wo 2013/063175 A1 [N A0V 00RO

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/063175 Al

(51

eay)

(22)

(25)
(26)
(30)

(72)
1

74

31

2 May 2013 (02.05.2013) WIPO I PCT
International Patent Classification:
GOSF 1/67 (2006.01)
International Application Number:
PCT/US2012/061765
International Filing Date:
25 October 2012 (25.10.2012) (84)
Filing Language: English
Publication Language: English
Priority Data:
61/550,922 25 October 2011 (25.10.2011) Us

Inventor; and
Applicant : CAMERON, K [US/US]; 802 Ladis Court,
Sunnyvale, California 94086 (US).

Agent: NOVAK, C; 18461 Montpere Way, Saratoga, Cali-
fornia 95070 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
T™M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the identity of the inventor (Rule 4.17(i))

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: POWER CONDITIONING CIRCUIT TO MAXIMIZE POWER DELIVERED BY A NON-LINEAR GENERATOR

FTTTTTTTT POWFR CONDITIONFR 104~~~ 77 r

NC BUS

DC-DC CONVERTER 221

SYNCH RECTIFIIR 222

D

106

LI

T1

E

n

DLTY CYCLE
CONTROLLER
2.

DUTY CYCLE
ADJUSTMERT

I

. DC POWER SOURCE 102
Vranel

FIGURE 2

L |

(57) Abstract: A circuit receives variable voltage and current from a renewable power source and optimally loads the source to max-
imize power delivered into a DC bus having constant voltage. A boost circuit and synchronous rectifier having a controlled duty
cycle step up the voltage from the renewable source. A feedback control circuit senses delivered current and optimizes the duty cycle
to maximize this current, and therefore maximize delivered power. Precision measurement of delivered current is not necessary,
greatly reducing complexity and expense. The power source can be isolated from the DC bus, and an arc fault sensor can determine
the presence of an electrical arc and shut down the power conditioner to prevent damage due to arcing or fire.
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POWER CONDITIONING CIRCUIT TO MAXIMIZE POWER DELIVERED
BY A NON-LINEAR GENERATOR

CROSS-REFERENCE TO RELATED APPLICATIONS.

[0001] This application claims priority to provisional application, US Serial No. 61/550,922
filed October 25®, 2011, entitled “POWER CONDITIONING CIRCUIT TO MAXIMIZE
POWER DELIVERED BY A NON-LINEAR GENERATOR,” which application is also

incorporated by reference herein, in its entirety.

FIELD OF TECHNOLOGY

[0002] This disclosure relates generally to the technical fields of power electronics,
and in one example embodiment, this disclosure relates to a method, apparatus and

system of power conditioning for a non-linear generator.

BACKGROUND

[0003] Renewable energy sources such as solar photovoltaic (PV) panels and wind
generators have non-linear power output characteristics where neither maximum
voltage nor maximum current correspond to maximum power output. Furthermore,
such characteristics can vary with changing operational scenarios such as, for
example, when PV panels are shaded by trees or other objects, when wind turbines are
driven with changing wind speed and so on. These renewable energy sources can be
referred to as uncontrolled energy power generators (UEPG). Electronics can manage
these devices so that optimal power output is maintained under all conditions.
Optimizing power generation from renewable sources is important because of the
relatively high cost of equipment to harness these sources and the desire to maximize

delivered power.

[0004] For example, f the output of a solar panel is monitored and its delivered power
is calculated as the product of delivered current and voltage, then precision
measurement of current and voltage is typically required. This in turn requires the use
of sophisticated and costly electronics having the requisite precision and speed. More
detail on a conventional solar photovoltaic power tracking system is provided in US

Patent Number 6844739, filed January 18, 2005, entitled “MAXIMUM POWER
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POINT TRACKING METHOD AND DEVICE,” which is incorporated by reference

herein, in its entirety.

SUMMARY

[0005] A circuit, system, and method for conditioning power from a renewable power
source are disclosed. The circuit receives variable voltage and current from the source
and optimally loads the source to maximize power delivered into a DC bus having
constant voltage. A boost circuit and synchronous rectifier having a variable duty
cycle are controlled by a duty cycle controller to step up the voltage from the
renewable source to the constant voltage of the DC bus. A feedback control circuit
senses delivered load current and optimizes the duty cycle to maximize this current,
and therefore maximize delivered power. The sense circuit relies upon the delivered
power versus loading characteristic of the renewable source, which has a single
maximum Advantageously, precision measurement of delivered current is not
necessary in the present disclosure, just a relative measure of amplitude and phase,
thus greatly reducing complexity and expense while increasing reliability and

durability.

