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(54) A mains power converter, and methods of operating and equipment incorporating the same

(57) A power converter is disclosed, which is config-
ured to convert AC mains power to a DC voltage which
is lower than an rms voltage of the AC mains, the power
converter comprising a rectifier for rectifying an AC mains
power; a capacitor; a switch configured to supply the rec-
tified AC mains power to the capacitor during only a low-
voltage part of any cycle of the AC mains; and a DC-DC

power converter, typically a switched mode DC-DC pow-
er converter, configured to convert power from the ca-
pacitor to the DC voltage.

Electronic equipment incorporating such a power
converter is also disclosed, together with methods of op-
erating such a power converter.
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Description

Field of the Invention

[0001] This invention relates to AC-DC converters and to methods of operating the same.

Background of the Invention

[0002] Many applications which operate at a low voltage such as 3.3V, or 5V or 12V, benefit from being connected to
a mains power supply. Previously, a conventional way of obtaining a low voltage was to use a high-voltage capacitive
divider, in which a capacitor is used as an impedance. The capacitor current is rectified and used. This method is efficient,
but the capacitor is large and expensive.
[0003] Another conventional solution is to use a switched mode DC-DC converter. Such switched mode DC-DC
converters generally may be configured to operate with a high efficiency, but are expensive. For example, for a 220V
mains supply, for which the peak voltage is around 325V, it is generally required to have a switch and freewheel diode
operable up to 600V. Also, the buffer capacitor on the input side would require to be specified to at least 400V, as would
the inductive element such as a transformer. Furthermore, in order to convert 325V down to 3.3V, the DC-DC converter
operates at only 1 % duty-cycle. This may be difficult to control, and is difficult, or at least expensive, to configure to
operate with high efficiency.
[0004] A further known solution, which is generally less expensive than use of a DC-DC converter, is to use a low
drop-out voltage regulator (LDO). An LDO typically comprises a power FET and a differential amplifier. The differential
amplifier compares the output voltage - or alternatively and more commonly a well-defined fraction of the output voltage
- with a reference voltage, and drives the power FET in linear mode to maintain a fixed output voltage. An LDO would
be extremely inefficient if used to down-convert a mains voltage to a typical low-voltage: for instance, used with the
same 220V mains supply resulting in peak voltages of 325V, to provide power for a 3.3 output voltage, it has to drop
322 V. So, in known solutions, the supply to the LDO is normally provided by a capacitor, which is charged to an
intermediate voltage (just above the output DC voltage for good efficiency) from the rectified mains. Establishing the
intermediate voltage is typically done by so-called "gated rectification", in which the mains is rectified by a bridge rectifier,
and the output switchedly connected to the capacitor.
[0005] Since the efficiency of the LDO is directly related to the closeness of the input voltage to the output voltage, to
achieve a high efficiency the capacitor voltage is kept close to the required DC output voltage as mentioned,; for example,
to provide a 3.3V DC output, the capacitor voltage should be between 5V and no more than 10V.

