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ADAPTIVE AC POWER EXCHANGER

BACKGROUND

[0001] 7. Field: Electrical power conversion and more specifically an AC power ex-
changer that can adapt to the variable voltage and frequency characteristics from an
electrical power grid source and generate a stable power output that could be used to
power common household appliances designed to operate at the output power.
[0002] 2. Related Applications: This application claims priority based on United States
Provisional Application No. 62/117,615, which was filed February 18, 2015. This appli-
cation also claims priority based on the United States Utility Application No. 14/723,108,
which was filed May 27, 2015.

[0003] 3. General Background and State of the Art: Many appliances such as washing
machines, dryers, dishwashers and the like required generally stable power source,
which in the United States would 120 VAC, 60 Hz power. This arises at least in part be-
cause the timing mechanism of the appliance is dependent on the frequency of the elec-
trical power used to control the appliance. For example, the appliance will detect the
frequency of the electrical power and use that frequency as a "clock" signal against
which the sequencing and duration of various automatic operations will be set. Conse-
quently, appliances which are made to operate on 60 Hz power will not function properly
if the power is a different frequency such as 50 Hz. Other appliance functions such as
driving the motor also require the 60 Hz output. The same is true for appliances manu-
factured to operate at 50 Hz when the source power is 60 Hz.

[0004] The conversion of power from 220 VAC, 50 Hz was described in U.S. Patent No.
5,267,134. However, that patent did not take into account the reality of the variable fre-
quency and voltage of the typical international power source and specifically the need to
accept power from a power source that varied unpredictably, for example, around a 220
VAC nominal characteristic. In such cases, the voltage can vary from 180 VAC to as
high as 300 VAC. As such, adaptors in consumer applications must be able to adapt to
the input power and generate an output power that is voltage regulated with minimum of
sine wave distortions and harmonics and be surge protected.

[0005] It has also been found that converters suitable for the consumer applications

must maintain conventional power capabilities (about 15 amps) yet at the same time
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meet several often-conflicting requirements that preclude conventional approaches. For
example, the adaptor must be compact to be able to fit physically in the limited spaces
available to a consumer. Conventional converters are inherently large and bulky and are
ill-suited for consumer applications. Also, consumer environments are subject to con-
tamination by moisture (humidity), dust, lint, articles of clothing and the like that can se-
riously degrade the performance of the adaptor electronics, particularly in compact envi-
ronments. Consequently, the adaptor electronics must be sealed for protection from
such contaminants and obstructive items. Such sealing precludes the use of internal
fans for cooling, a conventional approach to cooling converters. Therefore, passive
conduction cooling of sufficient capacity must be devised. The adaptor must also be
lightweight, preferable not more than ten to twelve pounds. Conventional converters in-
corporate heavy inductors and transformers and other components that result in con-
verters that weigh as much as 50-60 pounds or more. In many environments, the con-
ventional converter had to function reliably in high ambient temperature conditions
thereby requiring noisy, robust active cooling systems.

[0006] Such approaches are incompatible with the requirements of consumer adaptors
particularly where such adaptors are in enclosed or sealed environments where cooling
is limited to reliance on passive cooling. Therefore, novel circuits and component selec-
tions were conceived to increase circuit efficiency from about 87% to 93% or more to
reduce heat generation to a point where passive heat dissipation methods were suffi-
cient to dissipate heat while maintaining output power.

[0007] A need, therefore, exists for an compact, lightweight and powerful adaptive AC
power exchanger useful in a consumer environment that will accept unpredictably vari-
able AC power available from a power utility grid and adapt that power to provide AC
power at a stable, predictable level, for example, the 120 VAC, 60 Hz used by common
household appliances made for the United States. In addition, there is a need to provide
a converter that provides 15 amp power, which is the common current standard for most
home circuits throughout the world. The variability of the power in many countries can
include extended periods of time when there is no power available. The restoration of
power may result in power surges that can cause damage to any connected appliance.
Therefore, any converter should be able to accept large inrush currents for a brief peri-
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od when power is restored after an outage, without damage to the converter circuitry
while also protecting the connected appliance from such power surges. In addition, be-
cause the voltage can vary for example from as low as 180 VAC to as high as 280 VAC
or even as high as 300 VAC for brief periods, the circuitry of any converter should be
able to function as a voltage regulator to insure that the voltage output is maintained
substantially at about 120 VAC.

[0008] There also is a need for a suitable converter to be able to function reliably in ad-
verse environments, which may include dust or humidity, by sealing the housing con-
taining the converter electronics. This also means that all internal moving parts including
internal cooling fans be eliminated and heat dissipated without using active cooling such
as fans in the enclosed converter circuitry housing.

[0009] Using conventional electronics in the consumer environment and applications
described, additional problems arise that contribute to inefficiencies. For example, no
load power losses contribute to significant performance inefficiencies. Specifically, when
the AC input power is 220V, the VDC will be about 400 VDC. However, the suitable
VDC for 120 VAC output is only 200 VDC. To provide 400 VDC will cause high circula-
tion current on the circuit inductors and capacitors, which will produce switching loss
and conduction loss. The high no load loss is a serious energy loss for home application
as the load level would likely be very low most of time. Reducing that energy loss will
also reduce heat generated and hence the need for passive instead of active heat dissi-
pation.

[0010] A second problem is high power losses when the load level is high. Specifically,
high VDC at the output of the A—D converter will require higher voltage ratings for 1G-
BTs and MOSFETSs and a higher inductance values for certain inductor components.
Higher voltage IGBTs and MOSFETSs result in conduction and switching losses in high
current (high load) applications. The high inductance inductors also have high re-
sistance resulting in high power losses in high load applications.

[0011] A third problem relates to high surge current loads, which can occur when high
load appliances such as refrigerators, air-conditioners, vacuum cleaners and the like are
attached. In such applications, the peak current on the inductors in response to the high
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surge current will cause saturation of the inductors, which in turn causes loss of induct-
ance rendering the circuit vulnerable to damage.

[0012] A fourth issue relates damage that can occur in abnormal circumstances where a
high DC voltage passes through the converter to the output, which can cause damage

to the connected appliance (load) itself.

