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RIPPLE CANCELLATION CONVERTER
WITH HIGH POWER FACTOR

RELATED APPLICATIONS

This application is a 371 of International Application No.
PCT/CA2012/000971, filed Oct. 17, 2012, which claims the
benefit of the filing date of U.S. Application No. 61/547,926,
filed Oct. 17, 2011, the contents of all of which are incorpo-
rated herein by reference in their entirety.

FIELD

This invention relates to methods and circuits for improv-
ing the performance of an AC to DC power supply. In par-
ticular, methods and circuits are provided for power supplies
that achieve high power factor (PF) at the AC side and at the
same time, reduce or substantially eliminate ripple in the DC
output power. The methods and circuits may be used in any
application where high power factor and/or low output ripple
are required. In particular, the methods and circuits may be
used in DC lighting applications, such as in light emitting
diode (LED) lighting, wherein suppression of low frequency
ripple in the output power eliminates visible flickering.

BACKGROUND

Regulation concerning power factor correction for a wide
range of devices is becoming increasingly stringent. For
example, new regulation requires power factor correction for
any light emitting diode (LED) power supply with output
power higher than 5 W.

For low to medium power level (e.g., 5 W to 100 W), a
flyback converter is often used. FIG. 1 shows a block diagram
of such a system. By forcing the average input current to
follow the input voltage, high power factor can be achieved.
In order to reduce the cost, critical conduction mode is often
used to achieve power factor correction. However, this results
in a ripple in the output voltage at harmonics of the line
frequency. The second harmonic (e.g., 120 Hz for North
America or 100 Hz for China, Europe) is of particular concern
for DC lighting applications, such as LED lighting, as it
results in visible flickering wherein the human eye can see
fluctuation of the light emitting from the LED.

In such a conventional design there is a compromise
between power factor and small low frequency current ripple
through the load. For example, in order to achieve a power
factor higher than 90%, the peak to peak value of the load
current ripple can be as high as 60% of the average DC value.
For example, for an average load current of 0.5 A, the low
frequency current ripple can be as high as 0.3 A (peak to
peak). This raises several problems: Firstly, as mentioned
above, for DC lighting (e.g., LED) applications, the ripple
current causes visible flickering. Secondly, it is difficult to
achieve variable output power. When the average load current
is reduced, the ripple current does not decrease proportionally
and therefore the ripple current will become more of a prob-
lem at reduced output power. In DC lighting applications,
flickering will be worse at reduced brightness. Thirdly, the
ripple current degrades the lifespan of many devices, such as
LEDs.

To achieve high power factor and small low frequency
current ripple, two-stage conversion may be used. FIG. 2
shows a circuit block diagram of a conventional converter
used to drive an LED, where the first stage 20 is typically a
boost converter that converts the AC voltage into a high volt-
age, e.g., 400V, and also achieves power factor correction.
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The second stage 22 is a DC to DC converter that converts the
400V into a lower voltage required by the load 100, e.g., 50
V or 125V, provides electrical isolation, and regulates the
load current. However, compared to the converter of FIG. 1,
the converter of FIG. 2 suffers from the drawbacks of higher
cost and larger size.

SUMMARY

Provided herein is a circuit for use with a power supply that
provides a main output including a main DC voltage with a
first AC voltage ripple or a main DC current with a first AC
current ripple, the circuit comprising a ripple cancellation
converter that: (i) provides a second AC voltage ripple and is
connected in series with the main output, such that the first AC
voltage ripple is substantially cancelled; or (ii) provides a
second AC current ripple and is connected in parallel with the
main output, such that the first AC current ripple is substan-
tially cancelled; wherein substantially ripple-free DC output
power is provided.

Also provided herein is a circuit that provides DC power,
comprising: a portion that outputs a main DC voltage with a
first AC voltage ripple or a main DC current with a first AC
current ripple; and a ripple cancellation converter that: (i)
provides a second AC voltage ripple and is connected in series
with the main output, such that the first AC voltage ripple is
substantially cancelled; or (ii) provides a second AC current
ripple and is connected in parallel with the main output, such
that the first AC current ripple is substantially cancelled;
wherein substantially ripple-free DC output power is pro-
vided.

In some embodiments, the ripple cancellation converter
provides an auxiliary output comprising: (i) an auxiliary DC
voltage with the second AC voltage ripple, wherein the sec-
ond AC voltage ripple is substantially equal in magnitude and
substantially opposite in phase to the first AC voltage ripple;
or (ii) an auxiliary DC current with the second AC current
ripple, wherein the second AC current ripple is substantially
equal in magnitude and substantially opposite in phase to the
first AC current ripple; wherein the main output and the
auxiliary output are combined such that: (i) a total DC voltage
or a total DC current is provided; (i) the second AC voltage
ripple substantially cancels the first AC voltage ripple, or the
second AC current ripple substantially cancels the first AC
current ripple; (iii) the total DC voltage or the total DC current
is substantially ripple-free. The ripple cancellation converter
may comprise a buck converter, a boost converter, a buck-
boost converter, or a full bridge converter.

In one embodiment, the circuit further comprises a sensor
that senses the first AC voltage ripple or the first AC current
ripple, and outputs a sensor signal to the ripple cancellation
converter. In one embodiment, the circuit further comprises a
power factor correction portion. Operation of the power fac-
tor correction portion may be based on a feedback signal
derived from a load current.

In some embodiments, the substantially ripple-free DC
output power is variable.

Embodiments may be used with an AC-DC power supply.
In one embodiment, the portion that outputs a main DC volt-
age with a first AC voltage ripple or a main DC current with a
first AC current ripple comprises an AC-DC power supply.
The AC-DC power supply may comprise a flyback converter,
an isolated boost converter, a buck-boost converter, a buck
converter, or a boost converter.

In some embodiments, a load comprises an LED.

Also provided herein is a method for providing DC power
from a main output power comprising a main DC voltage with
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a first AC voltage ripple or a main DC current with a first AC
current ripple, the method comprising: (i) connecting a sec-
ond AC voltage ripple in series with the main output power,
such that the first AC voltage ripple is substantially cancelled;
or (ii) connecting a second AC current ripple in parallel with
the main output, such that the first AC current ripple is sub-
stantially cancelled; wherein substantially ripple-free DC
output power is provided.