Summary

[0006] According to a first aspect, there is provided a power converter configured to convert AC mains power to a DC
voltage which is lower than an rms voltage of the AC mains, the power converter comprising a rectifier for rectifying an
AC mains power; a capacitor; a switch configured to supply the rectified AC mains power to the capacitor during only a
low-voltage part of any cycle of the AC mains; and a DC-DC power converter configured to convert power from the
capacitor to the DC voltage. By supplying the rectified AC mains power to the capacitor during only a low-voltage part
of the AC mains cycle, the capacitor may be charged to an intermediate voltage. Since the intermediate voltage may
be significantly lower than the mains AC voltage, it may be possible to operate the DC-DC power converter at a significantly
higher duty cycle than would be the case were it operating directly from the mains voltage.
[0007] In embodiments, the switch is configured to charge the capacitor to a voltage which is no more than 10 times
larger than the DC voltage. The conversion ratio of the DC-DC converter may thereby be constrained to be no more
than 10:1, and the minimum duty cycle may be similarly limited to no more the 10%.
[0008] In embodiments, the DC voltage is in the range of 0.8V to 12V, and in some embodiments, the DC voltage is
3.3V. This range of voltages, and 3.3V in particular, is very common for low voltage operating equipment. However, it
will be appreciated that the invention is not limited any one specific voltage, since preferred low voltage operating
characteristics may change over time and with developments in, for example, semiconductor or battery technology. As
an example, some earlier electronic equipment has been designed to operated at so-called "TTL" voltage levels of 5V;
1.5V circuits are nowadays fairly commonly designed - since this voltage allows operation from conventional single cell
alkaline batteries; more recent CPUs (central processing units may operate from input voltages as low as 0.8V); such
voltages would also fall with the scope of embodiments.
[0009] The DC-DC power converter may be a switched mode DC-DC power converter. Power converter are generally
no-dissipating, as will be described in more detailed hereinbelow, and switched mode DC-DC power converters are
particularly convenient, well-known and convenient types of DC-DC power converters for use in embodiments.
[0010] In embodiments, the DC-DC power converter is a buck converter configured for operation using hysteretic
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control. However, other forms of control, such as will be familiar to the skilled person, may be used alternatively or in
addition.
[0011] In embodiments, the rectifier is a bridge rectifier. However, the skilled person will appreciate that other forms
of mains rectification may be used. For example and without limitation, a single-phase rectification may by used, with
either a single diode or a pair of diodes. In such embodiments, alternate mains half-cycles (either all positive half-cycles
or all negative half- cycles, are not used at all).
[0012] According to another aspect there is provided an electronic equipment comprising a power converter as claimed
in any preceding claim, wherein the electronic equipment is arranged to be operated for no more than 5% of the time in
which it is connected to a mains supply, and is a one of the group of electronic equipments comprising home and office
lighting, door openers including garage door openers, catch-releasers including door-catch releasers, alarm systems,
domestic consumer media equipment including tv and hifi, and computing equipment. It will be appreciated that, without
limitation, embodiments are particularly useful for many types of electronic equipment, for which a low voltage power
supply - such as could typically be provided by batteries or dry cells - is required, but where operation is only intermittent,
such that connection to the mains is beneficial to avoid problems associated with battery deterioration or batteries have
insufficient stand-by time.
[0013] According to another aspect there is provided a method of converting an AC mains power to a DC voltage
which is lower than an rms voltage of the AC mains, the method comprising: rectifying the AC mains; supplying the
rectified AC mains signal to charge a capacitor during only a low-voltage part of a mains half-cycle, the capacitor being
configured as an input to a switched mode DC-DC power converter, and operating the switched mode DC-DC power
converter to convert the power to the output voltage.
[0014] These and other aspects of the invention will be apparent from, and elucidated with reference to, the embod-
iments described hereinafter.

Brief description of Drawings

[0015] Embodiments of the invention will be described, by way of example only, with reference to the drawings, in which

figure 1 shows, schematically, a power converter according to a known arrangement in which a gated rectifier
charges a capacitor which provides an input to a LDO;
figure 2 shows voltage and current waveforms for a converter as shown in figure 1;
figure 3 shows, schematically, a power converter according to embodiments, in which a gated rectifier charges a
capacitor which provides an input to a switched mode DC-DC converter; and
figure 4 shows voltage and current waveforms for a converter as shown in figure ; and
figure 5 shows, in more detail, an example of a convertor according to figure 3.

[0016] It should be noted that the Figures are diagrammatic and not drawn to scale. Relative dimensions and proportions
of parts of these Figures have been shown exaggerated or reduced in size, for the sake of clarity and convenience in
the drawings. The same reference signs are generally used to refer to corresponding or similar feature in modified and
different embodiments