[0006] In one embodiment, an isolation transformer serves to isolate the renewable
power source from the DC bus. In another embodiment, an arc fault sensor determines
the presence of an electrical arc in, for example, a conduit and interrupts or shuts

down the power conditioner to prevent physical damage due to arcing or fire.

[0007] The methods, systems, and apparatuses disclosed herein may be implemented
in any means for achieving various aspects, and may be executed in a form of a
machine-readable medium embodying a set of instructions that, when executed by a
machine, cause the machine to perform any of the operations disclosed herein. Other
features will be apparent from the accompanying drawings and from the detailed

description that follows.
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BRIFF DESCRIPTION OFf THE VIEW OF DRAWINGS

[0008] Example embodiments are illustrated by way of example and not limitation in
the figures of the accompanying drawings, in which like references indicate similar

elements and in which:

[0009] Figure 1 is a functional block diagram of a system for conditioning the power

supplied by a renewable power generator, according to one or more embodiments.

[0010] Figure 2 is a schematic of a power conditioner circuit, according to one or

more embodiments.

[0011] Figure 3 is a graph of power transferred vs. duty cycle loading with dithering
to detect a slope for peak power identification, according to one or more

embodiments.

[0012] Figure 4 shows a duty cycle adjustment system, according to one or more

embodiments.

[0013] Figure 5 is a power conditioner and isolation system, according to one or

more embodiments.

[0014] Figure 6 is a modular system having multiple parallely-coupled renewable
energy power generators each having a local power conditioner, according to one or

more embodiments.

[0015] Figure 7 is a flowchart of operations to provide maximum delivered power by

maximizing load current, according to one or more embodiments.

[0016] Other features of the present embodiments will be apparent from the

accompanying drawings and from the detailed description that follows.
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DETAILED DESCRIPTION

[0017] A method, apparatus and system of a power conditioning circuit is disclosed.
In the following description, for the purposes of explanation, numerous specific
details are set forth in order to provide a thorough understanding of the various
embodiments. It will be evident, however to one skilled in the art that various
embodiments may be practiced without these specific details. Other features of the
present embodiments will be apparent from the accompanying drawings and from the

detailed description that follows.

[0018] Referring to Figure 1, a functional block diagram of a system for interfacing a
renewable energy source with a direct current (DC) bus is shown in accordance with
one or more embodiments. Block 102 is a renewable-energy power source, also
known as an uncontrolled energy power generator (UEPG), such as a solar
photovoltaic (PV) panel, a wave generator, a wind turbine, etc. that is coupled to a
power conditioner 104. The power conditioner 104 is coupled, in turn, to a DC bus
106 having a substantially constant voltage, as set by fixed-voltage load(s) 108
coupled thereto Power source 102 is nonlinear because its output current and voltage
do not vary linearly with changing load. In addition, the output voltage, current and
power of power source 102 vary with changing conditions, e.g., sun for solar panels,
wind for wind turbines, waves for wave generators, etc. In order to deliver power
from non-linear power source 102 onto the DC bus 106, power conditioner 104
stabilizes the voltage and maximizes the delivered power, i.e., by maximizing the load
current. A maximum current manager 105 in power conditioning block 104
maximizes the load current by adjusting the operating point of the non-linear
renewable power source 102.. The load current thereby acts as a proxy for the power.
The resulting power delivered to the fixed-voltage load(s) 108 is a maximum power,
because the product of a fixed voltage times a maximized current is a maximized
power. By dividing the tasks of managing voltage and managing current amongst
different responsible devices in system 100, the resulting operation and complexity of
each of the responsible devices is greatly simplified, thereby resulting in a more cost-
effective, robust and reliable system. The maximum current load manager 105 and the
voltage manager 109 operate independently of each other, without requiring a power
calculation to be performed by either of the managers or by another circuit. By

avoiding power calculations, sophisticated computational circuitry, and accurate
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sensing equipment is eliminated, thereby reducing cost and complexity. Thus, the
present disclosure provides maximum power point tracking (MPPT) by controlling
only a single variable, e.g., current, of a plurality of variables, e.g., current and

voltage, that comprises the output power.

[0019] Voltage manager 109 maintains an approximately fixed voltage on the DC bus
106 by sinking a range of load currents produced by the power conditioner 104. The
sinking function is accomplished in one embodiment by adding or shedding loads as
needed to maintain the voltage. lLoads that store power, e.g., batteries, flywheels,
thermal sinks, are useful load sinks to maintain approximately constant bus voltage at
times of peak power output from the DC power source. Loads that are expendable,
e.g., optional or luxury loads, are useful loads to shed for maintaining the
approximately constant bus voltage at times of reduced power output from the DC
power source. More detail regarding the voltage manager and fixed-voltage load(s) is
provided in US application Serial No. 61/489263 filed May 24®, 2011, entitled “SYSTEM
AND METHOD FOR INTEGRATING AND MANAGING DEMAND/RESPONSE
BETWEEN ALTERNATIVE ENERGY SOURCES, GRID POWER, AND LOADS,” which

application is also incorporated by reference herein, in its entirety.