Also provided herein is a method for providing DC power,
comprising: outputting a main output power comprising a
main DC voltage with a first AC voltage ripple or a main DC
current with a first AC current ripple; and (i) connecting a
second AC voltage ripple in series with the main output
power, such that the first AC voltage ripple is substantially
cancelled; or (ii) connecting a second AC current ripple in
parallel with the main output, such that the first AC current
ripple is substantially cancelled; wherein substantially ripple-
free DC output power is provided.

In some embodiments the method further comprises: (i)
providing an auxiliary DC voltage with the second AC volt-
age ripple, wherein the second AC voltage ripple is substan-
tially equal in magnitude and substantially opposite in phase
to the first AC voltage ripple; or (ii) providing an auxiliary DC
current with the second AC current ripple, wherein the second
AC current ripple is substantially equal in magnitude and
substantially opposite in phase to the first AC current ripple;
wherein connecting includes combining the auxiliary DC
voltage with the main DC voltage, or combining the main DC
current with the auxiliary DC current, such that: (i) a total DC
voltage or a total DC current is provided; (ii) the second AC
voltage ripple substantially cancels the first AC voltage
ripple, or the second AC current ripple substantially cancels
the first AC current ripple; (iii) the total DC voltage or the total
DC current is substantially ripple-free.

Embodiments may include using a buck converter, a boost
converter, a buck-boost converter, or a full bridge converter to
provide the second AC voltage ripple or to provide the second
AC current ripple.

One embodiment further comprises sensing the first AC
voltage ripple or the first AC current ripple, and outputting a
sensor signal to the ripple cancellation converter.

Another embodiment further comprises adjusting a power
factor of a circuit used to provide DC power. The method may
comprise adjusting the power factor based on a feedback
signal derived from a load current.

Embodiments may include varying the substantially
ripple-free DC output power.

Embodiments may be used with an AC-DC power supply.
Various embodiments include using a flyback converter, an
isolated boost converter, a buck-boost converter, a buck con-
verter, or a boost converter for the AC-DC power supply.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention, and to show
more clearly how it may be carried into effect, embodiments
will be described, by way of example, with reference to the
accompanying drawings, wherein:

FIG. 1 is a block diagram of an LED driver with a flyback
converter according to the prior art;

FIG. 2 is a block diagram of a two-stage LED driver
according to the prior art;

FIG. 3 is a block diagram of a power supply with a ripple
cancellation controller according to one embodiment;

FIG. 4 is a block diagram of a power supply with a ripple
cancellation controller and control architecture, according to
one embodiment;
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FIG. 5 is a plot showing voltage waveforms of the embodi-
ment of FIG. 4;

FIG. 6 is a block diagram of a power supply with a ripple
cancellation controller and load current control according to
one embodiment;

FIG. 7 is a block diagram of a power supply with a ripple
cancellation controller based on an isolated boost converter,
according to one embodiment;

FIG. 8 is a diagram of power supply with a ripple cancel-
lation controller based on a non-isolated buck-boost con-
verter that generates output Vol, according to one embodi-
ment;

FIG. 9is a schematic diagram of power supply with a ripple
cancellation controller based on a full bridge converter and
pulse width modulation control, according to one embodi-
ment;

FIG. 10 is a schematic diagram of a ripple cancellation
converter implemented with a buck converter, according to
one embodiment;

FIG. 11(a) is a schematic diagram of a ripple cancellation
converter implemented with a buck-boost converter, accord-
ing to one embodiment;

FIG. 11(b) is a diagram of a power supply with current
control using a second primary winding for isolation, accord-
ing to one embodiment;

FIG. 12 is a block diagram of a power supply with current
control and an external DC reference voltage, according to
one embodiment;

FIG. 13 is a block diagram of driver power supply with a
parallel-connected ripple current cancellation controller and
load current control, according to one embodiment;

FIG. 14 is a schematic diagram of driver power supply
secondary side and control circuitry suitable for integrated
circuit implementation, according to one embodiment;

FIG. 15(a) is a schematic diagram of driver power supply
secondary side and control circuitry suitable for integrated
circuit implementation, according to another embodiment;

FIG. 15(b) is a schematic diagram of driver power supply
secondary side and control circuitry suitable for integrated
circuit implementation based on the embodiment of FIG.
14(a), wherein an opto-coupler is not used;

FIG. 16 is a schematic diagram of driver power supply
secondary side and control circuitry suitable for integrated
circuit implementation, wherein load current control is
achieved by applying a voltage to a current amplifier;

FIG. 17 is a schematic diagram of driver power supply
secondary side and control circuitry based on a buck-boost
converter, suitable for integrated circuit implementation,
according to another embodiment;

FIG. 18 is a schematic diagram of driver power supply
secondary side suitable for implementation using discrete
components, according to one embodiment;

FIG. 19 is a block diagram showing driver power supply
secondary side at least partially implemented in an integrated
circuit, wherein the DC reference voltage is inside the inte-
grated circuit, according to one embodiment;

FIG. 20 is a block diagram of an embodiment with variable
output power, wherein LED dimming control is provided by
using an on/off control signal for the ripple cancellation con-
verter;

FIG. 21 is a schematic diagram of a power supply with
variable output power wherein a buck converter is used for the
ripple cancellation converter, according to one embodiment;

FIG. 22 is a plot showing a control signal (top) and load
current (bottom) for the embodiment of FIG. 21;



US 9,419,510 B2

5

FIG. 23 is a block diagram of a test setup used to evaluate
performance of a power supply with a ripple cancellation
converter according to one embodiment;

FIG. 24 is a plot showing performance for the test setup of
FIG. 23, wherein the upper waveform is the DC coupled load
current (200 mA/div), the middle waveform is the AC coupled
load current (10 mA/div), and the bottom waveform is the AC
ripple voltage at the main output, between Vol+ and Vol- (2
V/div); and

FIG. 25 is a plot of the AC input current waveform at 110V
AC and 50V, 0.7 A output, for the test setup of FIG. 23.

DETAILED DESCRIPTION

Provided herein are AC to DC power supply methods and
circuits that provide substantially ripple-free output power
and achieve high power factor. The methods and circuits
provided herein may be used in any power supply application
where substantially ripple-free output power and high power
factor are desirable, such as, but not limited to, computers,
tablets, cell phones, etc. Embodiments are described prima-
rily with respect to lighting applications, e.g., wherein the
load is an LED; however, it is to be understood that they are
not limited thereto.