Detailed description of embodiments

[0017] Figure 1 shows, schematically, a power converter according to a known arrangement in which a gated rectifier
charges a capacitor which provides an input to a LDO, and figure 2 shows voltage and current waveforms for a converter
as shown in figure 1. The known power converter 100 comprises an input which is connected to an AC mains supply
120. The AC mains supply 120 is rectified by bridge rectifier 130. The rectified voltage is connected intermittently, or in
a gated fashion, across capacitor 140, the connection and disconnection being controlled by means of switch 150 in
series with capacitor 140. The capacitor 140 also acts as input to a low drop-out voltage regulator (LDO). The LDO is
arranged to provide a voltage output, which, in the case of figure 1, is set to 3.3V. As shown, there may be a smoothing
capacitor 170 connected to the output. Also shown in the figure, as inserts, are various voltage waveforms: the voltage
waveform after rectification is shown at 125, and is a fully rectified mains with a peak at 325V; a smoothed version, in
embodiments with a smoothing input capacitor (not shown), is shown at 125’; the voltage on the capacitor 140 - which
is approximately saw-tooth - is shown at 145. Finally, and trivially, the constant output voltage (which in the example is
3.3V) is shown at 175.
[0018] Figure 2 shows the results of a simulation of the operation of a power converter as shown in figure 1. The mains
voltage 210 is plotted against time, over a mains half-cycle. Also shown, at 220, is the mains current which charges the
capacitor 140. Finally, the figure shows the voltage 230 across the capacitor 140. As can be seen from the figure, there
is a brief spike in the mains current, during which the capacitor is charged to a voltage Vmax. In a typical example, Vmax
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is 10V. A typically charging time may be 100ms. If the power converter is used to provide an average current of 10mA,
the current pulse then averages 1A. Once the voltage across the capacitor reaches Vmax, the gating switch 150 is
opened. Since, in the example, the mains is disconnected once the voltage across the capacitor reaches 10V, the
capacitor only needs to be specified for 16V. A 16V capacitor is generally much less expensive than a 400V, or 600V
type, which would be required if the maximum mains voltage were to be applied across it.
[0019] The capacitor is used as input to the LDO, and consequently the voltage across it slowly decays to a value
Vmin, as power is drawn by the LDO to provide the constant output voltage. In a particular example, Vmin may be 5V.
The required capacitance, C, may then be calculated (for a 50Hz mains supply):

[0020] Similarly, the current from the mains during the charging phase is determined by the dV/dt of the mains voltage
and the value of the buffer capacitor. Since: 

then: 

[0021] That is: 

[0022] Figure 3 shows, schematically, a power converter according to embodiments in which a gated rectifier charges
a capacitor which provides an input to a switched mode DC-DC power converter; figure 4 shows voltage and current
waveforms for a converter as shown in figure 3.
[0023] The power converter 300 comprises, similar to the known converter in figure 1, an input 110 which is connectable
to an AC mains supply 120. The AC mains supply 120 is rectified by bridge rectifier 130. The rectified voltage is connected
intermittently, or in a gated fashion, across capacitor 340, the connection and disconnection being controlled by means
of switch 150 in series with capacitor 340. However, as will be described in more detail hereinbelow, capacitor 340 may
be different to capacitor 140. Moreover, in contrast to known converters, the capacitor in this is used as an input to a
DC-DC power converter, which in this embodiment is implemented as switched mode DC-DC power converter 360. An
output smoothing capacitor 370 may be connected across the output of the DC-DC power converter, from which the
output is also taken. The figure also shows the waveforms corresponding to those in Figure 1. It will be noted that in this
figure 3, the intermediate waveform 345 of the voltage across capacitor 340 is quadratic rather than saw-tooth. For
constant output power, energy is drawn from the capacitor at a constant rate, and since the energy E in a capacitor is
given by E = 1/2*C*V2, the resulting ripple is broadly quadratic - the relatively brief charging period being not visible at
this resolution. The fall in voltage resulting in a quadratic shape is illustrative of the case that the converter is non lossy
and does not dissipate energy as is the case in the known converter shown in figure 1. In contrast, in the converter
shown in figure 1, the LDO draws an approximately constant charge from the capacitor - that is to say, the current is
approximately constant. Since the charge Q on the capacitor is given by Q = C*V, the waveform is generally saw-tooth.
(Again, the relatively short charging period is not visible at this resolution.)
[0024] DC-DC power converters are distinguished from LDOs or other conventional voltage regulators, in that they
are - at least ideally - non-dissipating. That is to say, in ideal operating conditions, a DC-DC power converter converts
power provided by a first current (lin) at a first known voltage (Vin) to a current (lout) at second known voltage Vout,
according to 
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while conserving energy. The basic concept as that energy is transferred, generally by means of a reactive element,
from the first voltage to the second, such that power is converted from the first voltage to the second voltage. By far the
most common form of DC-DC converter currently in use are switch mode power converters, in which relatively high
frequency switching is use to enable the reactive element to operate. In contrast, LDOs and other dissipative voltage
regulators control the output voltage, at least in part by intentionally dissipating power, typically by means of a resistive
element. The resistive element may be, as in the case of an LDO, a transistor operating in linear mode. Thus DC-DC
power converters may be considered as operating on imaginary (i.e. non-real, or reactive) power, whilst dissipative
voltage regulators may be considered as operating on real (or resistive) power. The skilled person will appreciate that,
although the term "LDO" is used herein generally in its narrow sense to refer specifically to low drop-out voltage regulators,
the same arguments apply, even if the term is interpreted more broadly to include other linear dissipating series voltage
regulators such as are widely known based on npn or NMOS transistors. Furthermore, the skilled person will equally
appreciate that, as used in the above discussion, the term "voltage regulator" has its conventional narrow meaning and
is limited to dissipative voltage regulators and thus does not extend to non-dissipating power converters, irrespective of
whether such power converter are configured to regulate their output voltage.
[0025] In particular, switched mode DC-DC power converters can generally operate with high efficiency over a wider
range of input conditions than can LDOs. In particular, in the example case in which a 220V AC mains is used to power
a 3.3V output voltage, the DC-DC converter may be configured to operate with an input voltage which ranges from 5V-
40V. In other words, a large ripple ΔV (in this case ΔV = 40-5V = 35V) is allowed on the capacitor 370, which allows a
reduction in its size. Also, the switch and diode of the DC-DC converter only need to handle 40 V, making them less
expensive, than for a DC-DC converter directly converting the full mains voltage. Finally, since the maximum conversion
ratio is 40V:3.3V, the duty-cycle increases to approximately 10%, which makes control a lot easier.
[0026] To determine the size of capacitor required for a typical example, consider an energy balance equation: the
energy W stored in the buffer capacitor equals © CV2 and this equals the energy delivered to the load - with an assumption
that the converter is lossless. 