SUMMARY

[0013] An adaptive AC power exchanger is positioned between a power source on a
power grid and a load such as a home appliance, for converting input AC power from
the power grid source to output AC power for the load. The adaptive AC power ex-
changer includes an input EMI filter that receives the input AC power and filters high
frequency noise generated internally by the adaptive AC power exchanger. The EMI fil-
ter also includes an inrush current control circuit for limiting the amplitude of the input
AC power current when the input AC power is initially applied. The inrush control circuit
functions in response to an inrush control signal from a PFC controller. A rectifier (ap-
proximately at the frequency of the input AC power) is coupled to the input EMI filter for
generating rectified input power characterized by a rectified input current waveform and
a rectified input voltage waveform. The rectifier also generates a rectified line voltage
signal for the PFC controller.

[0014] A power factor correction circuit is coupled for receiving the rectified input power
from the rectifier and the PFC control signals from the PFC controller to modify the recti-
fied input power so that the waveform of the rectified input current follows the waveform
of the rectified input voltage to provide a power factor of approximately one. The power
factor correction circuit then generates a first DC voltage, which in an embodiment is
400 VDC. A plurality of capacitors connected in series between the first output DC volt-
age and a common connection to generate a second output DC voltage intermediate
between the first DC voltage output and ground, which in the 400 VDC embodiment, is
200 VDC. A bias and balancing voltage circuit is coupled to the plurality of capacitors for
maintaining the intermediate relationship of the second DC voltage between the first DC
voltage and the common connection.

[0015] An AC output bridge (inverter) is coupled to receive the first and second DC volt-

ages. The AC output bridge includes a pulse-width modulation circuit for generating
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output AC having a zero voltage crossing relative to the second DC voltage; a load cur-
rent limit circuit coupled to receive the output AC and limit the cycle-to-cycle frequency
at the switching frequency of the pulse-width modulation circuit and generate a load cur-
rent limit signal; an output LC filter with two inductors and a capacitor (hereafter referred
to as “dual inductor LC filter”) coupled to the load current output AC, which includes a
first inductor and a second inductor coupled in parallel with a bypass relay coupled to
the parallel first and second inductors for decoupling the second inductor in response to
an LC filter bypass control signal when the load limited AC current applied to a load is
below a predefined level; and a load disconnect relay for disconnecting the load limited
output AC from the load in response to a load disconnect control signal. In one embod-
iment, the AC output bridge generates 120 VAC, 60 Hz AC output power. The load dis-
connect relay provides surge protection for the plugged in appliance.

[0016] With respect to the above-described switching losses and ripple currents when
the output AC bridge is biased with voltages that are higher than the requirements of a
120 VAC output, if an unnecessarily high voltage is used to bias the inverter (for exam-
ple the 400 VDC from the PFC circuit) to create the 120 VAC output, the ripple currents
increase in the inductors and capacitor of the inverter filter resulting in conduction loss-
es. Higher voltages also increase switching losses.

[0017] Therefore, in an exemplary adaptive AC power exchanger, a supply bias voltage
(effectively +/- 200 VDC) for the AC output bridge (inverter) that is more suitable for the
120 VAC output is provided. This is accomplished by a stacked (series) capacitor con-
figuration at the output of the PFC circuit. With the mid-voltage (200 VDC referenced to
the common connection) of the capacitor stack used as the output AC waveform “zero”
crossing-voltage, the bridge is effectively biased with +200 VDC (400 VDC referenced
to the +200 VDC mid voltage) for the positive half cycle of the output, and -200 VDC
(referenced between the mid voltage and ground) for the negative half cycle. Conse-
quently, without using more elaborate and costly circuitry, the inverter is biased with
lower and more desirable voltage levels to improve the efficiency of the inverter.

[0018] With respect to the two inductors of the output filter of the inverter, at light loads a
higher value inductance is used to reduce the ripple currents. However, this higher val-

ue inductance functioning at the rated output current will necessarily require a substan-
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tially larger and heavier inductor. Consequently, a lower value inductor with a higher
current capacity is switched on by the inductor bypass relay to increase the total current
capacity of the parallel inductors comprising the output filter. A significant benefit of this
parallel inductor arrangement with the bypass relay is that the high surge current to start
some appliances will not exceed the capacity of the output inductors. Without this ar-
rangement, the inductors would saturate resulting in very high peak currents (that do not
flow to the load but are circulating internally), which risks catastrophic failure of the in-
verter. Because it is not predictable what a consumer will try to connect to the inverter
output, the parallel inductor / bypass relay arrangement minimizes the risk of such a
failure by increasing the capacity of the inductor currents without excessively increasing
the size of the output filter inductors.

[0019] An AC output EMI filter is coupled to the load disconnect relay of the AC output
bridge for filtering high frequency noise from the AC output power. The input to the AC
output EMI filter also generates a voltage sense signal, which is coupled to the AC
bridge controller, which is part of the AC output bridge circuit. The AC bridge controller
is coupled to receive the voltage sense signal and the load current limit signal and gen-
erate a load disconnect control signal to open and close the load disconnect relay, an
LC filter bypass control signal to open and close the output bypass relay, and at least
one modulation control signal to control the modulation of the pulse-width modulation
circuit.

[0020] In one embodiment, the power factor correction circuit can be configured to be
bidirectional to enable the adaptive AC power exchanger to received DC power from a
photovoltaic array coupled through a PV array interface to the first DC output capacitors
of the power factor correction circuit. The modified configuration replaces the boost di-
odes in the phase A and phase B circuits of the power factor correction circuit with
MOSFETSs, the input rectifier bridge with MOSFETSs, and a control algorithm pro-
grammed in the PFC controller is modified to enable bidirectional operation whereby
power from the PV array can be directed to the load, or to the power grid or to both.
[0021] Another aspect is the incorporation of power factor correction or in the case of a
photovoltaic array embodiment, bidirectional power factor correction, which causes the

current waveform to follow the AC input voltage waveform so as to achieve a power fac-
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tor of approximately one. Power factor correction has a positive impact on the power
grid by providing power to the adaptive AC power exchanger with reduced power distri-
bution losses in the grid, which effectively increases the capacity of the grid. Further-
more, any appliance powered by the adaptive AC power exchanger, will reflect / acquire
the near unity power factor of the adaptive AC power exchanger as viewed from the
grid, or in another perspective, will act as a harmonic filter eliminating the inefficiencies
and losses caused by harmonics induced on the grid. This is significant with many utility
providers where regulations require that the appliances be designed with higher power
factor correction to prevent grid power losses and maximize the delivery of useful pow-
er. Using this adaptive AC power exchanger satisfies the requirements of many utility
providers outside of North America. In other words, an appliance which would not oth-
erwise meet regulatory requirements regarding power factor correction in countries out-
side North America would appear to the grid to be power factor corrected and hence
compliant when powered through the described adaptive AC power exchanger.