[0020] Referring now to Figure 2, a schematic diagram is shown of a renewable
electrical energy source and a power conditioning circuit according to one
embodiment of the present invention. Power from a renewable power source 102,
e.g., a solar panel, is transferred to a DC bus 106 output line that is held at an
approximately fixed or tightly controlled voltage for consistent and reliable operation
of downstream electrical devices. For example, for a 48-volt nominal bus voltage, the
line voltage can fluctuate +/- 1 volt, or 2% to remain under the 50 volt maximum
specified by the National Electric Code (NEC) for non-conduit wiring. In other
systems, voltage fluctuation can be anywhere between 0.1% to 5%, depending on the
sensitivity of the system, and the controls and sensors used to regulate the voltage.
Under such conditions maximum power is transferred when the average current being
transferred into DC bus 106 is maximized. The voltage supplied by renewable power
source 102 is typically lower than the voltage of DC bus 106, but the supplied voltage
may exceed the DC bus voltage in some scenarios. For example, 40V PV solar panels

can be arranged in parallel then boosted up to 200V DC for a household lighting and
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appliance application or can be bucked down to 12V for a recreation vehicle (RV) or

marine application.

[0021] According to one embodiment, DC-DC converter 221 and a synchronous
rectifier 222 are used to transfer energy from renewable power source 102 to DC bus
106. The DC-DC converter 221 is configured as a boost circuit, utilizing inductor 1.1
and switching transistor T1, whose conducting cycle timing, i.e., on time and off time,
is continually controlled by duty cycle controller 224 (DCC), also known as a pulse
width modulation (PWM) controller. The DCC modulates an operating point of the
DC power source by varying a PWM duty cycle that in turn varies the load current
that is output on the output line. The ratio of the on time to off time is referred to as
the duty cycle. A duty cycle adjustment circuit 460 (DCAC) in turn drives a duty
cycle controller 224 (DCC). During the on time, a magnetic field builds up in L1, and
energy is stored therein. During the off time, the magnetic field in .1 collapses,
causing .1 to release stored energy to synchronous rectifier 222. During this off time,
duty cycle controller 224 turns transistor T2 on, such that T2 passes energy to DC Bus
106. Consequently, the amount of energy transferred in a given cycle is proportional
to the integral of the current with respect to time for that cycle, given that the voltage
of DC Bus 106 is substantially constant. It should be noted that duty cycle controller
224 and duty cycle adjustment circuit 460 may be implemented as a common circuit

or as a module.

[0022] The cycle time of duty cycle controller 224 is not critical and can vary
according to design considerations. In one embodiment, the cycle time is set to ten
microseconds. In other embodiments, the cycle time is between 0.1-1000

microseconds.

[0023] According to one embodiment, transistors T1 and T2 are power metal oxide
semiconductor field effect transistors (MOSFETSs) that operate in Ohmic mode during
conduction. Under such condition, MOSFETSs operate substantially linearly, such that
the source-to-drain voltage is substantially proportional to the source-to-drain current.
Thus, by monitoring and maximizing the source-to-drain voltage of T2 under such
condition, the power delivered to DC bus 106 can be maximized. Power MOSFETSs
typically include an internal diode Db, sometimes referred to as a body diode.
According to one embodiment, during the on time of T2, its source-to-drain voltage is

lower than the conduction threshold voltage of Db, and thus Db does not pass energy
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to DC Bus 230 and serves merely as a safety device to limit power dissipated by T2.
In addition, should the voltage of renewable source 102 exceed that of DC bus 106,
Db can serve as a bypass to deliver power from inductor 1.1 directly to DC Bus 106.
Persons skilled in the art will appreciate that devices having other technologies can be
substituted for T1 and T2, such as, for example, bipolar transistors, thyristors, silicon

controlled rectifiers (SCRs) and so on.

