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HARR (HIGH EFFICIENCY AC TO DC REDUCING REGULATOR) CHARGER

POWER SUPPLY
ABSTRACT

An AC to DC power supply includes a first node, a second node, a switch, a
switch control circuit, and a capacitive circuit. The switch is electrically coupled between the
first node and the second node. The switch is configured to receive AC power at the first node. a
switch control circuit electrically coupled to the first node and the switch. The switch control
circuit is configured to open and close the switch based upon a voltage of the AC power at the
first node. The capacitive circuit is electrically coupled to the second node. The capacitive circuit

is configured to store energy when the switch is closed and provide DC power when the switch 1s

open.
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HARR (HIGH EFFICIENCY AC TO DC REDUCING REGULATOR) CHARGER
POWER SUPPLY

BACKGROUND
[0001] Standard high voltage AC to low voltage DC power supplies use a rectifier circuit
to develop a DC voltage from an AC source and a high voltage to low voltage regulator to step
down the high voltage DC to low voltage DC. These designs have poor energy etficiency and
can result in significant heat/ power dissipation due to the need for a current limiting resistive
element used to drop a large root mean square (RMS) voltage. Alternatively, transtormers may
be used to step down the high voltage AC to low voltage AC, which i1s then rectitied to generate
a low voltage DC voltage. Transformers can be very expensive, large, and are typically designed
for use in narrow frequency applications. Using transformers in applications where the frequency
extends beyond the bounds their designed frequency leads to a loss in efficiency and
performance. Furthermore, the output voltage of a transformer is not fixed and varies
proportionally to the input voltage, which must be accounted for by designing for a sufficient
output voltage at minimum input voltage conditions. In some applications, such as Aircraft AC
voltages for example, voltages can vary from 97-134V. Varying voltages require the voltage in
excess of the minimum input voltage conditions to be trimmed by a final regulator. Trimming by

a final regulator generates heat and causes a loss in overall efficiency.

SUMMARY
[0002] In one example, an AC to DC power supply includes a first node, a second node,
a switch, a switch control circuit, and a capacitive circuit. The switch is electrically coupled
between the first node and the second node. The switch is configured to receive AC power at the
first node. a switch control circuit electrically coupled to the first node and the switch. The
switch control circuit is configured to open and close the switch based upon a voltage of the AC
power at the first node. The capacitive circuit is electrically coupled to the second node. The

capacitive circuit is configured to store energy when the switch 1s closed and provide DC power

when the switch 1s open.
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[0003] In one example, an AC to DC power system comprises an AC power source, an
AC to DC power supply, and a load. The AC power source is configured to provide AC power.
The AC to DC power supply is electrically coupled to the AC power source. The AC to DC
power supply is configured to receive the AC power. The AC to DC power supply comprises a
first node, a second node, a switch, a switch control circuit, and a capacitive circuit. The switch
is electrically coupled between the first node and the second node. The switch is configured to
receive the AC power at the first node. The switch control circuit is electrically coupled to the
first node and the switch. The switch control circuit is configured to open and close the switch
based upon a voltage of the AC power at the first node. The capacitive circuit is electrically
coupled to the second node. The capacitive circuit is configured to store energy when the switch
is closed and provide DC power when the switch is open. The load is electrically coupled to the
second node. The load is configured to receive the DC power provided by the AC to DC power
supply.

[0004] In one example, a method comprises receiving AC power, at a switch from an AC power
source; monitoring a voltage of a node connected to a first terminal of the switch receiving the
AC power using a switch control circuit; closing the switch for a time period 1n response to the
voltage reaching a threshold voltage using the switch control circuit; charging a capacitive circuit
connected to a second terminal of the switch in response to the switch closing for the time
period; opening the switch in response to the time period elapsing using the switch control

circuit; and providing power from the capacitor in response to the switch opening.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 1s a block diagram of a first example of an AC to DC power system.
[0006] FIG. 2 is a graph depicting an AC voltage and a capacitive circuit voltage ot the
first example AC to DC power system.
[0007] FIG. 3 is a block diagram of a second example of an AC to DC power system.
[0008] FIG. 4 is a graph depicting an AC voltage and a capacitive circuit voltage of the
second example AC to DC power system.
[0009] FIG. 5 is a block diagram of a third example of an AC to DC power system.
[0010] FIG. 6 is a block diagram of a fourth example of an AC to DC power system.