[0022] In another embodiment, the adaptive AC power exchanger can be configured to
be bidirectional so that it can accept solar power from an attached photovoltaic panel
and provide all or some of the power required by an appliance plugged into the adaptive
AC power exchanger or generate and provide power to the grid (power that would be
sold to the power utility) when power is not being provided to a plugged in appliance or
the solar panel is generating more power than the adaptive AC power exchanger re-
quires.

[0023] In still another embodiment, the adaptive AC power exchanger can incorporate
an information management capability that may include remote communication capabil-
ity. Specifically, because the power adaptive AC power exchanger is connected be-
tween the load (e.g., appliance) and the grid, information such as electricity usage, cost
of operation of the appliance, times of usage, and other information can be obtained
and transmitted through Bluetooth, Wi-Fi, or other communications means to remote
receivers such as smart phones and the like to thereby enable the consumer to monitor
the functioning and performance of the connected appliance remotely. The consumer
then can devise schemes to utilize the appliance at certain times to save on energy

cost. In yet another embodiment, the power and system monitor can be coupled to the
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AC output controller so that the user can modify the AC output controller program or
correct firmware bugs and thereby remotely change the functioning of the adaptive AC
power exchanger.

[0024] These, as well as other features will become apparent from the following detailed
description considered together with the appended drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0025]FIG. 1 is a block diagram illustrating an adaptive AC power exchanger;
[0026]FIG. 2 is a block diagram illustrating an adaptive AC power exchanger with pow-
er monitor, Wi-Fi and solar power input;

[0027]FIG. 3 — 5 are detailed electrical schematics drawing of the adaptive AC power
exchanger illustrated in the block diagram of FIG. 1;

[0028] Figures 3A—3C are detailed description of the operation of the circuit of FIG. 3
modified to make it bidirectional.

[0029]FIG. 6 is a pictorial diagram of the physical housing for an adaptive AC power
exchanger according to FIG. 2 illustrating the Wi-Fi communications and solar power
features;

[0030]FIG. 7 is an illustration of the internal structure of the adaptive AC power ex-
changer illustrating the heat dissipation arrangement of the heat sink and heat generat-

ing circuit components from which heat is dissipated.
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DETAILED DESCRIPTION

[0031] Referring to FIG. 1 in conjunction with the specific circuit embodiment shown in
Figures 3-5, an adaptive AC power exchanger system 100 is coupled between an AC
source 102 and a load 180 such as a home appliance. The AC source 102 may be a
connection to a utility grid which, in the embodiment illustrated hereafter, will generally
provide 220 VAC, 50 Hz power although the power may vary in both frequency and
voltage over time. For example the voltage may vary from 180 VAC to 280 VAC and
frequency from 40—-60 Hz. Furthermore, the AC power provided on the grid by the utility
may be intermittent.

[0032] The load 180 will generally be an appliance with motors, servos and the like as
well as timing circuitry to control the sequence and timing of the motors and servos of
the appliance. The power to drive those appliances must be substantially stable, in the
embodiment illustrated, will be 120 VAC, 60 Hz. Accordingly the adaptive AC power ex-
changer must be able to accept power with variable power characteristics convert that
power to a stable output power compatible with the requirements of home appliances
such as vacuums, refrigerators, washers, dryers and the like and be able to function in
an environment of power outages and surges when power is restored.

[0033] The adaptive AC power exchanger includes an input AC—-DC power stage 104
which includes an AC input EMI filter 106 for filtering high frequency noise generated by
the adaptive AC power exchanger 100 and preventing that noise from being reflected
back onto the grid. The input EMI filter 106 includes an inrush control relay 108 for limit-
ing the amplitude of the AC input current 103 flowing into a 50 Hz AC bridge (rectifier)
and filter 114 in the AC—DC power stage 104. The inrush control relay 108 is open when
the input AC power 103 is initially applied but closes thereafter in response to an inrush
control signal 110 when the capacitors and other components that store power have
had time to sufficiently charge. This insures that harmful power spikes and surges
caused during the initial charging time after power is applied or restored will not harm
other circuit components. The inrush control relay 108 therefore functions as surge pro-
tector for the adaptive AC power exchanger 100. The inrush control relay 108 is con-
trolled by the inrush control signal 110 from a PFC controller 112 which includes a mi-

croprocessor programmed to control the functioning of the AC-DC power stage 104 in
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accordance with preselected criteria. The PFC controller 112 may for example be a
Texas Instrument UCC28070A controller interconnected and programmed according to
Texas Instruments’ published applications notes for that controller.

[0034] The 50 Hz AC bridge and filter which is a rectifier circuit 114 generates rectified
220 VAC power 118 for a power factor correction (PFC) circuit 116. The rectified power
118 is characterized by a rectified input current waveform and a rectified input voltage
waveform. The rectifier circuit 114 further generates a rectified line voltage signal 120
which is coupled as an input to the PFC controller circuit 112. The PFC circuit may be
characterized by any of a number of topologies. However, in the exemplary embodiment
shown, the PFC circuit 116 includes a PFC phase A circuit 122 and a PFC phase B cir-
cuit 124 which each receive the rectified power 118 from the rectifier 114.