For the sake of brevity, the term “LED” as used herein is
intended to refer to a single LED or to multiple LEDs elec-
trically connected together (e.g., in a series, parallel, or series-
parallel arrangement). It will be appreciated that an LED
lighting fixture (e.g., an LED lamp) may include a single LED
or multiple LEDs electrically connected together.

The methods and circuits achieve high power factor (PF) at
the AC side and reduce or substantially eliminate ripple in the
DC output power. The ripple may be a harmonic of the line
frequency, such as the second harmonic (e.g., 120 Hz for
North America or 100 Hz for China, Europe) of the line
frequency. In DC lighting (e.g., LED) applications, ripple at
the 2 harmonic results in visible flickering, wherein the
human eye can see fluctuation of the light emitting from the
LED. Therefore, of particular interest for lighting applica-
tions is suppression or elimination of ripple at the 2" har-
monic. The methods and circuits described herein reduce or
substantially eliminate ripple at the second harmonic and at
other harmonics. The methods and circuits provided herein
minimize component counts, providing power supplies that
are compact and cost effective. Embodiments may be imple-
mented in any currently-available semiconductor technology.
Embodiments may be implemented as a hybrid circuit com-
prising one or more integrated circuit (IC) component
together with discrete components, or substantially as an IC.

Provided herein are circuits and methods for use with a
power supply that provides a main output including a main
DC voltage having a first AC voltage ripple, or a main DC
current having a first AC current ripple. The methods and
circuits include a ripple cancellation converter (RCC). The
ripple cancellation converter (i) provides a second AC voltage
ripple connected in series with the main output, such that the
first AC voltage ripple is substantially cancelled; or (ii) pro-
vides a second AC current ripple connected in parallel with
the main output, such that the first AC current ripple is sub-
stantially cancelled. As a result, substantially ripple-free DC
output power is provided.

In some embodiments, a first portion provides most of the
DC power (i.e., the main output power) to the load with a
small AC component (i.e., a selected amount of voltage ripple
or current ripple), and a second portion provides a small
amount of DC power (i.e., auxiliary power) to the load and an
AC component that cancels the voltage ripple or current
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ripple produced by the first portion. The AC component pro-
vided by the second portion is substantially equal in magni-
tude and substantially opposite in phase (i.e., inverse) to the
AC component provided by the first portion, such that com-
bining the AC components of the first and second portions
substantially cancels ripple in the total output power to the
load. The total output power to the load therefore includes the
main DC power provided by the first portion together with the
auxiliary DC power provided by the second portion, substan-
tially without ripple. The first portion may be implemented
with fewer and/or smaller components, such as, for example,
a smaller output capacitor, such that size and cost of the first
portion is reduced, and efficiency is improved. Also, since the
auxiliary power provided by the second portion is only a
small amount of the total output power, it may be imple-
mented using passive components with smaller inductance
and capacitance values, and active components with lower
voltage and/or current ratings, so as to achieve ripple cancel-
lation and supply the required auxiliary output power with
reduced cost and size relative to a conventional converter such
as shown in FIG. 2. Power supply methods and circuits pro-
vided herein include series-connected embodiments for volt-
age ripple cancellation, wherein the output of a ripple cancel-
lation converter is connected in series with a main output, and
parallel-connected embodiments for current ripple cancella-
tion, wherein the output of a ripple cancellation converter is
connected in parallel with a main output.

Series Ripple Cancellation Converter

A series-connected embodiment based on a flyback con-
verter will now be described with reference to FIG. 3. In the
embodiment of FIG. 3, the primary side includes a full-wave
bridge rectifier and a switch S in series with a transformer
primary winding Np. A power factor correction (PFC) con-
troller controls the switch S to achieve high power factor at
the primary (input) side. Different from the conventional
flyback architecture shown in FIG. 1, the secondary side
includes first and second secondary windings Ns1 and Ns2,
respectively. Winding Ns1 provides the main voltage Vol.
Winding Ns2 provides a secondary voltage Vo2. The voltage
Vo2 is followed by a ripple cancellation converter 35 with
auxiliary output voltage Vo3. The main voltage Vol and the
auxiliary voltage Vo3 are connected in series to provide the
total output voltage Vout for the load 100.

When power factor correction is achieved, or when the
power factor is high, the output voltage Vol will contain a
significant amount of low frequency voltage ripple at a fre-
quency two times the line frequency (e.g., 120 Hz in North
America), as shown in the following equation:

Vol=Vol_dc+Vol_rip (€8]

In the above equation, Vol_dc represents the DC compo-
nent of Vol and Vol _rip represents the low frequency com-
ponent of Vol.

The output of the ripple cancellation converter may be
expressed by the following equation:

Vo3=Vo3_dc+Vo3_rip 2)

In the above equation, Vo3_dc represents the DC compo-
nent of Vo3, and Vo3_rip represents the low frequency com-
ponent of Vo3.

Therefore, the total output voltage which will be applied to
the load may be derived as:

Vout=Vol+Vo3=Vol_dc+Vo3_dc+Vol _rip+Vo3_rip 3)

The DC value (Vout_dc) and low frequency ripple value
(Vout_rip) of the total output Vout may be expressed as:

Vout_dc=Vol_dc+Vo3_dc 4

Vout_rip=Vol_rip+Vo3_rip (5)
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The ripple cancellation converter is constructed and con-
trolled such that the low frequency voltage ripple (Vo3 _rip) is
the same in magnitude and inverse in phase compared with
the low frequency voltage ripple in Vol, as shown in the
following equation:

Vo3_rip=—Vol_rip (6)

Substituting (6) into (5), the following equation is
obtained:

Vout_rip=0 (7

Therefore, the voltage across the load will contain substan-
tially no low frequency ripple. In the case where the load is an
LED, flickering of the LED is avoided and lifespan of the
LED is not degraded.