2
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[0011] FIG. 7 is a graph depicting an AC voltage and a capacitive circuit voltage of the
fourth example AC to DC power system.

[0012] FIG. 8 is a flow diagram depicting a process for converting AC power to DC
power using a high efficiency AC to DC reducing regulator (HARR) charger power supply.

DETAILED DESCRIPTION
[0013] Apparatus, systems, and associated methods relate to AC to DC power conversion
provided by a HARR charger power supply. Using the apparatus, systems, and associated
methods herein, allows for AC to DC power conversion across a range of frequencies with a
single device without incurring the loss of efficiency and performance of traditional power
converters. Additionally, a single device can be used across a range of voltages without
generating heat and impacting efficiency that occurs when trimming voltage for a traditional

power converter.

[0014] FIG. 1 is a block diagram of AC to DC power system 10A including HARR
charger power supply 12A, AC power source 14, DC load (Rp) 16, ground 18, and line
impedance (Zp) 20. HARR charger power supply 12A includes node 21, switch 22, switching
control circuit 24, node 25, and capacitive circuit 26.

[0015] HARR charger power supply 12A is electrically coupled between AC power
source 14 and DC load 16. Line impedance 20 represents the parasitic line impedance of AC
power source 14 wiring and does not represent an inductive or capacitive device. Switch 22 1s
electrically coupled between node 21 and node 25. Switch 22 can be a relay, a transistor, or other
type of controllable switch. Node 21 is located on the AC side of switch 22. The AC voltage at
node 21 is the AC voltage seen by the AC side of switch 22 and control circuit 24. Node 25 1s
located on the DC side of switch 22. Capacitive circuit 26 is electrically coupled in parallel with
DC load 16. Capacitive circuit 26 can be a capacitor, multiple capacitors, or an arrangement of
electrical components that behave similar to a capacitor. The DC voltage at node 25 1s the
voltage seen by capacitive circuit 26 and DC load 16. Switching control circuit 24 is electrically
coupled to switch 22. In one example, switching control circuit 24 is included in switch 22.
[0016] HARR charger power supply 12A receives AC power from AC power source 14

and conditions that power for DC load 16. AC power source 14 can be an AC generator, a utility

power grid, or other devices and/or systems that provide AC power. DC load 16 is any device or
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system that utilizes DC power. HARR charger power supply 12 is configured to close switch 22
for a time period in response to the AC voltage at node 21 reaching a threshold voltage. The AC
voltage at node 21 is monitored by switching control circuit 24. Switching control circuit 24
provides a control signal to close switch 22 for the time period in response to the AC voltage at
node 21 reaching the threshold voltage. While switch 22 is closed, capacitive circuit 26 1s
charged by AC power source 14 via switch 22. Capacitive circuit 26 provides power to DC load
16. DC load 16 (Ry) is the end use circuit load modeled as a simple resistive load element, and
R, is much greater than Zp such that the amount of ripple voltage on the DC side of switch 22 1s
minimized to a level acceptable by the end use circuitry. Since power dissipation 1s given by the

equation:

V2 :
P = 3 (Equation 1)

and R| ;s the only resistive element in the circuit and V is at or only slightly above that required
by the final end use circuit, power dissipation is primarily limited to that of the end use circuit
and not the power supply circuit achieving high power conversion efficiency.

[0017] The peak to peak ripple voltage (V) of capacitive circuit 26 can be calculated
based upon the capacitance (C) of capacitive circuit 26, the charged initial voltage (V;) of
capacitive circuit 26, and the powering a circuit load current (I). When capacitive circuit 26 1s
charged once per cycle with a line frequency (f) the peak to peak ripple voltage at node 25 1s

given by the equation:

V, =V, — F%E (Equation 2)

Using this equation, capacitive circuit 26 and the switching behavior of switch 22 can be chosen
based at least in part upon the ripple voltage needs ot a given system.