[0035] The PFC controller 112 receives the rectified line voltage signal 120 and gener-
ates a first control signal 123 that is coupled to the PFC phase A circuit and a second
control signal 125 coupled to the PFC phase B circuit to control the rectified input power
118 so that the rectified input current waveform follows the rectified input voltage wave-
form. Specifically, the phase A and Phase B circuits 122 and 124 are pulse width modu-
lated under the control of the PFC controller 112 so that the average current flowing
through the inductors (see Figure 3, inductors 302 and 304 respectively) will have a cur-
rent waveform that follows the AC input voltage waveform. The result is an input power
factor of approximately one which represents the maximum power transfer efficiency
from the grid to the adaptive AC power exchanger 100. The VDC output 130 of the
power factor correction circuit 116 in the illustrated circuits of Figures 1-5 is 400 VDC.
[0036] The VDC output 130 is coupled to bulk capacitors 132 interconnected in series
between the VDC output 130 and the common connection point 133, to provide a first
VDC output 134 at the same voltage as the VDC output 130 and a second VDC output
136, intermediate between the common connection and the first VDC output 130 and
more preferably having a voltage potential half of the voltage between VDC 134 and the
common connection to define a bias null voltage for the inverter as above described. It
is important for the creation of output power that has a stable voltage and frequency
characteristic compatible with the requirements of the consumer appliance load that the
second VDC output voltage be maintained as close as possible to half the voltage be-
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tween the common connection voltage and the first VDC voltage 130. For example, if
the first VDC voltage which in this disclosed embodiment is 400 VDC is reduced for a
short period of time to 360 VDC, then the second VDC voltage must also decrease from
200 VDC to 180 VDC. In order to maintain the voltage of the second VDC output 136 at
the midway point between the common connection voltage and the first VDC output
134, a bias voltage and companion bulk voltage balance circuit 138 generates a balanc-
ing current 139 which is coupled to the bulk capacitors 132. A representative bias volt-
age and bulk voltage balancing circuit 118 is illustrated in Figure 4 where the balance
portion of the circuit 119 includes a self-oscillating bridge driver 402 which may be a
Fairchild FAN7387 driver although other similar bridge drivers are available from many
other manufactures. The balancing circuit 119 creates a path and allows the +2 VDC
energy 132 and -2 VDC energy 136 to transfer to each other when the capacitors 312
and 314 in Figure 3 (collectively bulk capacitors 132) are not at the same voltage and
thereby balance the output voltages 134 and 136.

[0037] Returning to Figure 1, the first VDC output 134 and second VDC output 136 are
coupled to a DC-AC stage 140, which includes a 60 Hz AC bridge inverter (pulse-width
modulation) circuit 142 that converts the first VDC output voltage 134 (400 VDC) to a
pulsating voltage with an amplitude of 400 volts and, for example, a frequency of 20
kHz. The width of the pulses are modulated in such way as to create a DC voltage of
200 VDC plus a 120 VAC, 60 Hz sine wave after being passed through output filter 148.
Output filter 148 filters the harmonics of the switching frequency from the modulated
output 144 to provide smooth 60 Hz output.

[0038] More specifically, the modulated AC output 144 is coupled to a load current limit
circuit 146, which measures the current of the modulated AC output 144 and generates
a load current limit signal 156, which is coupled to an AC bridge controller 158. The out-
put 150 of the load current limit 146 is coupled to the output dual inductor LC filter 148.
[0039] Referring to Figure 5, the output dual inductor LC filter 148 includes two inductors
504 and 506 coupled in parallel with a bypass relay 152 for decoupling, for example,
inductor 506 in response to a bypass control signal 154. The bypass control signal 154
is generated by the AC bridge controller 158 in response to input signals from the load
current limit circuit and an AC output EMI Filter 171 to enable the adaptive AC power
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exchanger 100 to dissipate less power and thereby operate with greater power efficien-
cy as previously described.

[0040] Returning to Figure 1, the output dual LC filter 148 generates a filtered and lim-
ited VAC output 167, which is coupled to a load disconnect relay 168. The load discon-
nect relay 168 disconnects the adaptive AC power exchanger 100 from the load 180
whenever a fault, that is, an unacceptable or harmful frequency, current or voltage, is
sensed by the AC bridge controller 158. If no fault is sensed, the filtered and limited
VAC power 170 at the output of the disconnect relay 168 is provided to the AC output
EMI filter 171 which filters any high frequency noise on the VAC output 170. Such noise
is generated internally by the switching circuitry of the adaptive AC power exchanger
100 and should be eliminated from the power actually provided to the load 180. In addi-
tion, the AC output EMI filter 171 generates the AC voltage signal 172, which is coupled
to an AC bridge controller 158.

[0041] The AC bridge controller 158 is a microprocessor programmed to receive a load
current limit signal 156 generated by the load current limit circuit 146 and an AC voltage
signal 172 from the AC output EMI filter 171 and generates a first inverter control signal
161 and second inverter control signal 159 for a first driver 162 and second driver 160
respectively which control operation of the AC bridge (inverter) circuit 142; the bypass
control signal 154 to control opening and closing the inductor bypass relay 152; and a
load disconnect relay control signal 166 for controlling the load disconnect relay168.
[0042] Referring again to Figure 5, in an embodiment, the AC bridge 142 has a half-
bridge topology that achieves a very low level of no load loss and higher efficiency when
coupled to the dual LC filter 148, than, for example, a full-bridge topology. The inductor
bypass relay 152 opens to disconnect inductor 506, and thereby increases the effective
inductance when the load level is low, and thereby reduces the power loss due to induc-
tor ripple current.

[0043] In operation, the AC bridge controller 158 is programmed to generated the con-
trol signals at the times and conditions selected to minimize power losses and to gener-
ate, in the embodiment illustrated, a stable 120 VAC, 60 Hz power output 182 for oper-
ating various appliances (e.g., load 180) regardless of the voltage and frequency of AC
power 102.
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[0044] Referring to Figure 2, a bidirectional adaptive AC power exchanger 200 addition-
ally includes a power and system monitor 288, a transceiver 286 (such as Wi-Fi or Blue-
tooth) and a photovoltaic (PV) array interface 283 coupled to an external PV array 284
and a bidirectional power factor correction circuit 216 to be described hereafter. Like the
embodiment of Figure 1, the bidirectional adaptive AC power exchanger is coupled to
receive power from an input AC source 202 (characterized, for example, by variable 220
VAC, 50 Hz power); an AC input EMI filter 206 including an inrush control relay 208; an
AC-DC rectifier 114; a bias voltage and bulk voltage balancing circuit 238; an AC output
bridge (inverter) and filter circuit 240 comprising the pulse width modulator 242, drivers
260 and 262, load current limit 246, output dual inductor LC filter 248, inductor bypass
relay 252, load disconnect relay 268 and AC bridge controller 258; and an AC output
EMI filter 264 essentially the same as the corresponding parts of the adaptive AC power
exchanger circuit 100 described in Figure 1 and reference to the prior description of
those elements is incorporated here for Figure 2. As with the embodiment of Figure 1,
the AC Input and EMI Filter 206 prevent internal switching noise from conducting back
to the grid and source of input AC power 202.