[0024] A current sensor 242 (I sense) is coupled across transistor T2 of synchronous
rectifier 222 to determine a relative amount of current conducted through T2 by
measuring the voltage drop across 12 and generating a proportional current signal 444
that is transmitted to duty cycle adjustment block 460. Input from duty cycle
controller 224 to I sense 242 indicates when T2 is conducting and when the voltage
drop measurement can be taken. Thus, the present embodiment does not measure
output voltage or current from the DC power source 102 and does not measure the
voltage output from the DC-DC converter 221. The present embodiment only
measures the load current from the power conditioner 104. In addition, the present
disclosure does not require a dedicated sensor to measure that load current. Rather,
transistor T2 is reused for multiple purposes of switching and of load current sensing,
thereby reducing cost, complexity, and the quantity of elements in the circuit.
However, in another embodiment, a dedicated current sensor can be used, and
specifically a cheaper and less accurate current sensor can be used for measuring
current and phase change of the load current. Arc fault detector 230 coupled between
the high voltage line to ground on the output of the power conditioner 104, would
send a signal to the duty cycle controller 224 to close and thus provide a closed circuit
to the DC power source, e.g., a PV solar panel would thus self-regulate by its internal

resistance. The arc fault detector 230 avoids providing power to an arc fault.

[0025] Referring now to Figure 3, a characteristic curve 300 is shown that relates the
average power transferred by power conditioner 104 versus duty cycle as defined
above. When the duty cycle is at a minimum, i.e., on time relative to off time is
minimal, relatively little conduction occurs through T1, and thus, relatively little
energy is stored in L1 and transferred to DC bus 106. As the duty cycle increases, L1
stores more energy per duty cycle, and thus more energy and power are transferred to
DC bus 106. At a certain point, increasing the duty cycle causes a decrease in

supplied energy per cycle. This is a consequence of the internal resistance of
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renewable power source 102. For purposes of maximum power transfer from
renewable power source 102 to DC Bus 106, there is thus an optimum duty cycle
corresponding to maximum load current operating point 320, which corresponds to a

peak delivered power to a fixed voltage load

[0026] Referring now to Figure 4, a duty cycle adjustment system is shown
according to one or more embodiments. Duty cycle adjustment system 460 includes a
duty cycle set point block 428 coupled to adder 434 and thereafter to duty cycle
controller 224 for initiating a starting duty cycle for power conditioner system 104
upon startup. A duty cycle dither generator 464 is also coupled to adder 434 and
thereafter to duty cycle controller 224 to add a slight dither to the duty cycle of PWM
controller and thereby determine the slope of curve 300 at which the load current is
presently operating a. For example, the dither can be performed at 1 kHz in one
embodiment, as compared to a duty cycle controller switching frequency for the T1
switching transistor of 100 kHz, though a wide variety of frequencies can be used.
This dither will initially be with respect to the operating point determined by duty
cycle set point circuit 460. For example, referring back to Figure 3, introducing dither
signal 302 at the point shown on the positive slope of curve 300 results in an in-phase
response 304, The response is in-phase because as dither signal 302 rises, the value of
power transferred 304 also rises and as dither signal 302 drops, the value of power
transferred 304 also drops On the other hand, introducing dither signal 312 at the
operating point on the negative slope of curve 300 results in an out-of-phase response
314 The response is out-of-phase because as dither signal 312 rises, the power
transferred 314 drops and as dither signal 302 drops, the power transferred 304 rises.
Thus, by sensing the phase relationship between the dither signal and the
corresponding variation in delivered load current, it can be determined on which side
of peak power 320 that power conditioner 220 is operating. Because the voltage of
DC Bus 106 is substantially constant, the current delivered into it will be proportional
to power delivered into it. Specifically, power equals load current times load voltage,
and the load voltage is constant in the present embodiment. The current and the
voltage are the components of power. Hence, the load current becomes a proxy for
the power. Thus, for purposes of sensing phase as described above, power

conditioner 104 merely needs to monitor the current flowing through device T2 and



WO 2013/063175 PCT/US2012/061765

compare the phase of such current with that of the signal supplied by duty cycle dither

generator 428.

[0027] Figure 4 also provides a feedback loop for adjusting the duty cycle from the
set point toward the maximum load current operating point. Current sensing circuit
242 of Figure 2 generates a current 444 that is proportional to the current conducted
by transistor T2 and communicates the proportional current 444 to resistor 436,
thereby supplying a proportional feedback voltage to multiplier 472. Filter capacitor
440 removes undesirable noise from this voltage. Multiplier 472 is coupled to duty
cycle dither generator 464 to multiply the feedback voltage by the same dither signal
voltage provided to the duty cycle controller 224. The output of multiplier 472 will be
of one polarity when the current delivered to the DC bus 106 is in phase with the
dither signal, and will be of the opposite polarity when the current delivered to DC
bus 106 is out of phase with the dither signal. Error integrator 468 continually
integrates the output of multiplier 472 to produce an error signal that is summed by
adder 434 with the output of dither generator 464 and fed to duty cycle controller
(DCCC) circuit 224. In other words, the output of error integrator 468 becomes an
updated set point for DCC 224. Duty cycle adjustment circuit 460 thus comprises a
feedback control circuit that drives the power delivered to DC bus 106 to a maximum
load current operating point 320, and resultantly a maximum power operating point
independent of, and without controlling, an output voltage of the DC-DC converter
circuit, e.g., assuming a fixed voltage bus 106 Because the maximum power
operating point is achieved using relative measurements of amplitude and phase of
dithered load current, rather than power calculations, the present embodiment does
not require expensive analog-to-digital converters (ADC) to make precision
calculations of current and voltage to accurately determine power. However, in
another embodiment, the present disclosure can utilize an ADC, and specifically a

cheaper ADC with less accuracy than that used for other MPPT approaches.

