 comprising
circuitry detecting a zero voltage condition on the first
switch or the second switch.

21. The power converter system of claim 14 comprising
circuitry for providing power factor correction (PFC) con-
trol.
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Click any one of the following links to be taken to a website which contains
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There appears to be a lot of recent patent activity in the area
of building "bridgeless PFC convertors". The following are
some of the patents.

11 584 983 Method and_apparatus_for high efficieny rectifier
11_204_307_AC_to_DC_power_supply with_PF

11 302 544 Simple partial switching power_ factor_ correction
11_474_712_ BRIDGELESS BI_DIRECTIONAL FORWARD TYPE_ CONVERTER
11 480 004 High efficiency power_ converter system
11_706_645_AC_to_DC_voltage_converter_as_power_supply

12 401 983 BRIDGELESS PFC _CIRCUIT FOR_CRM
12_798_682_Bridgeless_PFC_converter

3295043 _MASSEY D_C__TO_D_C__ REGULATED CONVERTER
4183079_DC_AC_inverter

4523266_AC_to_DC_conversion_system
4943902_AC_to_DC_power_converter_and_method
5570276_Switching_converter_with_open_loop_input_regulation
5815380_Switching_converter_with_open_loop_Primary_regqulation
5815384 _Transformer_uses_bi_directional_synch_Rectifiers
6115267_AC_DC_converter_with_no_input_rectifiers
6157182_DC_DC_converter_with_multiple_operating_modes

6608522 DC_to_DC_converter providing_stable_ operation
7250742_Digital_control_of_ bridgeless_power_factor_correction
7265591_CMOS_driver_with_minimum_ shoot_through

And here is some more information for those who may be interested.

A BIDIRECTIONAL PWM THREE-PHASE STEP-DOWN RECTIFIER

A bidirectional, sinusoidal, high-frequency inverter

A DUAL INPUT BIDIRECTIONAL POWER CONVERTER

A new structure for bidirectional Power flow

BI-DIRECTIONAL INVERTER-CHARGER

Bi-directional single-phase half-bridge rectifier for power quality
BiDirectional Converter
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Synthesis of Input-Rectifierless AC/DC

11.28.10_10.11AM
dsauersanjose@aol.com
Don Sauer
http://www.idea2ic.com/


http://www.idea2ic.com/Rectifierless%20AC%3C-%3EDC/A%20rectifierless%20AC%20to%20DC%20rectifier.html