[0045]In order to receive and operate appliances using power from the PV array 284,
the rectifier 214 and the power factor correction circuit 216 must be modified from anal-
ogous circuits described and illustrated in Figures 1 and 3-5 to be bidirectional to ena-
ble DC power from the PV array 284 to be supplied to the power grid 202 when the PV
array is generating power that is not being used by a connected appliance (load) 280.
Alternatively, the PV array power supplied through the PV array interface 283 is used to
supply all or part of the power requirements of the load 280 when one or more appli-
ances are connected. When the power needed to power a load 280 is greater than can
be supplied by the PV array 284, power from the grid is used to supplement power sup-
plied by the PV array interface 283. Bidirectional power flow is enabled by replacing the
bridge diodes 306 (Figure 3) with MOSFETS in the 50 Hz AC rectifier illustrated.

[0046] The bidirectional power factor correction circuit 216 is configured to supply power
to the AC output bridge (60 Hz inverter load) and filter 240 or to send power from the PV
array 284 received through a PV array interface 283 to the grid 202. To accomplish this
bidirectional power flow in the bidirectional power factor correction circuit, the boost di-
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odes in the phase A and phase B circuits 322 and 324 (Figure 5) respectively are also
replaced by MOSFETs and the control algorithm programmed in the PFC controller 212
is modified to provide control signals 223 and 225 responsive to the line voltage signal
indicating whether or not power is being supplied from the grid at the input AC power
source 202.

[0047] To illustrate, Figure 3A is a simplified schematic of the unidirectional PFC circuit
shown in Figure 3. The solid arrows indicate the current flow for the positive half cycle of
a 220 VAC source and the dotted arrows indicate the current flow for the negative half
cycle of the 220 VAC source. As shown, current only flows from anode to cathode
through the diodes 306. Power flow is also from the 220 VAC to the inverter load 340.
The average current in the inductor 342 follows the voltage waveform of the 220 VAC
input. The currents through MOSFET 344 and diode 346 are pulse width modulated to
create the average current waveform in the inductor 342.

[0048] Figure 3B illustrates the changes required to make the above unidirectional PFC
circuit bi-directional as required if a solar array is connected as shown. As above indi-
cated, the diodes 306 (Figure 3A) are replaced by n-channel MOSFETSs 356. In this il-
lustration, the solar array 284 is not providing any power. For power flow from the 220
VAC input toward the inverter load 340, current flows through the body diodes of the
MOSFETSs 356 in a manner identical to the flow through diodes 306 in Figure 3A. For
reasons of power efficiency, it is desirable but not essential, to turn on MOSFETs 358
and 360 together during the positive half cycle of the 220 VAC source and MOSFETS
362 and 364 during the negative half cycle of the 220 VAC source. In the same manner
as in Figure 3A, MOSFET 366 and 368 function as a synchronous boost and are modu-
lated by the controller 212 (Figure 2) to create an average current waveform in the in-
ductor 342 that follows the waveform of the 220 VAC source.

[0049] Figure 3C illustrates current from the solar array 284 being provided to a power
grid, which is the source of the input 220 VAC, when the power flow is from the solar
array to the 220 VAC source. In this example, the solar array 284 is generating excess
power, which is supplied to the 400V bus 370. Solid arrows indicate current flowing to
the grid during the positive half cycle and the dotted arrows shows current flowing to the
grid during the negative half cycle. If the power from the solar array 284 exceeds the
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power requirements of the load 340, the excess power will be transferred to the 220
VAC source. In this case, MOSFETs 366 and 368 function as a synchronous buck and
are modulated to maintain a current waveform that also follows the 220 VAC source
waveform. Because the current in the MOSFET AC bridge 356 are now flowing in the
opposite direction from that illustrated in Figure 3B (from drain to source), MOSFETS
358 and 360 are turned on together during the positive half cycle of the 220 VAC
source, and MOSFETs 362 and 364 are turned on together during the negative half cy-
cle of the 220 VAC source.

[0050] The transition of the power flow is controlled by the amplitude of power of the 400
VDC bus 370. During normal operation when power flows from the 220 VAC source to
the load 340, the 400 VDC bus output of the PFC is regulated by the controller to main-
tain 400 VDC. If sufficient power is injected onto the 400 VDC bus 370 from the solar
array 284, the voltage will increase above 400 VDC if the load is less than the capacity
of the solar array. The topology of the PFC is now changed to function as in Figure 3C
to reduce the excess voltage on the 400 VDC bus by sourcing the excess power back to
the 220 VAC source. The PFC remains in this mode regulating the 400 VDC bus until
the load increases above the capacity of the solar array 284 causing the voltage on the
400 VDC bus 370 to decrease below the normal 400 VDC at which time, the topology is
transitioned back to the normal 220 VAC source to load power flow as in Figure 3B.
[0051]When AC output power 282 is being delivered to the load 280 from the AC output
EMI filter, the PFC controller 212 insures that the input current waveform follows the in-
put voltage (grid) waveform as previously discussed. This bidirectional power factor cor-
rection topology utilizes the phase A circuit 222 and phase B circuit 224 that are 180
degrees out of phase thereby effectively doubling the switching frequency. Using the
phase A and phase B circuits also reduces the size of the boost inductors 302 and 304
and the associated boost MOSFETS 307 and 308 and boost diodes 322, 324 to divide
the power dissipation between the phase A and phase B circuits. The bulk capacitors
132 are configured in series to form a voltage divider, which in one embodiment results
in 200 VDC across each capacitor segment for a total of 400 VDC. The 200 VDC node
is used as the reference voltage for the AC output bridge.