FIG. 4 shows a block diagram of a series embodiment with
control blocks. In the figure, a Vo1 ripple sensor 40 senses the
low frequency ripple component of Vol and provides an
output of the ripple with inverse polarity to a RCC control
circuit 37. The Vol ripple sensor may include, for example, a
high pass filter. The Vol ripple sensor output is —Vol_rip.
Vo3_dc_ref is a reference voltage for the DC value of the
RCC output voltage. The reference of the RCC is
Vo3_ref=Vo3_dc_ref+(-Vol_rip). Therefore, the control cir-
cuit 37 will regulate the output voltage Vo3 as:

Vo3=Vo3_dc_ref+(-Vol _rip)=Vo3_dc_ref~Vol _rip (®)

Therefore, the output voltage Vout may be expressed as:

Vout=Vol_dc+Vol_rip+Vo3_dc_ref~Vol_rip=Vol_dc+

Vo3_dc ©)

In the above equation, Vo3_dc=Vo3_dc_ref. The value of
Vo1_dc may be regulated by the PFC controller 30 to control
the DC value of the load current. This is discussed in detail
below.

Whereas it may be desirable to reduce the power consump-
tion, and therefore size, of the ripple cancellation converter,
the DC value of Vo3 (Vo3_dc) should be minimized. For
example, the value of Vo3_dc_ref may be set to 0, in which
case the output voltage of the ripple cancellation converter is
only the ripple voltage of Vo1, Vol_rip.

FIG. 5 shows the waveforms of Vo1 (top), Vo3 (middle) and
Vout (bottom) when only low frequency ripple is considered.
It can be observed that the low frequency voltage ripple in Vol
has been completely compensated by Vo3 and the output
voltage (Vout) that will be applied to the load does not contain
any low frequency ripple.

In other embodiments the DC value of Vo3 (Vo3_dc) is
minimized, but is greater than zero so as to provide a DC
offset that is high enough to prevent the instantaneous output
voltage from going below 0 V. That is, the value of
Vo3_dc_ref may be set to a value equal to or higher than the
peak value of the ripple. For example, if the peak value of the
ripple is 1.5V, Vo3_dc_refmay be setto 2V, in which case the
output voltage of the ripple cancellation converter is the ripple
voltage of Vo1, Vo1_rip with DC offset Vo3_dc. To minimize
power dissipation in the RCC, Vo3_dc_ref may be set to a
value equal to or slightly higher than the peak value of the
ripple.

The series topology and control strategy embodiments
described above remove or substantially reduce ripple, such
as low frequency ripple (e.g., 100 Hz or 120 Hz), in the DC
output power. In the power supply embodiments described
herein, ripple cancellation and power factor correction are
achieved at the same time by separate control loops. Ripple
cancellation is achieved by the ripple cancellation converter
35 and its related control circuit 37. Power factor correction is
achieved by the PFC controller 30 at the primary side.
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Load Current Control

The load current may be controlled by regulating the DC
value of Vol. FIG. 6 shows the embodiment of FIG. 4 with
current control added to achieve this objective. Operation of
this embodiment will be described for the case where the load
100 is an LED. The LED current is sensed using a current
sense resistor Rs. The sensed signal V_I_led is compared with
areference LED current I_ref by a current error amplifier 60,
in this case OpAmp1. Its output is the error voltage Verror_s,
which is transferred to the primary side using an isolating
device 62 such as, for example, an opto-coupler. Verror_p is
used to control the PFC controller on the primary side to
adjust the voltage level of Vol1. By changing the current ref-
erence level I_ref, the LED current may be controlled by the
PFC controller. The ripple voltage across Vol will be auto-
matically compensated by the ripple cancellation converter
35. Therefore, power factor control and LED current control
are de-coupled and high power factor can be achieved over
wide LED current variation range.

Inthe above embodiments a flyback converter is used as an
example of an implementation for power factor correction. It
will be understood that other converters may also be used. For
example, a boost converter with isolating transformer for
power factor correction may also be used, as shown in FIG. 7.

Further, the output Vo3 may also be generated using other
converter designs. For example, in the embodiment shown in
FIG. 8, the output Vol is generated with a non-isolated buck-
boost converter. The ripple cancellation converter, which gen-
erates Vo3, may be implemented using a flyback converter. In
this configuration, the voltage ripple in Vol may be compen-
sated by Vo3 using the above-mentioned control method. The
DC value of the load current is controlled by the DC value of
Vo1l (Vol_dc). Vol_dc is controlled by the PFC controller of
the buck-boost converter.

Ripple Cancellation Converter Implementation

The ripple cancellation converter may be implemented
with different types of switching converters. One example is
a full bridge converter, as shown in FIG. 9. In this embodi-
ment, the DC value of the full bridge converter may be zero,
a positive value, or a negative value. Its low frequency ripple
may be controlled to be the same as the low frequency ripple
of Vol with inverse polarity. That is, the output of the full
bridge converter may be regulated as:

Vo3=Vo3_dc-Vol_rip (10)

For embodiments where a buck converter is used as the
ripple cancellation converter, an example of a power circuit is
shown in FIG. 10. In FIG. 10, only the secondary side circuit
is shown (the primary side circuit is the same as in FIG. 9).
Using a buck converter, the DC value of Vo3 cannot be
reduced to zero. Similarly, —Vol_rip is used as part of the
reference voltage for the buck converter. The output voltage
Vo3 is controlled as:

Vo3=Vo3_dc-Vol_rip (11)

The maximum and minimum value of Vo3 may be calcu-
lated as:

Vo3_max=VFo3_dc+0.5*Vol_rip_pp (12)

Vo3_min=Vo3_dc-0.5%Vol_rip_pp (13)

In the above equations, Vol_rip_pp represents the peak to
peak value of the low frequency ripple for Vol. It is advanta-
geous to set the Vo3_dc to be a little bit higher than
0.5*Vol_rip_pp. In this way, the power provided by the buck
converter will be minimized and the overall efficiency will be
improved.
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In addition, in order for the buck converter to operate
properly, the transformer secondary side turns ratio (Ns1 and
Ns2), as well as the output capacitor values (C1 and C2)
should be selected so that the following relations are satisfied:

Vo2_min>Vo3_dc+0.5%Fo1_rip_pp 14)

Vo2_min=Vo2_dc-0.5%¥o2_rip_pp 15)

In equation (15), Vo2_rip_pp represents the peak to peak
value of the low frequency ripple for Vo2. That is, the mini-
mum Vo2 value should be higher than the maximum value of
Vo3.