[0028] The dither signal can be any of a variety of waveforms. If it is symmetric,
having a 50/50 duty cycle with a zero average such as a sine, triangle, or square wave,
then multiplier 472 can be implemented as a simple polarity switch. The polarity
switch implementation would transform the phase and amplitude oscillation of the
load current to a DC feedback signal by toggling with the polarity of the dither signal

in order to correlate the base frequency with the feedback, where harmonic effects are
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negligible. For example, if the signal output by dither generator 464 to multiplier 472
is a positive polarity, signal 444 is simply passed unchanged; if the signal output by
dither generator 464 to multiplier 472 is a negative polarity, signal 444 is inverted.
Thus, for a given dither cycle, error integrator 468 will accumulate in increments
proportional to the slope of curve 300 over which the load current is dithered. The
dither signal is set large enough to make detection of the phase reliable and small
enough so that it does not have a significant effect on efficiency or loop stability. In
one embodiment, the peak-to-peak percentage change in duty cycle due to dither is
one percent. Persons skilled in the art will appreciate that variations in dither
magnitude are possible to accommodate a range of desired loop stability
characteristics, and that loop compensation can be proportional, integral, derivative
and combinations thereof. A small dither signal can be used to avoid straying too far
from peak power, but this may also result in tracking a local maximum rather than the
global maximum on larger PV panel systems. This can be avoided by occasionally
increasing the amplitude of the dither, e.g., up to 20%, and then letting it subside
(slowly) back to the normal low level, e.g., 1%, where it would remain most of the
time, e.2., 99% of the time. However, the actual time duration and amplitude settings
would depend on how many PV cells are in series and on the shape of the power
curve. The smooth and single maximum curve illustrated in Figure 3 represents a
single PV cell, or multiple PV cells in parallel. If more panels are coupled in series,
then a resulting power curve would likely have multiple peaks, including a global
maximum and local maxima, which might lead the MPPT to track a local maximum

rather than the global maximum, thereby leading to a suboptimal power production.

[0029] An optional compensation network 470 is coupled between the cycle dither
generator 464 and multiplier 472 to match, or synchronize, any time constant delay of
the DC power source 102, using resistive and capacitive elements. The compensation
network is sometimes useful because renewable energy sources such as solar panels
have an associated time constant, such that changes in loading that occur faster than
such time constant will cause relatively low output voltage change, while changes in
loading that are slower than such time constant will cause more significant change in
output voltage. This time constant may be conceptually considered to result from an
equivalent capacitance internal to renewable power source 102. The period of the

dither will depend on the time constant of the renewable power source 102, and

10
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should be substantially greater than this time constant. For example, if renewable
source 102 has an effective time constant of one second, the dither period should be at
least several seconds. Lower dither periods can be accommodated by inserting a delay
of duration similar to the time constant of renewable source 102 between dither
generator 464 and multiplier 472. This will tend to compensate for the effective time
delay introduced to the other input of multiplier 472 due to the time constant of
renewable power source 102. Using a well-matched compensation network 470, the
power conditioner circuit 104 can use a faster dither signal that would result in a
quicker feedback response, and a closer tracking of the maximum load current

operating point, e.g., with less lag.

[0030] The circuitry of duty cycle adjustment circuit 460 may be implemented using
either digital or analog components, noting that precision measurement of delivered
current is not required as long as the feedback loop effectively drives the system to
optimum operating point 320. The DCCC 224 and/or DCCA 460 uses only analog
components in one embodiment, and mostly analog components with only nominal
token digital CMOS components in another embodiment, to set and adjust the duty
cycle. This is because extensive digital circuits are not required to perform a power
calculation and not required to implement sophisticated algorithms to track an actual
maximum power point in the present disclosure. For the same reasons, the present
disclosure requires neither circuitry having software programmability, nor an
arithmetic logic unit (ALU) for arithmetic operations, nor a CPU for performing
software-implemented programs. In one embodiment, power conditioner circuit 104
is integrated on a single semiconductor die because of the simplicity of the

components and design.