-16-



WO 2016/133684 PCT/US2016/015996

[0052] In the embodiment incorporating a photovoltaic array 284 and a conventional PV
array interface 283, the interface 283 includes control features that, for example, auto-
matically adjust the amount of power draw from the PV array. This is generally done by
a microcontroller (or DSP) (not shown) that measures the variable current and voltage
of the PV array and then adjusts the amount of current drawn from the PV array to max-
imize the power absorbed by the solar array while maintaining the 400 VDC output from
the bidirectional power factor correction circuit 216. The PV array interface is always ac-
tive. As the power available from the array varies with the available sunlight, the PFC
controller 212 enables power required by the AC output bridge (inverter) and filter 240
to be supplemented by causing power to be drawn from the grid or enabling the excess
power from the PV array to be directed back to the grid.

[0053] The power and system monitor 288 is coupled to receive a signal indicative of
the input AC power from the power source 202, to receive a signal indicative of the out-
put power 282 from the AC output EMI filter 264, and a power output signal from the PV
array interface 283. The monitor is also coupled to the PFC controller 212 and the AC
bridge controller 258 for receiving, for example, information as to the relative power out-
puts and control parameters.

[0054] In addition to tracking and controlling power flow in the adaptive AC power ex-
changer 200, the monitor 288 may be coupled to a transceiver such as Wi-Fi transceiv-
er 286 to transmit information such as input and output power levels, operating time,
energy consumption of an appliance load, internal temperatures, electricity costs and
any other desired and available parameter to a remote receiver such as a smart phone
(not shown).

[0055] Alarms on the adaptive AC power exchanger 200 and on the user smart phone
may be incorporated to give information when there is excessive internal temperature,
excessive input or output power, the amount of electricity cost savings and the reporting
of other similar parameters. Furthermore, the smart phone or other remote controller
can be used to alter or otherwise selective access performance measures, which may
be programmed features of the AC bridge controller 258. Additionally, new features or
bug corrections can be reprogramed in the microcontroller of the AC bridge controller
258.
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[0056] Referring next to Figure 6, an illustration of the adaptive AC power exchanger
600 is illustrated showing an housing 602 which is preferably enclosed to prevent dust
and other contaminants from entering the interior of the housing thereby minimizing the
risk of performance degradation due to such contaminants. The housing 602 also pro-
tects the electronic circuitry from being inadvertently covered or coming into contact with
household items such as clothing, which could also degrade performance. The housing
602 may be attached to a wall near an appliance by attachment mechanisms (not
shown) or may be free standing. The power exchanger includes an AC input plug 604
for electrically connecting the power exchanger 600 to a local power supply grid such as
220 VAC, 50 Hz power supplied by a public utility as illustrated in Figures 1 and 2. In
the bidirectional embodiment, a DC input 610 is provided for coupling to a PV array
such as PV array 284 (Figure 2) to receive the DC generated by the PV array. Also in-
cluded is an appliance plug receptor 606 to supply the output 120 VAC, 60 Hz power to
operate an appliance such as a washing machine, vacuum, or refrigerator manufactured
to operate on 120 VAC, 60 Hz power.

[0057] As above described, the adaptive AC power exchanger 600 may include smart
grid connectivity using a Wi-Fi or Bluetooth transponder (depicted on the housing at
608) for gathering performance information such as instantaneous power usage, tem-
perature, average power usage, computations of monetary value of the power used and
the like and then communicating that information to a remote receiver such as an smart
phone or home computer (not shown). In this way, the user can track and evaluate per-
formance of the unit and plugged in appliance.

[0058] Referring to Figure 7, a photographic illustration of the physical arrangement of
an adaptive AC power exchanger shows various power components such as heat gen-
erating power inductors 702 as well as other heat generating circuit components. Be-
cause the heat generated by these components either is enclosed or generates too
much heat to be passively dissipated, the components are coupled in heat-dissipating
relationship to heat dissipating structures such as heat sink 706. To supplement dissipa-
tion of heat, one or more externally positioned fans 708 can be added as well. Thus,
when the heat generated by the power exchanger cannot be dissipated passively by
heat sink 706 while keeping the internal temperatures to the desired values, a signal
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can be generated by a temperature sensor to turn on fans directed toward the heat
sinks to provide additional cooling. The heat sink 706 may be increased or decreased in
size and in so doing the rated power output of the adaptive AC power exchanger will be
increased or decreased.

[0059] Although the application describes exemplary embodiments, other embodiments
will be apparent to those skilled in the art. For example, though the application has de-
scribed in connection with the input power of about 220 VAC at 50 Hz and an output
power of 120 VAC at 60 Hz, adaption for input power of 120 VAC at 60 Hz to output
power of 220 VAC at 50 Hz is workable.
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We claim:

1. An adaptive AC power exchanger for receiving input AC power from a power
source providing output AC power, different from the input AC power, for a load, com-
prising:

an input EMI filter, coupled to receive the input AC power, for filtering high
frequency noise generated internally by the adaptive AC power exchanger;

an inrush current control circuit, coupled to receive the input AC power for
limiting the amplitude of the input AC power current when the input AC power is
initially applied to the adaptive AC power exchanger in response to an inrush
control signal;

an AC rectifier coupled to the input EMI filter for generating rectified input
power characterized by a rectified input current waveform and a rectified input
voltage waveform and a rectified line voltage signal;

a PFC controller coupled to receive the rectified line voltage signal from the
rectifier and further coupled to generate the inrush control signal and at least one
PFC control signal;

a power factor correction circuit coupled for receiving the rectified input pow-
er and the at least one PFC control signal and modifying the rectified input power
so that the waveform of the rectified input current follows the wave form of the
rectified input voltage and generating a first DC voltage output;

a plurality of capacitors coupled in series between the first DC voltage output
and a common connection voltage for generating a second DC voltage interme-
diate between the first DC voltage output and the common connection voltage;

a balancing voltage circuit coupled to the plurality of capacitors for maintain-
ing the intermediate relationship of the second DC voltage between the first DC
Voltage and the common connection voltage;

an AC output bridge coupled to receive the first and second DC voltages
comprising:

a pulse-width modulation circuit for generating average output AC having

a value approximating the second DC voltage,
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a load current limit circuit coupled to receive the average output AC and
limit the cycle-to-cycle current at the switching frequency of the pulse-width
modulation circuit and generating load current output AC and a load current
limit signal,

an output dual inductor LC filter coupled to the receive the load current
output AC from the load current limit circuit and having a first inductor and a
second inductor coupled in parallel and a bypass relay coupled to the paral-
lel first and second inductors for decoupling the second inductor in response
to an LC filter bypass control signal when the load limited AC current applied
to a load is below a predefined level, and

a load disconnect relay for disconnecting the load limited output AC from
the load in response to a load disconnect control signal; and
the AC output bridge further comprising an AC bridge controller coupled for

receiving at least the load current limit signal, the AC bridge controller pro-

grammed to generate the load disconnect control signal to open and close the
load disconnect relay, an LC filter bypass control signal to open and close the
output bypass relay, and at least one modulation control signal coupled to the

pulse-width modulation circuit.