[0027] So: 

[0028] It will immediately be appreciated that the size of capacitor required (620nF) in this example, is significantly
smaller than the size of capacitor required for the equivalent example in the case of the known power converter comprising
a gated rectifier and LDO. Further such a capacitor may typically be provided using 50V ceramic technology, rather than
16V electrolytic technology which may be have been required for the prior art solution.
[0029] Further, the maximum input of the DC-DC converter in this example is 33 V, and so it may be possible to use
a 40 V switch and a 40 V diode (see diode 566 in the embodiment shown in Figure 5). These are typically smaller and
less expensive than the 400V or 600V devices which would be required for a DC-DC converter having the entire mains
voltage as input. Yet further, it may also be possible to arrange them to switch at higher frequencies, compared with
known DC-DC converters having the entire mains voltage as input. This may further lead to a potential reduction in the
size of the inductive component in the DC-DC converter.
[0030] It will be appreciated that the gating switch has to stand-off the maximum mains voltage, and thus it typically
will need to be a 600V device. However, the switching speed requirements on this switch are generally not very exacting;
in other words it may be allowed switch relatively slowly, with a conduction time of typically 100 ms to 340 ms. So a
relatively low specification, and thus inexpensive, device may be suitable.
[0031] Figure 4 shows the results of a simulation of the operation of a power converter as shown in figure 3. The mains
voltage 410 is plotted against time, over a mains half-cycle. Also shown, at 420, is the mains current, which charges the
capacitor 340. Finally, the figure also shows the voltage 430 across the capacitor 340. Topologically, the curves are
similar to those shown in figure 1. However, due to the higher ripple allowed on the capacitor 340 relative to that on
capacitor 140, the charging period, during which current is drawn from the mains, is significantly longer. As a result, the
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current level during that charging period is significantly lower.
[0032] The mains current may be calculated from the dV/dt of the mains voltage and the value of the buffer capacitor.

and 

[0033] So 

[0034] The relatively low spike in current (in this case, for example, 63mA, rather than 2A), reduces the impact on
power factor. However, it will be appreciated that, since most electronic equipment equipment draws current during the
peak of the mains voltage, this current close to the zero-crossings may generally help to improve the power factor.
[0035] Figure 5 shows, in more detail, an example of a converter 500 according to figure 3. In particular, in this
embodiment, the DC-DC converter 360 is implemented as a switch 562, which periodically switches current from the
intermediate capacitor 340 to an inductor 564. A diode 566 is connected between ground and the switched node. These
components form a conventional buck converter.
[0036] Methods of operation of DC-DC converters suitable for use in embodiments will be well-known to the skilled
person, and so will not be repeated here. It is noted, however, that a particularly convenient, though non-limiting, control
methodology is hysteretic control. As the skilled person will appreciate, in hysteretic control, a comparator is used to
measure the voltage on the output capacitor, and whenever the output voltage drops below the desired value - for
example 3.3V, a conversion pulse is generated.
[0037] From reading the present disclosure, other variations and modifications will be apparent to the skilled person.
Such variations and modifications may involve equivalent and other features which are already known in the art of power
converters, and which may be used instead of, or in addition to, features already described herein.
[0038] Although the appended claims are directed to particular combinations of features, it should be understood that
the scope of the disclosure of the present invention also includes any novel feature or any novel combination of features
disclosed herein either explicitly or implicitly or any generalisation thereof, whether or not it relates to the same invention
as presently claimed in any claim and whether or not it mitigates any or all of the same technical problems as does the
present invention.
[0039] Features which are described in the context of separate embodiments may also be provided in combination in
a single embodiment. Conversely, various features which are, for brevity, described in the context of a single embodiment,
may also be provided separately or in any suitable sub-combination. The applicant hereby gives notice that new claims
may be formulated to such features and/or combinations of such features during the prosecution of the present application
or of any further application derived therefrom.
[0040] For the sake of completeness it is also stated that the term "comprising" does not exclude other elements or
steps, the term "a" or "an" does not exclude a plurality, a single processor or other unit may fulfil the functions of several
means recited in the claims and reference signs in the claims shall not be construed as limiting the scope of the claims.