The power circuit for an embodiment where a buck-boost
converter is used as the ripple cancellation converter is shown
in FIG. 11(a). In FIG. 11(a), only the secondary side is shown
(the primary side circuit is the same as in FIG. 9). Of note is
the reference direction of the voltage Vo2.

As described above, —Vol_rip is used as part of the refer-
ence voltage for the buck-boost converter. The output voltage
Vo3 may be controlled as:

Vo3=Vo3_dc-Vol_rip (16)

In order to achieve ripple cancellation, Ns1, Ns2 and C1,
C2 should be selected properly to meet the following require-
ment:

Vo3_dc>Vo3_min+0.5*Vol_rip_pp a7

That is, the minimum output voltage of Vo3 should be
higher than zero. The ripple cancellation converter may also
be implemented using other switching converters, such as,
but not limited to, a boost converter, as would be apparent to
one of ordinary skill in the art.

In practice, it is desirable to limit the DC value of Vo3
(Vo3_dc) to just slightly higher than half the ripple voltage,
(0.5*Vol_rip_pp). Therefore, a control strategy according to
one embodiment is to sense the peak to peak value of the
ripple voltage (Vol_rip_pp) and then set the DC value of Vo3
as

Vo3_dc_ref=0.5%Vol_rip_pp+V_offset (17a)

Inequation (17a), V_offset is a small DC value, such as, for
example, 0.5V, 0.75V, 1.0V, etc. Alternatively, Vo3_dc_ref
may be determined by the following equation:

Vo3_dc_ref=(0.5+K _offset)* Vol _rip_pp (17b)

In equation (17b), K_offset is a small positive value, such
as, for example, 0.1 to 1. With this arrangement, the relation
(17) will always be satisfied under different ripple conditions
for Vol.

As described above, an isolating device such as an opto-
coupler may be used where the load current is regulated by a
primary side PFC controller. In some applications where an
opto-coupler cannot be used or where it is not preferred to use
an opto-coupler, the load current may also be regulated using
the DC value of Vo3.

As can be observed from equation (9), when Vo3_dc is
changed, the voltage across the load will also change and,
consequently, the load current will change. In this case, the
voltage Vol will be controlled to be substantially constant
through primary side voltage sensing by controlling a pri-
mary auxiliary voltage at the primary side as described below
with reference to FIG. 11(b).

In FIG. 11(b), a second primary winding Np2 is added at
the primary side. Diode D_aux and capacitor C_aux are used
to create an auxiliary voltage for the PFC controller. Because
of the nature of a flyback converter, the relationship between
V_aux and Vol can be expressed approximately as the fol-
lowing:

V_aux=Vol*Np2/Nsl (17¢)
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It can be observed that by maintaining V_aux at a prede-
termined level, Vol can also be controlled. Therefore, the
output voltage Vout can be controlled by changing Vo3. Atthe
secondary side, the voltage across the current sense resistor
Rs is sent to the ripple cancellation converter, which changes
the voltage Vo3 to regulate the load current.

In FIG. 11(b), Rcl and Re2 are used to detect the zero
crossing of the magnetizing inductor current. Of course, other
methods and circuits may be used to control operation of the
PFC, as will be readily apparent to one of ordinary skill in the
art.

The block diagram of FIG. 12 shows an embodiment with
an LED load wherein an external DC reference voltage is
used. In this embodiment, the ripple voltage of the main
output voltage (between Vol+ and Vol-) is sensed at 120 and
separated at 122 from its DC component, and added at sum-
mer 124 to the DC reference voltage of the ripple cancellation
converter 35, and the combined voltage (Vrcc_ref) is used as
the reference voltage for the ripple cancellation converter.
Parallel Ripple Cancellation Converter

The above embodiments provide series-connected ripple
cancellation converters, wherein the main output voltage Vol
and the auxiliary output voltage Vo3 from the ripple cancel-
lation converter are connected in series and added such that
the ripple voltage in the main output is cancelled. However,
parallel-connected embodiments are also provided herein. In
parallel compensation, the auxiliary output of a current ripple
cancellation converter 35 is connected in parallel with the
main output, as shown in the embodiment of FIG. 13.

In FIG. 13, the total current for the load 100, which may be
an LED as shown, is I_led. The main output Vol provides
most of the current I_o1 required for the LED. This current
contains low frequency ripple (e.g., at either 100 Hz or 120
Hz). The output current of the main output can be described
by the following equation:

I o1=I ol _dc+I ol_rip (18)

wherein 1_o1_dc represents the DC value and I_ol_rip
indicates the low frequency ripple of the main output current.

The output current I_o1 is sensed and its ripple component
1_o1_rip is retrieved by an I_o1 ripple sensor circuit 130.

The output current of the current ripple cancellation con-
verter 35 is controlled such that:

[ 02=102 de-Iol_rip (19)

=102 dc_ref —[_ol_rip

That is, the output current of the current ripple cancellation
converter has a DC value determined by a reference
(I_o2_dc_ref) and an AC value equal to the inverse of the
ripple value of I_o1. Therefore, the current through the LED
load will be:

Iled=I1ol+I 02 20)

=l ol de+L ol rip+I 02 de—1I ol rip

= ol _dc+1 02 dc

From equation (20) it can be seen that there is no ripple
component for the LED current.

To improve efficiency, |_02_dc may be selected to be
smaller than I_o1_dc.
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The LED current is controlled by an LED current control-
ler 60 and isolating device 62 such as an opto-coupler, and the
error signal is sent to the primary side to provide a reference
for a power factor correction controller. By adjusting the LED
current reference I_led_ref, the output voltage 0of Vol changes
and the DC value of the main output current I_ol (I_o1_dc)
also changes, such that the LED current changes.

In other embodiments, other converter types may be used
to implement the current ripple cancellation converter. For
example, in one embodiment a buck converter is used. In this
case, the voltage Vo2 should be higher than Vo3, which is
substantially the same as Vo1, as they are connected together
in parallel.

In another embodiment, a boost converter is used to imple-
ment the current ripple cancellation converter. In this case,
Vo2 should be lower than Vo3.

In another embodiment, a buck-boost converter is used to
implement the current ripple cancellation converter. In this
case, the polarity of the input voltage Vo2 of the current ripple
cancellation converter is reversed relative to the polarity of
Vol.