[0031] Referring now to Figure S, a power conditioner and isolation system is shown,
according to one or more embodiments. In some applications, isolation between the
renewable source 102 and DC bus 106 is desirable or required. Power Conditioner
104 performs the functions accomplished by DC-DC converter and duty cycle
optimization circuit as described above. Isolation transformer 536 and the associated
components shown form a DC power supply. Based on a timing signal received from
Power Conditioner 104, control circuit 516 periodically turns on and off FETs 520
and 524, energizing an de-energizing the primary of isolation transformer 536. When

the FETs are off, flyback diodes 528 and 532 return current created by the stray

11
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inductance of the primary winding of isolation transformer 536. Transformer 536 thus
supplies an alternating current that is rectified and filtered by diode 540 and capacitor
544, respectively. This configuration is sometimes referred to as a “two-switch

forward topology.”

[0032] The power transferred to DC bus 106 can then be estimated by measuring the
voltage across either of transistors 520 and 524, which conduct in Ohmic mode as
discussed above. Transformer 536 may be used to “step up” the voltage from lower
voltage sources via a non-unity turns ratio. For example, for PV panels operating at 40
V and DC bus 106 having voltage of 200 V, power conditioner 104 would boost the
panel voltage to 50V, and transformer 536 would provide the further step-up via a 1:4
turns ratio. Alternatively, transformer 536 could be a 1:1 ratio for providing an
isolation function with no step-up voltage, or an N:1 ratio for an isolation function
combined with a step-down voltage, where N is any desired step down ratio. Control
electronics 516 could be integrated with the boost chopper 508 electronics for
convenience and efficiency. [solation transformer 536 is provided for safety reasons,
to isolate DC power source 102 from potential loads or other sources, such as a utility
power grid. The duty cycle of the power conditioner 104 is fixed and not variable like
those in Figures 2 and 4. In the present embodiment, the duty cycle is fixed at 50%,

though a wide range of other duty cycles can be used.

[0033] Figure 6 is a modular system having multiple renewable energy power
generators 602-1 through 602-N coupled in parallel where N is any value > 2, each
including a dedicated a local power conditioner, 104-1 through 104-N, according to
one or more embodiments. This system provides modularity, with each renewable
energy power generator having the capability of being removed or added to the
system, since it includes its own power conditioner, a central power conditioner with
limited ratings would not restrict the quantity of power generators added to the
system. [urthermore, the redundancy of power conditioners would allow graceful
degradation and failure mode, with a single power conditioner failure only removing
the associated power generator, and not multiple power generators or all the power
generators. Arc fault detection functions in each of the power conditioners would
include a threshold time to detect an arc fault plus an approximately equal buffer time

to ensure arc fault detectors in parallel DC power sources have had an opportunity to

12
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register the arc fault, and thus avoid a scenario where all DC power goes through the

first circuit that detected the fault thereby overloading it.

[0034] Referring now to Figure 7, a flowchart 700 of operations to provide maximum
delivered power by maximizing load current, is shown according to one or more
embodiments. By using the method described in flowchart 700, an inexpensive,
robust and effective means of maximizing output power is provided from a renewable
energy power source. Operation 702 receives current form a DC power sources, such
as a renewable energy uncontrolled energy power generator (UEPG).  In operation
704, the current is chopped using a DC-DC converter. While the present
embodiment illustrated above implements the DC-DC converter as a boost circuit, the
present disclosure is well suited to utilizing a DC-DC converter configured as a buck
circuit, or a boost-buck circuit. A duty cycle set point 704-A is input to operation 704
for initiating the pulse width modulation.  Thereafter, feedback is provided as
subsequently described in operations 706-A through 712. Next, operation 706
provides an output load current to a constant voltage output line, and ultimately, to an
approximately fixed voltage load sink, as shown in Figure 1. Output 706-A from
operation 706 senses the phase and amplitude oscillation of the load current and
creates a DC feedback signal, as described in Figures 2-4. The DC feedback signal is
integrated in operation 712 and added with the dither input 712 to be input back to
operation 704, for adjusting the duty cycle of the DC-DC converter.

[0035] As a practical implementation of method 700, if the operating point of the duty
cycle is determined to have a positive slope, e.g., shown in Figure 3, then the duty
cycle is increased to approach the peak delivered power point 320. If the operating
point of the duty cycle is determined to have a negative slope, then the duty cycle is
decreased to approach the peak delivered power point 320. When slope is steep the
feedback voltage high and adjustment to duty cycle is large. When the slope is zero,
or flat, then the duty cycle is operating at an inflection point where the load current is
a maximum on the curve, and the current that is measured on either side of the
maximum averages to approximately zero change, and thus feedback is zero, thus
maintaining the duty cycle at the maximum load current operating point. While the
goal of the process and apparatus is to provide a maximum load current operating
point, it is understood that much of the time, the system will provide a load current