2. The adaptive AC power exchanger of claim 1 further comprising:

the [[an]] input EMI filter, coupled to receive the input AC power, for filtering
high frequency noise generated internally by the adaptive AC power exchanger;
and

an AC output EMI filter coupled to the load disconnect relay for filtering high
frequency noise from the output AC power and generating a voltage sense sig-

nal.

3. The adaptive AC power exchanger of claim 1 further comprising a monitoring
processor coupled to the AC input power and the AC output power for receiving AC in-
put power information and AC output power information, and further coupled to the PFC
controller for obtaining information indicative of the performance of the adaptive AC

power exchanger.
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4. The adaptive AC power exchanger of claim 3 further comprising communica-
tion means coupled to the monitoring processor for communicating the performance in-

formation to a remote location.

5. The adaptive AC power exchanger of claim 1 where at least one of the input
EMI filter, the inrush current control circuit, the rectifier, the power factor correction cir-
cuit, the PFC controller, the plurality of series connected capacitors, the bias and bal-
ancing voltage circuit, the AC output bridge and the AC output EMI filter comprising the
AC power exchanger electronic circuitry includes a plurality of heat generating compo-
nents, the adaptive AC power exchanger further comprising:

a housing comprising an electronic circuit mounting base have top side and a
bottom side opposite the top side, at least some of the heat generating compo-
nents of the adaptive AC power exchanger circuits being mounted to the top side
of the mounting base,

a heat sink selected to dissipate heat generated by the heat generating com-
ponents, the heat sink attached to the bottom side of the mounting base, the heat
generating components being mounted in heat transmission relationship with the

heat sink.

6. The adaptive AC power exchanger of claim 5 further comprising:

a fan positioned outside the housing in proximity to the heat sink for enhanc-
ing dissipation of heat from the heat sink when the fan is turned on, and

a temperature sensor coupled to sense the temperature of the heat generat-
ing components and turn on the fan when the heat exceeds a predefined tem-

perature.

7. The adaptive AC power exchanger of claim 5 wherein the heat sink is se-
lected to dissipate sufficient heat to enable the adaptive AC power exchanger to operate

at full rated power.

8. The adaptive AC power exchanger of claim 5 wherein the housing is config-
ured to seal the adaptive AC power exchanger circuitry from exposure to environmental

contaminants outside the housing during operation of the adaptive AC power exchanger
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for preventing contaminants from reducing the operating efficiency of the adaptive AC

power exchanger.

9. The adaptive AC power exchanger of claim 1 further comprising a DC power
input for receiving DC power generated from a photovoltaic array and supplying power
to the load.

10. The adaptive AC power exchanger of Claim 1 where in the input AC power is
about 220 VAC at 50 Hz and the output AC power is about 120 VAC at 60 Hz.

11. The adaptive AC power exchanger of Claim 1 where in the input AC power is
about 120 VAC at 60 Hz and the output AC power is about 220 VAC at 50 Hz.

12. An adaptive AC power exchanger for being positioned between a power
source and a load for converting input AC power from the power source into output AC
power for the load and for further receiving DC power from a photovoltaic array through
a PV array interface for selectively providing power to the load, the power source or
both the power source and the load, comprising:

an inrush current control circuit responsive to an inrush control signal, the in-
rush current control circuit coupled to the input AC power for limiting the ampli-
tude of the input AC power current when the input AC power is initially applied to
the adaptive AC power exchanger;

a rectifier coupled to the input AC power for generating rectified input power
characterized by rectified input current waveform and a rectified input voltage
waveform and a rectified line voltage signal;

a PFC controller coupled to receive rectified line voltage signal and further
coupled to generate the inrush control signal and at least one PFC control signal;

a bidirectional power factor correction circuit coupled for receiving the recti-
fied input power and the at least one PFC control signal and modifying the recti-
fied input power so that the waveform of the rectified input current follows the
wave form of the rectified input voltage and providing a first DC voltage output,
and further coupled to receive DC power from a photovoltaic array and therefrom
selectively providing power to the load, power to the power source or power to
both the load and the power source;
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a plurality of capacitors connected in series between the first DC voltage
output and ground for generating a second DC voltage intermediate between the
first DC voltage output and a common connection voltage;

a balancing voltage circuit coupled to the plurality of capacitors for maintain-
ing the intermediate relationship of the second DC voltage between the first DC
voltage and the common connection voltage;

an AC output bridge coupled to receive the first and second DC voltages
comprising

a pulse-width modulation circuit for generating output AC voltage referenced
to the second DC voltage,

a load current limit circuit coupled to receive the output AC and limit the cy-
cle-to-cycle frequency at the switching frequency of the pulse-width modulation
circuit and generating a load current limit signal,

an output dual inductor LC filter coupled to the load current output AC and
having a first inductor and a second inductor coupled in parallel and a bypass re-
lay coupled to the parallel first and second inductors for decoupling the second
inductor in response to an LC filter bypass control signal when the load limited
AC current applied to a load is below a predefined level, and

a load disconnect relay for disconnecting the load limited output AC from the
load in response to a load disconnect control signal; and

the AC output bridge further comprising an AC bridge controller coupled for
receiving at least the load current limit signal, the AC bridge controller pro-
grammed to generate the load disconnect control signal to open and close the
load disconnect relay, the LC filter bypass control signal to open and close the
output bypass relay, and at least one modulation control signal to the pulse-width

modulation circuit.