Claims

1. A power converter configured to convert AC mains power to a DC voltage which is lower than an rms voltage of the
AC mains, the power converter comprising:

a rectifier for rectifying an AC mains power;
a capacitor;
a switch configured to supply the rectified AC mains power to the capacitor during only a low-voltage part of
any cycle of the AC mains,
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and a DC-DC power converter configured to convert power from the capacitor to the DC voltage.

2. A power converter as claimed in claim 1, wherein the switch is configured to charge the capacitor to a voltage which
is no more than 10 times larger than the DC voltage.

3. A power converter as claimed in claim 1 or 2, wherein the DC voltage is in the range of 0.8V to 12V.

4. A power converter as claimed in claim 3, wherein the DC voltage is 3.3V.

5. A power converter as claimed in any preceding claim, wherein the DC-DC power converter is a switched mode
power converter.

6. A power converter as claimed in claim 5 wherein the DC-DC power converter is a buck converter configured for
operation using hysteretic control.

7. A power converter as claimed in any preceding claim, wherein the rectifier is a bridge rectifier.

8. An electronic equipment comprising a power converter as claimed in any preceding claim, wherein the electronic
equipment is arranged to be operated for no more than 5% of the time in which it is connected to a mains supply,
and is a one of the group of electronic equipments comprising home and office lighting, door openers including
garage door openers, catch-releasers including door-catch releasers, alarm systems, domestic consumer media
equipment including tv and hifi, and computing equipment.

9. A method of converting an AC mains power to a DC voltage which is lower than an rms voltage of the AC mains,
the method comprising:

rectifying the AC mains;
supplying the rectified AC mains signal to charge a capacitor during only a low-voltage part of a mains half-cycle,
the capacitor being configured as an input to a non-dissipating DC-DC power converter, and
operating the switched mode DC-DC power converter to convert the power to the output voltage.

10. The method of claim 9, wherein the DC-DC power converter is a switched mode power converter.

Amended claims in accordance with Rule 137(2) EPC.

1. A power converter (300) configured to convert AC mains power to a DC voltage which is lower than an rms voltage
of the AC mains, the power converter comprising:

a rectifier (130) for rectifying an AC mains power;
a capacitor (340);
a switch (150) configured to supply the rectified AC mains power to the capacitor during only a low-voltage part
of any cycle of the AC mains,
and a DC-DC power converter (360) configured to convert power from the capacitor to the DC voltage,
wherein the DC-DC power converter is a switched mode power converter;
wherein the switch is configured to charge the capacitor to a voltage which is no more than 10 times larger than
the DC voltage, and
wherein the DC voltage is in the range of 0.8V to 12V..

2. A power converter as claimed in claim 1, wherein the DC voltage is 3.3V.

3. A power converter as claimed in claim 1 or 2 wherein the DC-DC power converter is a buck converter configured
for operation using hysteretic control.

4. A power converter as claimed in any preceding claim, wherein the rectifier is a bridge rectifier.

5. An electronic equipment comprising a power converter as claimed in any preceding claim, wherein the electronic
equipment is arranged to be operated for no more than 5% of the time in which it is connected to a mains supply,
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and is a one of the group of electronic equipments comprising home and office lighting, door openers including
garage door openers, catch-releasers including door-catch releasers, alarm systems, domestic consumer media
equipment including tv and hifi, and computing equipment.
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