Integrated Circuit Implementation

In some applications, such as an LED driver, the current for
the ripple cancellation converter is not large, for example, it
may be in the range of 0.5 A to 1 A, depending on the
application. The ripple voltage is normally less than 10 V
(peak to peak value). For some applications, a preferred way
to implement the ripple cancellation converter and the related
control circuit may be in an integrated circuit (IC) chip. For
example, the IC chip may include the switch (e.g., MOSFET)
and control circuits. For example, in one embodiment the
high side switch (such as Sb1 in FIG. 10) may be imple-
mented with a P channel MOSFET to conveniently facilitate
gate drive. This is described in greater detail below, wherein,
for example, a buck converter is used as the ripple cancella-
tion converter. Other converter types may also be used, as
would be apparent to one of ordinary skill in the art.

FIG. 14 shows a circuit diagram of a ripple cancellation
converter and related control circuits according to one
embodiment, wherein the load is an LED. The secondary side
ground is at the negative terminal of Vo2. R1 and R2 form a
resistor divider from the positive terminal of Vol (Vol+) to
ground. Cdl and Rd1 form a DC blocking circuit that blocks
the DC component in Vo1+. Similarly, R3 and R4 is a resistor
divider from the negative terminal of Vol (Vol-) to ground.
Cd2 and Rd2 is a DC blocking circuit that blocks the DC
component of Vol-. The signals Vol—_s and Vol+_s are fed
to a circuit 140, in this case OpAmp1 which calculates the
difference and reconstructs the ripple voltage of Vol. The
output of OpAmpl is offset by a voltage with value of
Vo3_dc_ref. Therefore, the reference voltage for the buck
converter is:

Vo3_ref=Vo3_dc_ref~(Vol+_s—Vol—_s) 21

The value of Vo3_dc_ref is set to be slightly higher than
0.5*(Vol+_s—Vol-_s), but not substantially higher, so that
the energy provided by the buck converter is minimized.

The output voltage Vo3 is sent to the IC through resistor
divider R5 and R6 and compared with Vo3_refusing a voltage
error amplifier 142, in this case OpAmp2. Its output is sent to
the pulse width modulator (PWM) and driver 144 to control
the duty cycle of the buck switches Sb1 and Sb2.

In the design, the ratios R1/R2, R3/R4, and R5/R6 should
be substantially the same in order to substantially compensate
(i.e., cancel) the low frequency voltage ripple in Vol.

The LED current is sensed by the resistor Rs and sent to the
current error amplifier 60, OpAmp3. The LED current refer-
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ence signal may be generated inside the IC. The output of the
current error amplifier (I_error_s) is sent to the primary side
using an opto-coupler (I_error_p) and then used to control the
PFC circuit to regulate Vol.

The pin assignments (pinl, pin2, pin3, . . ., pin9) indicate
possible pin out numbers for the integrated circuit. For
example, in the embodiment shown, a 9 pin IC chip is needed.
In this example Pin8 is the ground or reference point of the
integrated circuit chip. It is also the reference point for the
secondary side.

In apractical design, it is preferred to have an 8 pin IC chip
in order to reduce cost. FIG. 15(a) shows an embodiment
where the ripple cancellation converter and control circuits
are implemented with an 8 pin IC chip. It is noted that from a
power flow point of view, there is no difference between the
embodiment shown in FIG. 14 and the embodiment shown in
FIG. 15(a).

The main difference between the embodiments in FIG. 14
and FIG. 15(a) is that in FIG. 15(a), Vo3 is connected on top
of Vol and the secondary side reference point (ground) is
moved to the negative terminal of Vo3 (Vo3-). The positive
terminal of Vol (Vol+) is connected to the negative terminal
of Vo3 (Vo3-) through the current sense resistor Rs. There-
fore, Vol+is almost zero. The low frequency ripple voltage of
Vol is obtained by resistor divider R1, R2, Cd1, and Rd1, as
indicated by Vol-_s.

Vol-_s=-Vol _rip*R2/(R1+R2)

Vol-_s is sent to the IC chip through pin 4. In the IC chip,
Vol-_sis added with a voltage Vo3_dc_refand the combined
voltage is used as the reference voltage for Vo3. Itis noted that
the ratio of R1/R2 and R5/R 6 should be substantially the same
in order to substantially compensate (i.e., cancel) the low
frequency voltage ripple in Vol. That is, the closer the ratios
of R1/R2 and R5/R6, the better will be the compensation.

If an opto-coupler is not used, the output of OpAmp3 (as
shown in FIG. 15(a)) will be sent to the positive input terminal
of OpAmp2 to change the DC reference voltage for Vo3. The
embodiment of FIG. 15(b) shows one such implementation.
The output of OpAmp3 is connected to Vo3_ref through
resistor R20.

In some embodiments, the load current is controlled from
the primary side. In this case, the current error signal, I_er-
ror_s is sent to the primary side. For example, the error signal
1_error_s may be sent to the primary side using an isolating
device 62, such as, for example, an opto-coupler, as shown in
FIGS. 14 and 16.In FIGS. 14 and 16, the load 100 is shown as
an LED. It is noted that the load current may be adjusted by
applying a voltage to the current amplifier as shown in the
embodiment of FIG. 16. A voltage (I_led_con) may be
applied to signal 1_led (pin6) using resistors R11 and R12. In
this way, the voltage applied to the negative terminal of
OpAmp3 may be adjusted.

The embodiment of FIG. 17 shows an IC implementation
with a buck-boost converter used as the ripple cancellation
converter. This embodiment may be implemented with an 8
pin IC package. In this case, the Vce for the IC chip is the sum
0f'Vo2 and Vo3. It is noted that because of relatively larger low
frequency ripple across C3, the Ve of the IC chip will also
contain several volts of ripple. A linear regulator may be
incorporated inside the IC to compensate for the ripple volt-
age.

One advantage of using a buck-boost converter is that it
permits a wider Vo3 voltage range, as Vo3 may be higher or
lower than its input voltage Vo2.

The embodiment of FIG. 18 shows another implementa-
tion where low cost, off the shelf components (i.e., discrete
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components) may be used for the ripple cancellation con-
verter, and to achieve low current ripple through the load and
high power factor at the AC side. In this embodiment, the
diode D3 of the buck-boost converter is moved to the top side.
The secondary side ground is the negative terminal of Vo3 and
the positive terminal of Vo1 is connected to Vo3 through the
load current sense resistor R3. In this case, the gate drive of
Q1 is a common ground drive, which simplifies implementa-
tion.