13. The adaptive AC power exchanger of claim 12 further comprising:
an input EMI filter, coupled to receive the input AC power for filtering high

frequency noise generated internally by the adaptive AC power exchanger; and
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an AC output EMI filter coupled to the load disconnect relay for filtering high
frequency noise from the output AC power and generating a voltage sense sig-

nal.

14. The adaptive AC power exchanger of claim 12 further comprising a monitor-
ing processor coupled to receive and process AC input power information from the AC
input, AC output power information from the AC output, PV array interface information
from the PV array interface and PFC controller information from the PFC controller to
obtain performance information indicative of the performance of the adaptive AC power

exchanger.

15. The adaptive AC power exchanger of claim 14 further comprising an infor-
mation transceiver coupled to the monitoring processor for transmitting the performance

information to a remote receiver.

16. The adaptive AC power exchanger of claim 15 wherein the information
transceiver is coupled to receive instructions from the remote receiver for selectively

modifying the operation of the adaptive AC power exchanger.

17. An adaptive AC power exchanger generating output AC current for a load
from input AC current from a power source, comprising:

an AC-DC circuit stage coupled to receive the input AC current comprising:

a 50 Hz AC rectifier couple to generate rectified power characterized by a
rectified input current waveform and a rectified input voltage waveform;

a power factor correction circuit coupled for receiving and modifying the recti-
fied input power so that the waveform of the rectified input current follows the
waveform of the rectified input voltage, the power factor correction circuit gener-
ating a first VDC output; and

a plurality of capacitors coupled in series between the first VDC output and
common connection voltage for generating a second VDC output intermediate
between the first VDC output and common connection voltage defining a VDC
inverter bias voltage; and

a DC-AC circuit stage comprising:
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a pulse-width modulation inverter circuit coupled to receive the first VDC
output and the VDC inverter bias voltage and generating an average output
AC at 60 Hz;

a load current limit circuit coupled to receive the average output AC and
limit the cycle-to-cycle frequency at the switching frequency of the pulse-
width modulation inverter circuit; and

an output dual inductor LC filter coupled to the average output AC , the
output dual LC filter having a first inductor and a second inductor coupled in
parallel and a bypass relay coupled to the parallel first and second inductors
for selectively coupling and decoupling the second inductor in response to
the output VAC applied to a load.

18. The adaptive AC power exchanger of claim 17 further comprising:

an input EMI filter coupled between the source of input AC power and the AC
rectifier for filtering high frequency noise generated internally by the adaptive AC
power exchanger from the input AC power source.

19. The adaptive AC power exchanger of claim 18 further comprising:

an inrush current control circuit coupled to the input EMI filter for limiting the
amplitude of the input AC when the input AC power is initially applied to the
adaptive AC power exchanger.

20. The adaptive AC power exchanger of claim 17 wherein the 50 Hz AC rectifier
generates a rectified line voltage signal indicating the line voltage, the adaptive AC
power exchanger further comprising:

a PFC controller coupled to receive the rectified line voltage signal from the

AC rectifier and further coupled to generate at least one PFC control signal for

controlling the rectified input power so that the waveform of the rectified input

current follows the wave form of the rectified input voltage.

21. The adaptive AC power exchanger of claim 20 wherein the PFC controller
further generates the inrush control signal in response to amount of current entering the
AC rectifier.

-26-



WO 2016/133684 PCT/US2016/015996

22. The adaptive AC power exchanger of claim 17 further comprising a balanc-
ing voltage circuit coupled to the plurality of capacitors for maintaining the intermediate
relationship of the VDC inverter bias voltage between the first DC Voltage and the

common connection voltage.

23. The adaptive AC power exchanger of claim 17 further comprising

a load disconnect relay for disconnecting the output AC power from the load
in response to a load disconnect control signal when the current drawn by the
load is greater than a predefined amount.

24. The adaptive AC power exchanger of claim 17 further comprising an AC out-
put EMI filter coupled between the load and the DC-AC circuit for filtering high frequen-
cy noise from the output AC current and for generating a voltage sense signal indicative
of the voltage of the output AC current.

25. The adaptive AC power exchanger of claim 24 wherein the load current limit
circuit generates a load current limit signal indicative the current from the load current
limit circuit the adaptive AC power exchanger further comprising

a load disconnect relay for disconnecting the output AC current from the load
in response to a load disconnect control signal when the current drawn by the
load is greater than a predefined amount; and

an AC bridge controller coupled for receiving the voltage sense signal and
the load current limit signal and generating the load disconnect control signal to
open and close the load disconnect relay, an LC filter bypass control signal to
open and close the inductor bypass relay, and at least one modulation control
signal coupled to the pulse-width modulation circuit.

26. The adaptive AC power exchanger of claim 17 wherein input AC power is
variable between about 180 VAC and 280 VAC and about 50 Hz and the output AC
power is substantially constant at about 120 VAC and 60 Hz.

27. The adaptive AC power exchanger of claim 17 wherein input AC power is
variable at about 120 VAC and 60 Hz and the output AC power is substantially constant
at about 220 VAC and 50 Hz.
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28. An adaptive AC power exchanger generating output AC current for a load

from input AC current from a power source, comprising:

an AC-DC circuit stage coupled to receive the input AC current and generate a
first VDC output, and

a DC-AC circuit stage comprising:

a pulse-width modulation inverter circuit coupled to receive the first VDC output
and generating an average output AC at 60 Hz;

a load current limit circuit coupled to receive the average output AC and limit the
cycle-to-cycle frequency at the switching frequency of the pulse-width modulation in-

verter circuit; and

an output dual inductor LC filter coupled to the average output AC, the output
dual LC filter having a first inductor and a second inductor coupled in parallel and a by-
pass relay coupled to the parallel first and second inductors for selectively coupling and
decoupling the second inductor in response to the output VAC applied to a load.

29. The adaptive AC power exchanger of claim 28 wherein input AC power is
variable between about 180 VAC and 280 VAC and about 50 Hz and the output AC
power is substantially constant at about 120 VAC and 60 Hz.

30. The adaptive AC power exchanger of claim 28 wherein input AC power is
variable at about 120 VAC and 60 Hz and the output AC power is substantially constant
at about 220 VAC and 50 Hz.
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