[0018] In some examples, control circuit 24 is electrically coupled to node 25. When
control circuit 24 is electrically coupled to node 25, control circuit monitors the voltage at node
25. The voltage at node 25 is the DC output voltage. Control circuit 24 can adjust the threshold

voltage used to determine when to close switch 22 to account for situations where DC load 16

varies over time.
[0019] FIG. 2 illustrates graph 32A including x-axis 34, y-axis 36, AC voltage wavetorm
38A, threshold voltage 40, points 42A, and capacitive voltage waveform 44A. For purposes of
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clarity and ease of discussion graph 32A is described below within the context of AC to DC
power system 10A of FIG. 1.

[0020] Y-axis 36 indicates voltage amplitude in both the positive and negative direction.
X-axis 34 indicates time. AC voltage waveform 38A depicts the voltage at node 21 over time.
Threshold voltage 40 indicates the voltage at which switch control circuit 1s configured to close
switch 22 for a time period. Points 42A indicate when switch 22 is closed. Capacitive voltage
waveform 44A indicates the voltage at node 25 over time.

[0021] As indicated above in Equation 2, for a given frequency, the amount of voltage
ripple is directly related to the capacitance of capacitive circuit 26 and the end circuit load
current. Component and circuit selection can bring the amount of ripple voltage within a level
acceptable for use DC load 16. In some examples, current limits of AC source 14 and/or parasitic
losses from AC line wiring, such as line impedance 20, switch 22, and/or equivalent series
resistance (ESR) of capacitive circuit 26 may prevent capacitive circuit 26 from tully charging
long enough to keep the ripple voltage within acceptable limits for DC load 16. A smaller
capacitance of capacitive circuit 26 may be used, and threshold voltage 40 increased to maintain
an output, shown by capacitive voltage waveform 44A, above that required for end circuit use.
In this example, a linear regulator can be used to condition the power supply voltage and HARR
charger power supply 12A is designed so that its minimum output voltage equals the minimum
regulator input voltage under full load condition in order to maximize the efficiency benefits.
[0022] FIG. 3 is a block diagram of AC to DC power system 10B including HARR
charger power supply 12B, AC power source 14, DC load (Rp) 16, ground 18, and line
impedance 20. HARR charger power supply 12B includes switch 22, switching control circuit
24, capacitive circuit 26, and rectifier circuit 28.

[0023] In some examples, source inductance can cause flyback voltages when switch 22
opens. To prevent current flow away from DC load 16, HARR charger power supply 12B
includes rectifier circuit 28. Rectifier circuit 28 allows capacitive circuit 26 to be charged at or
above a target DC supply voltage on the falling edge of the positive AC power wavetorm and
remain on until the charge current naturally commutates to zero. Rectifier circuit 28 can
comprise a diode or other rectifying circuitry. This allows for inductive energy in AC to DC
power system 10B to flow into the storage capacitor until the current flow becomes zero. When

the current flow becomes zero, rectifier circuit 28 prevents reverse flow back onto the AC line,
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and switch 22 is opened in a zero-current condition. Opening switch 22 1n a zero-current
condition eliminates electromagnetic interference (EMI) caused by switch turn off.

[0024] FIG. 4 illustrates graph 32B including x-axis 34, y-axis 36, AC voltage waveform
38B, threshold voltage 40, points 42B, and capacitive voltage waveform 44B. For purposes of
clarity and ease of discussion, graph 32B 1s described below within the context of AC to DC
power system 10B of FIG. 3.

[0025] As shown by points 42B, switch 22 is closed upon reaching threshold voltage 40
on a falling edge of AC voltage waveform 38B. Switch 22 remains open until AC waveform 38B
reaches zero volts. This allows for inductive energy in AC to DC power system 10B to flow into
the storage capacitor until the current flow becomes zero. This decreases the number of charges
per cycle as shown by points 42B. This also increases the discharge time between charges as
shown by capacitive voltage wavetorm 44B.

[0026] FIG. 5 is a block diagram of AC to DC power system 10B’ including HARR
charger power supply 12B’, AC power source 14, DC load (Rp) 16, ground 18, and line
impedance 20. HARR charger power supply 12B’ includes switch 22, switching control circuit
24, capacitive circuit 26, rectifying circuit 28, and inductive circuit 30.