In some embodiments wherein an integrated control and
power circuit is used, the reference voltage is inside the IC
chip and it cannot be changed or controlled. The embodiment
of FIG. 19 overcomes this limitation. In FIG. 19, the ripple
voltage of the main output (between Vol+ and Vo1-)is sensed
at 120 and separated from the DC voltage at 122, and added at
190 to the output voltage Vo3+ of the ripple cancellation
converter 35, and the combined voltage is used as the feed-
back voltage for the ripple cancellation converter. The output
voltage of the ripple cancellation converter includes an AC
voltage component that is the same in magnitude and in
opposite phase with the AC voltage component (i.e., ripple) of
the main output (between Vol+ and Vol-). As a result, the
voltage across the load 100, in this case an LED, will be a
substantially ripple-free DC voltage.

Variable Output Power

In some applications it might be desirable to vary (e.g.,
control) the output power of the converter. This can be
achieved by controlling either the output voltage or current, or
by controlling the output power between two different levels
according to a variable duty cycle. For example, the two
different powers levels might be switched between 0% and
100% of the output power.

For example, in some applications, such as LED lighting,
dimming of the LED is required. The term “dimming” means
that the light output of the LED is adjustable or variable.
Dimming may be achieved by adjusting the average load
current. Some applications may require that the LED light is
adjustable from 100% to 1%.

One method to achieve dimming is to reduce the regulated
load current, as discussed with reference to FIGS. 14, 15, and
16. However, in practical implementation, the current refer-
ence voltage change will be too wide. For example, if the
current sense resistor value is selected so that at full load, the
voltage across the current sense resistor is 0.5 V, the voltage
across the current sense resistor will be 5 mV when the
required LED current is 1% of the full load. This voltage level
will be too low for the current error amplifier 60 (e.g.,
OpAmp3) to operate properly. One way to avoid this problem
is to add a DC offset to the current sense voltage. An example
of one way to implement this is shown in the embodiment of
FIG.16.InFIG. 16, a DC offset circuit includes an I_led_con
signal and R11 and R12, wherein I_led_con may be an exter-
nally generated LED light control signal. With this configu-
ration, the voltage at pin6, I_led, can be calculated approxi-
mately as:

I led=I led_con*R12/(R11+R12)+lout*Rs (23)

The current loop implemented by opamp3 forces the I_led
voltage to be the same as the reference voltage 1_led_ref.
When I_led_on is zero, or very low,

I_led=lout*Rs 24)

and the LED current is high. When the voltage level of I_led_
con is increased, I_led_con* R12/(R11+R12) will increase,
and the Iout*Rs will be reduced, as the sum of these two
signals is substantially equal to I_led_ref. Therefore, the LED
current lout will be reduced. With this implementation, the
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voltage at the input terminal (piné) of the opamp will be
maintained at a value suitable for proper operation, such as,
for example, about 0.5 V, based on the above. For example,
R11, R12 may be selected such that when I_led_con is 10V,
the voltage across R12 is 0.495V. The voltage across Rs will
then be 0.005 V after feedback control. This effectively
adjusts the LED current to about 1% of the rated current.
When I_led_con is 5V, the voltage across R12 will be about
0.25 V and the LED current will be about 50% of its rated
current.

Another example of a dimming method is to turn off the
ripple cancellation converter for a certain period of time, as
shown in the embodiment of FIG. 20. For example, if the
ripple cancellation converter 35 is on all the time, the load
current will be at its highest value and the LED will be
brightest. If the RCC is on for half the time, the load current
will be half of the full load current. For preferred performance
the on/off frequency of the RCC should be selected to be
higher than the line frequency and lower than the converter
switching frequency. As an example, the on/off frequency of
the RCC may be 500 Hz to 2000 Hz, although other frequen-
cies may be used as required for a given design or application.

One way to implement a control strategy for such an
embodiment is to add a switch (e.g., MOSFET) to the ripple
cancellation converter, as shown in the embodiment of FIG.
21. For example, as compared with the embodiment shown in
FIG. 10, a switch S3 is added. During normal operation, i.e.,
non-dimming operation, S3 is turned on all the time and the
circuit operation is substantially the same as before. During
dimming operation, a dimming control signal, Vgs3, is
applied to the gate of S3, as shown in the example of FIG. 22.
The switching period, Ts is

Ts_S3=Ton_S3+Toff 53 (25)

For proper operation the switching frequency of the dimming
signal Fs_S3=1/Ts_S3 is selected to be lower than the switch-
ing frequency of the buck converter and higher than the line
frequency. For example, if the switching frequency of the
buck converter is about 100 kHz to 1 MHz, Fs_S3 may be
selected to be about 500 Hz to 2000 Hz. In this way, there will
be multiple of switching cycles within the Ton_S3 period.
During dimming operation, when S3 is on (during the Ton_S3
period), the operation of the converter is substantially the
same as before. During the Toff S3 period, S1, S2, and S3
will all be off. The energy stored in L3 will be transferred to
C3 in a very short period of time and substantially no current
will flow through the Buck converter. Therefore, the current
through the load will also be zero. The waveform of the load
current is shown in the example of FIG. 22 (bottom). The
average LED current can be calculated as:

I led_avg=I_ led_ref*Ton_S3/Ts_S3

Therefore, by adjusting the ratio of Ton_S3/Ts_S3, the aver-
age LED current can be adjusted over a wide range, such that
dimming is achieved.

Another reason to select the on/off frequency of S3 to be,
e.g., several hundred to several thousand Hz is that the human
eye cannot detect the light change in this frequency range.

In various embodiments switch S3 may be placed in series
with switch Sb2, or in series with inductor 3. These methods
may applied to embodiments wherein the ripple cancellation
converter is implemented using other topologies, such as, for
example, boost or buck-boost converters, to achieve dimming
operation.
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Embodiments are further described by way of the follow-
ing non-limiting example.

EXAMPLE

Methods and circuits as described above were applied to a
power supply to investigate efficiency and current ripple
reduction performance. A block diagram of the test setup is
shown in FIG. 23, and Table 1 provides details on the test
equipment used. For this example, a Buck converter was used
for the ripple cancellation converter, and LEDs were used as
the load.