that is reasonably close to the maximum load current operating point to capture
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approximately the maximum power from the DC power source. The dithering occurs
continually, as does the feedback and adjustment, error integration, etc. Because the
uncontrolled nature of renewable energy makes the DC power sources very
susceptible to power fluctuations at any time. Persons skilled in the art will
appreciate that other applications may be accommodated by the circuits and methods
disclosed. For example, if a low-voltage battery, such as, , a twelve-volt deep-cycle
battery for example, is the fixed voltage load 108, and the DC power source is a 40V
PV panel, then a buck circuit can be substituted for boost circuit 221, Current
delivered to such battery can be measured via an alternative sensing circuit. For
example, with regard to power transfer curve 300, if maximum power delivered to
such battery corresponds to maximum battery voltage, the latter could be monitored
and used as the basis for sensing delivered power and determining peak delivered

power 320.

[0036] Methods and operations described herein can be in different sequences than
the exemplary ones described herein, e.g., in a different order. Thus, one or more
additional new operations may be inserted within the existing operations or one or

more operations may be abbreviated or eliminated, according to a given application.

[0037] Other features of the present embodiments will be apparent from the
accompanying drawings and from the detailed description. In addition, it will be
appreciated that the various operations, processes, and methods disclosed herein may
be carried out, at least in part, by processors and/or electrical user interface controls
under the control of computer readable and computer executable instructions stored
on a computer-usable storage medium. The computer readable and computer
executable instructions reside, for example, in data storage features such as computer
usable volatile and non-volatile memory and are non-transitory. However, the non-
transitory computer readable and computer executable instructions may reside in any

type of computer-usable storage medium.

[0038] The foregoing descriptions of specific embodiments of the present disclosure
have been presented for purposes of illustration and description. They are not
intended to be exhaustive or to limit the invention to the precise forms disclosed.
Many modifications and variations are possible in light of the above teaching without
departing from the broader spirit and scope of the various embodiments. The

embodiments were chosen and described in order to explain the principles of the
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invention and its practical application in the best way, and to enable others skilled in
the art to best utilize the invention and various embodiments with various
modifications as are suited to the particular use contemplated. It is intended that the
scope of the invention be defined by the Claims appended hereto and their

equivalents.
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CLAIMS

I/We claim:

1. A power conditioner circuit for conditioning power received from a DC power

source, the power conditioner circuit comprising:

an input line coupled to receive power from the DC power source;

an output line to output power to an external load, wherein the output line is
operated at an approximately fixed voltage; and

a DC-DC converter circuit coupling the input line to the output line, and
configured to provide a load current to the external load for
generating a maximum output power for the external load without
requiring circuitry to perform a power calculation.

2. The circuit of claim 1 wherein the DC-DC converter circuit includes a maximum
power point tracking (MPPT) function for controlling only a single
variable of a plurality of variables that affect the output power.

3. The circuit of claim 1 wherein the DC-DC converter circuit generates the
maximum output power without controlling an output voltage of
the DC-DC converter circuit.

4. The circuit of claim 1 wherein the DC-DC converter circuit provides the maximum
output power to the external load by maximizing the load current.

5. The circuit of claim 1 wherein the DC-DC converter circuit maximizes the load
current independently of a voltage of the output line.

6. The circuit of claim 1 wherein the maximum output power generated by the DC-
DC converter circuit is provided to the external load without
requiring a dedicated sensor to measure a current or a voltage of
the DC power source.

7. The circuit of claim 2 wherein the MPPT function does not require an analog-to-
digital converter (ADC).

8. The circuit of claim 1 wherein the DC-DC converter further comprises:
a duty cycle controller circuit (DCCC) configured to modulate an operating point
of the DC power source by varying a pulse width modulated
(PWM) duty cycle that in turn varies the load current that is output
on the output line;

16
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a duty cycle adjustment circuit (DCAC) coupled to the duty cycle controller
circuit wherein the DCA circuit is further configured to set an
initial duty cycle then dither the duty cycle of the PWM signal; and

a feedback circuit coupled to the duty cycle adjustment circuit, wherein the
feedback circuit senses a phase and an amplitude oscillation of the
load current caused by the continually dithered duty cycle, the
feedback circuit configured to provide an error signal to the duty
cycle adjustment circuit for adjusting the duty cycle to track the
maximum load current operating point.

9. The circuit of claim 8 wherein the feedback circuit uses analog components to
adjust the duty cycle without having to perform a power
calculation.

10. The circuit of claim 9 wherein the feedback circuit generates the error signal. by
integrating the phase and amplitude oscillations of the load current.
correlated against the original dither signal.