10027] HARR charger power supply 12B’' includes inductive circuit 30 to address
l[imitations of AC power source 14 and/or to lower RMS charge currents. Including inductive
circuit 30 diminishes power dissipation in the circuit from parasitic resistive elements such as
wiring resistance, switch resistance, capacitor ESR, or even power dissipation from rectifier
circuit 28. In one example, the added inductance (L) from inductive circuit 30, limits inrush
current (Di/Dy) of the current to a value of Vi,g¢/L. This gives the equation:

Vind

Dj _ :
B~ 1 (Equation 3)

In this example, the inrush current exists such that line impedance 20 is zero, and the voltage
across capacitive circuit 26 1s zero. The inrush current will be equal to the threshold voltage at
which switch 22 1s closed divided by the inductance of inductive circuit 30. Adding inductance
to the circuit to limit the inrush current lowers the RMS charge current as i1t limits the peak
inrush and delivers charge to capacitive circuit 26 over a longer period of time as inductive
circuit 30°s stored energy 1s delivered to the capacitor at the end of the charging cycle.

[0028] FIG. 6 1s a block diagram of AC to DC power system 10C including HARR
charger power supply 12C, AC power source 14, DC load (Rp) 16, ground 18, and line
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impedance 20. HARR charger power supply 12C includes switch 22, switching control circuit
24, capécitive circuit 26, rectifying circuit 28, and inductive circuit 30.

[0029] In an embodiment, rectifier circuit 15 is a full rectifier. Power provided by AC
power source 14 is fully rectified before being provided to HARR charger power supply 12C.
Fully rectifying the power provided by AC power source 14, allows control circuit 24 to close
switch 22 twice more per cycle. Closing switch 22 twice more per cycle allows capacitive circuit
26 to charge more often and shortens the duration of each discharge. This allows the ripple
current provided to DC load 16 to be decreased.

[0030] FIG. 8 illustrates graph 32C including x-axis 34, y-axis 36, AC voltage waveform
38C, threshold voltage 40, points 42C, and capacitive voltage waveform 44C. For purposes of
clarity and ease of discussion graph 32C is described below within the context of AC to DC
power system 10C of FIG. 6.

[0031] AC voltage waveform 38C depicts the voltage at node 21 over time. In this
example, AC voltage waveform 38C is fully rectified by rectifier circuit 15. This increases the
number of charges per cycle as can be seen with the number of points 42C and capacitive voltage
waveform 44C. Increasing the number of charges per cycle increases the frequency of capacitive
circuit 26 being charged and decreases the discharge time between charges. The increased charge
frequency and decreased discharge time results in a higher voltage minimum voltage on
capacitive circuit 26 than when AC voltage waveform 38C is not fully rectified. Thus, by fully
rectifying AC voltage waveform 38C, the ripple current 1s reduced.

[0032] FIG. 7 1s a flow diagram depicting process 46 for converting AC power to DC
power using a HARR charger power supply. For purposes of clarity and ease of discussion
process 46 1s described below within the context of AC to DC power system 10A of FIG. 1.
[0033] At step 48, AC to DC power supply receives AC power from AC power source
14. At step 50, the voltage of the AC power 1s monitored by switch control circuit 24 at node 21.

At step 52, switch 22 is closed for a time period by switch control circuit 24 in response to the
voltage reaching a threshold voltage. At step 34, capacitive circuit 26 1s charged in response to
switch 22 being closed. At step 56, switch 22 is opened by switch control circuit 24 in response
to the time period elapsing. At step 58, power is provided by capacitive circuit 26 in response to
switch 22 closing. In one example, switch 22 is closed at step 52 in response to the voltage

reaching the threshold voltage on a falling edge, as shown. In this example, switch 22 1s opened
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in response to the voltage at node 21 reaching zero volts at step 56. This example uses rectitier
circuit 28 of FIG. 3 or 5 to prevent flyback voltage. In one example, the AC power is rectified
using rectifier circuit 15 of FIG. 6 before reaching node 21.

[0034] Accordingly, implementing techniques of this disclosure, HARR charger power
supplies can be utilized to convert a range of AC power to DC power without generating heat
and incurring efficiency losses of traditional AC to DC converters. Using the HARR charger
power supply as described herein, a range of AC frequencies can be converted to DC without
incurring the efficiency loss a transformer would. Using the HARR charger power supply also
allows the conversion of AC power over a range of input line voltages without trimming the
output DC voltage and generating heat and efficiency losses. This allows the use of smaller and
lighter power supplies because heavy transformers are not used. This also allows more efficient
AC to DC power conversion in applications where the voltage and/or frequency of the AC power

varies over a range.