TABLE 1

Measurement Equipment

AC power source
DC voltage source
Multi-meter

Load

Agilent 6813B

Agilent 6654A

Fluke 4 digit multi-meter

22 LEDs, LR W5AM-HZJZ-1-Z
(OSRAM Opto Semiconductors)
Agilent 33250A

Tektronix TDS3034B

Tektronix TCP202

Signal generator
Oscilloscope
Current probe

Addition of the ripple cancellation converter substantially
reduced AC ripple in the output current. FIG. 24 shows the
measured load current ripple, with 120V AC input and an
LED voltage of about S0V DC and LED DC current of about
0.7 A DC. It is noted that the load current ripple is about 10
mA peak to peak, which is very small as compared with the
DC current of 0.7 A. The AC ripple at the main output (be-
tween Vo+ and Vo- of FIG. 23) was about 3 V peak to peak.
FIG. 25 shows the input AC current waveform at the same
conditions. It can be seen that the AC current is a sinusoidal
waveform, which indicates high power factor is achieved. The
power factor was measured to be 0.99.

Equivalents

Those skilled in the art will recognize or be able to ascer-
tain variants of the embodiments described herein. Such vari-
ants are within the scope of the invention and are covered by
the appended claims.

The invention claimed is:

1. A circuit for use with a power supply that provides a first
output including a first DC voltage with a first AC voltage
ripple or a first DC current with a first AC current ripple, the
circuit comprising:

a ripple cancellation converter that:

(1) provides a second AC voltage ripple equal in magnitude
and opposite in phase to the first AC voltage ripple, and
is connected in series with the first output, such that the
first AC voltage ripple is substantially cancelled; or

(ii) provides a second AC current ripple equal in magnitude
and opposite in phase to the first AC current ripple, and
is connected in parallel with the first output, such that the
first AC current ripple is substantially cancelled; and

a controller that senses a peak to peak value of the first AC
voltage ripple or the first AC current ripple and controls
the ripple cancellation converter to minimize a DC offset
of'the second AC voltage ripple or the second AC current
ripple;

wherein substantially ripple-free DC output power is pro-
vided.

2. The circuit of claim 1, wherein the ripple cancellation

converter comprises a buck converter, a boost converter, a
buck-boost converter, or a full bridge converter.
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3. The circuit of claim 1, further comprising a power factor
correction circuit.
4. The circuit of claim 3, wherein operation of the power
factor correction circuit is based on a feedback signal derived
from a load current.
5. The circuit of claim 1, wherein the substantially ripple-
free DC output power is variable.
6. The circuit of claim 1, for use with an AC-DC power
supply.
7. The circuit of claim 1, wherein the power supply com-
prises a flyback converter, an isolated boost converter, a buck-
boost converter, a buck converter, or a boost converter.
8. The circuit of claim 1, wherein aload comprises an LED.
9. A method for providing substantially ripple-free DC
power from a first output power comprising a first DC voltage
with a first AC voltage ripple or a first DC current with a first
AC current ripple, the method comprising:
sensing a peak to peak value of the first AC voltage ripple
or the first AC current ripple;
(1) providing a second AC voltage ripple equal in magni-
tude and opposite in phase to the first AC voltage ripple;
minimizing a DC offset of the second AC voltage ripple
based on a sensed value of the first AC voltage ripple;

connecting the second AC voltage ripple in series with
the first output power, such that the first AC voltage
ripple is substantially cancelled; or
(i) providing a second AC current ripple equal in magni-
tude and opposite in phase to the first AC current ripple;
minimizing a DC offset of the second AC current ripple
based on a sensed value of the first AC current ripple;

connecting the second AC current ripple in parallel with
the first output, such that the first AC current ripple is
substantially cancelled;

wherein substantially ripple-free DC output power is pro-
vided.

10. The method of claim 9, including using a buck con-
verter, a boost converter, a buck-boost converter, or a fail
bridge converter to provide the second AC voltage ripple or to
provide the second AC current ripple.

11. The method of claim 9, further comprising adjusting a
power factor of a circuit used to provide the first DC power.

12. The method of claim 11, comprising adjusting the
power factor based on a feedback signal derived from a load
current.

13. The method of claim 9, comprising using an AC-DC
power supply to provide the main output power.

14. The method of claim 13, including using a flyback
converter, anisolated boost converter, a buck-boost converter,
a buck converter, or a boost converter for the ACDC power
supply.

15. The method of claim 9, comprising connecting the
substantially ripple-free DC output power to a load, wherein
the load comprises an LED.

16. The circuit of claim 1, wherein:

(1) the DC offset of the second AC voltage ripple is equal to
(a) a peak value of the AC voltage ripple, or (b) (0.5+K)
times the peak to peak value of the AC voltage ripple; or

(i1) the DC offset of the second AC current ripple is equal to
(a) a peak value of the AC current ripple, or (b) (0.5+K)
times the peak to peak value of the AC voltage ripple;

wherein K is from 0.1 to 1.0.

17. The circuit of claim 1, wherein the ripple cancellation
converter comprises a full bridge converter.

18. The circuit of claim 17, wherein:

(1) the DC offset of the second AC voltage ripple is less than

a peak value of the first AC voltage ripple; or
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(ii) the DC offset of the second AC current ripple is less
than a peak value of the first AC current ripple.

19. The method of claim 9, wherein:

(1) the DC offset of the second AC voltage ripple is equal to
(a) apeak value of the AC voltage ripple, or (b) (0.5+K)
times the peak to peak value of the AC voltage ripple; or

(ii) the DC offset of the second AC current ripple is equal to
(a) a peak value of the AC current ripple, or (b) (0.5+K)
times the peak to peak value of the AC voltage ripple;

wherein K is from 0.1 to 1.0.

20. The method of claim 9, including using a full bridge
converter to provide the second AC voltage ripple or to pro-
vide the second AC current ripple.

21. The method of claim 20, wherein minimizing com-
prises:

(1) setting the DC offset of the second AC voltage ripple to

be less than a peak value of the first AC voltage ripple; or

(ii) setting the DC offset of the second AC current ripple to
be less than a peak value of the first AC current ripple.
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