11. The circuit of claim 8 wherein the DC-DC converter further comprises:

a synchronous rectifier coupled to the output line, the synchronous rectifier
operated in an Ohmic mode to generate a voltage feedback
proportional to the load current that is conducted through the
synchronous rectifier to the output line.

12. The circuit of claim 2 wherein the MPPT function does not require circuitry
having software programmability.

13. The circuit of claim 1 further comprising:
an isolation transformer coupled between the DC-DC converter circuit and the
output line, the isolation transformer for boosting an output voltage
of the DC-DC converter to the approximately fixed voltage of the
output line, and the isolation transformer providing an isolation
function of the DC power source from the output line.

14. The circuit of claim 1 wherein the circuit is integrated on a single silicon die.
15. The circuit of claim 8 further comprising:

a polarity switch configured to transform the phase and amplitude
oscillation of the load current to a DC feedback signal.

17
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16. The circuit of claim 8 further comprising:
a compensation/delay network disposed in the feedback circuit, wherein the
compensation/ delay network is configured to synchronize the feedback signal.

17. A Power Generator system comprising:
a DC power source; and
a power conditioner coupled to the DC power source, the power conditioner
comprising:
an input line coupled to receive power from the DC power source;
an output line to output power to an external load, wherein the output line is
operated at an approximately fixed voltage; and
a DC-DC converter circuit coupling the input line to the output line, and
configured to provide a maximum output power without having
to perform a power calculation.

18. The system of claim 17 further comprising:

a constant voltage load sink system coupled to the output line of the power
generator system wherein the load sink system varies a load draw
current such that an output line voltage is maintained at the
approximately fixed voltage.

19. The system of claim 17 further comprising:
a plurality of DC power sources coupled in parallel to a DC bus, wherein each of
the plurality of DC power sources includes a dedicated local power
conditioner.

20. 'The system of claim 17 wherein the DC power source is a power generator
selected from a group of uncontrolled-energy power-generators
consisting of: wind, wave, solar, geothermal, and any combination
thereof.

21. A method of conditioning power from a DC power source to an output line using

a power conditioner, the method comprising:

receiving a current from the DC power source;

chopping the current at a duty cycle using a DC-DC converter;

outputting a load current on the output line, wherein the output line has an
approximately constant voltage; and

adjusting the duty cycle of the DC-DC converter to maximize the load current on
the output line.

22. The method of claim 21 further comprising:
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generating a maximum output power without having to perform a power
calculation.

23. The method of claim 21 further comprising:
tracking the maximum power point by controlling only a single variable of a
plurality of variables that comprise an output power of the DC-DC
converter.

24. The method of claim 21 further comprising:
generating a maximum output power without requiring the power conditioner to
control an output voltage of the DC-DC converter circuit.

25. The method of claim 21 further comprising;:
maximizing the load current independently of a voltage of the output line.

26. The method of claim 21 further comprising:
generating the maximum output power from the DC-DC converter circuit without
sensing a current or a voltage provided from the DC power source.

27. The method of claim 21 further comprising:
driving the duty cycle of the DC-DC converter in a direction that results in the
load current approaching a maximum, corresponding to a
maximum power point (MPP) of the DC power source.

28. The method of claim 27 further comprising:
continuously dithering the duty cycle of the DC-DC converter in order to vary the
load current being output on the output line, wherein the variation
in the load current is measured to determine which side of the
maximum current point the load current lies.

29. The method of claim 8 further comprising:
sensing an oscillation of the load current on the output line caused by the
dithering, wherein:

a load current whose oscillation is in-phase with the dither cycle represents an
undershoot before the maximum current point with an associated
positive feedback to a duty cycle controller to increase the duty
cycle;

a load current whose oscillation is out-of-phase with the dither cycle
represents an overshoot beyond the maximum current point with an
associated positive feedback to a duty cycle controller to decrease
the duty cycle; and
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a load current whose oscillation is an average of zero represents an operation
at the maximum current point that produces the maximum load
current with an associated zero feedback to maintain the present
duty cycle.

30. The method of claim 29 further comprising:
transforming the phase and amplitude oscillation of the load current to a DC
feedback signal.

31. The method of claim 29 further comprising:
integrating the feedback from the duty cycle adjustment circuit continuously to
accommodate changing operating conditions of the DC power
source; and
adjusting the duty cycle of the duty cycle controller, based on the integrating of
the feedback signal so as to maintain the load current at the

maximum current point.

32. The method of claim 29 further comprising:
synchronizing a feedback signal by delaying the feedback signal an amount of
time comparable to a response time of the DC power source.

33. The method of claim 21 further comprising:
transforming a first voltage from the power conditioner to a second voltage of the
output line, the transforming operation providing isolation function
between the DC power source and a power grid coupled thereto.
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