[0035] Discussion of Possible Embodiments

[0036] The following are non-exclusive descriptions of possible embodiments of the
present invention.

[0037] An AC to DC power supply can comprise a first node; a second node; a switch
electrically coupled between the first node and the second node, the switch configured to receive
AC power at the first node; a switch control circuit electrically coupled to the first node and the
switch, the switch control circuit configured to open and close the switch based upon a voltage of
the AC power at the first node; and a capacitive circuit electrically coupled to the second node,
the capacitive circuit configured to store energy when the switch is closed and provide DC power
when the switch 1S open.

[0038] The AC to DC power supply of the preceding paragraph can optionally include,
additionally and/or alternatively, any one or more of the following features, configurations

and/or additional components:

[0039] A rectifier circuit electrically coupled between the switch and the second node,

the rectifier circuit configured to prevent current from flowing from the second node to the

switch.

[0040] The rectifier circuit can comprise a diode.
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[0041] An inductive circuit electrically coupled in series with the first node such that the
first node is between the inductive circuit and the switch, the inductive circuit contigured to
provide energy to the capacitive circuit in response to the voltage of the AC power dropping
while the switch is closed; and a rectifier circuit electrically coupled in series with the inductive
circuit and the first node.

[0042] The rectifier circuit can comprise a full wave rectifier.

[0043] The switch control circuit can be configured to close the switch in response to the
voltage of the AC power reaching a threshold voltage.

[0044] The switch control circuit can be configured to close the switch in response to the
voltage of the AC power reaching a threshold voltage on a falling edge; and open the switch
when the voltage of the AC power reaches zero volts on the falling edge.

[0045] An AC to DC power system can comprise an AC power source configured to
provide AC power; an AC to DC power supply electrically coupled to the AC power source, the
AC to DC power supply configured to receive the AC power, the AC to DC power supply
comprising: a first node; a second node; a switch electrically coupled between the first node and
the second node, the switch configured to receive the AC power at the first node; a switch
control circuit electrically coupled to the first node and the switch, the switch control circuit
configured to open and close the switch based upon a voltage of the AC power at the first node;
and a capacitive circuit electrically coupled to the second node, the capacitive circuit contigured
to store energy when the switch is closed and provide DC power when the switch 1s open; and a
load electrically coupled to the second node, the load configured to receive the DC power
provided by the AC to DC power supply.

[0046] The AC to DC power system of the preceding paragraph can optionally include,
additionally and/or alternatively, any one or more of the following teatures, contigurations
and/or additional components:

[0047] The AC to DC power supply can further comprise a rectifier circuit electrically
coupled between the switch and the second node, the rectifier circuit configured to prevent
current from flowing from the second node to the switch.
[0048] The rectifier circuit can comprise a diode.
[0049] The AC to DC power supply can further comprise an inductive circuit electrically

coupled in series with the first node such that the first node 1s between the inductive circuit and
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the switch, the inductive circuit configured to provide energy to the capacitive circuit in response
to the voltage of the AC power dropping while the switch is closed; and a rectifier circuit
electrically coupled in series with the inductive circuit and the first node.

(0050} The rectifier circuit can comprise a full wave rectifier.

[0051] The switch control circuit can be configured to close the switch in response to the
voltage of the AC power reaching a threshold voltage.

[0052] The switch control circuit can be configured to close the switch in response to the
voltage of the AC power reaching a threshold voltage on a falling edge; and open the switch
when the voltage of the AC power reaches zero volts on the falling edge.

[00S53] A method can comprise receiving AC power, at a switch from an AC power
source; monitoring a voltage of a node connected to a first terminal of the switch receiving the
AC power using a switch control circuit; closing the switch for a time period in response to the
voltage reaching a threshold voltage using the switch control circuit; charging a capacitive circuit
connected to a second terminal of the switch in response to the switch closing for the time
period; opening the switch in response to the time period elapsing using the switch control

circuit; and providing power from the capacitor in response to the switch opening.

[0054] The method of the preceding paragraph can optionally include, additionally
and/or alternatively, any one or more of the following features, configurations and/or additional
components:

[0055] Closing the switch in response to the voltage reaching the threshold on a falling

edge using the switch control circuit; and opening the switch in response to the voltage reaching
zero volts using the switch control circuit.

[0056] Rectifying the AC power using a rectifier the rectifier electrically coupled
between the AC power source and the node.

[0057] While the invention has been described with reference to an exemplary
embodiment(s), it will be understood by those skilled in the art that various changes may be
made and equivalents may be substituted for elements thereof without departing from the scope
of the invention. In addition, many modifications may be made to adapt a particular situation or
material to the teachings of the invention without departing from the essential scope thereof.

Therefore, it is intended that the invention not be limited to the particular embodiment(s)

10
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disclosed, but that the invention will include all embodiments falling within the scope of the

appended claims.

11
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CLAIMS:
1. An AC to DC power supply comprising:
a first node;
a second node;
a switch electrically coupled between the first node and the second node, the
switch configured to receive AC power at the first node;
a switch control circuit electrically coupled to the first node and the switch, the
switch control circuit configured to open and close the switch based upon
a voltage of the AC power at the first node; and
a capacitive circuit electrically coupled to the second node, the capacitive circuit
configured to store energy when the switch is closed and provide DC

power when the switch 1s open.

2. The AC to DC power supply of claim 1, wherein the switch control circuit 1s
configured to close the switch in response to the voltage of the AC power reaching a threshold

voltage.

3. The AC to DC power supply of claim 1, wherein the switch control circuit is

further configured to open the switch after an elapsed time period following the switch is closed.

4, The AC to DC power supply of claim 1, further comprising a rectifier circuit

electrically coupled between the switch and the second node, the rectifier circuit configured to

prevent current from flowing from the second node to the switch.

. The AC to DC power supply of claim 4, wherein the rectifier circuit comprises a
diode.
6. The AC to DC power supply of claim 5, wherein the switch control circuit 1s

further configured to open the switch at a zero-current condition after the switch is closed.

12
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3.

The AC to DC power supply of claim 1, further comprising:

an inductive circuit electrically coupled in series with the first node such that the
first node is between the inductive circuit and the switch, the inductive
circuit configured to provide energy to the capacitive circuit in response to
the voltage of the AC power dropping while the switch is closed; and

a rectifier circuit electrically coupled in series with the inductive circuit and the

first node.

The AC to DC power supply of claim 7, wherein the rectifier circuit comprises a

full wave rectitier.

diode.

10.

configured to:

11.

CA 3033362

The AC to DC power supply of claim 7, wherein the rectifier circuit comprises a

The AC to DC power supply of claim 7, wherein the switch control circuit 1s

close the switch in response to the voltage of the AC power reaching a threshold
voltage on a falling edge; and
open the switch when the voltage of the AC power reaches zero volts on the

falling edge.

A method comprising:

receiving AC power, at a switch from an AC power source;

monitoring a voltage of a node connected to a first terminal of the switch
receiving the AC power using a switch control circuit;

opening and closing, via the switch control circuit, the switch based upon a
voltage of the AC power at the first terminal;

charging a capacitive circuit connected to a second terminal of the switch in

response to the switch being closed.

13
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12. The method of claim 11, wherein the closing the switch is in response to the

voltage of the received AC power reaching a threshold voltage.

13. The method of claim 11, wherein opening the switch is in response to a time

period elapsing following the closing of the switch.

14, The method of claim 11, further comprising:

preventing, via a rectifier circuit, current from flowing from the second node to

the switch.
13. The method of claim 11, wherein the rectifier circuit comprises a diode.
16. The method of claim 11, wherein opening the switch 1s in response to a zero-

current condition after the switch i1s closed.

17. The method of claim 11, further comprising:
providing energy, via an inductor, to the capacitive circuit in response to the

voltage of the AC power dropping while the switch is closed; and

rectifying the AC power.
18. The method of claim 11, wherein rectifying the AC power comprised tull wave
rectifying the AC power.
19. The method of claim 11, further comprising:

closing the switch in response to the voltage of the AC power reaching a threshold
voltage on a falling edge; and
opening the switch when the voltage of the AC power reaches zero volts on the

falling edge.

14
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