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(54) Title: PERVASIVE POWER GENERATION SYSTEM

FIGURE 1

o (57) Abstract: A power generation system includes a plurality of energy conversion devices for generating a plurality of power sig
nals based on one or more sensed environmental conditions. The system further includes a plurality of power conditioning circuits
each coupled to one or more of the energy conversion devices for receiving the power signals and storing energy in an energy stor

o age system. The system also includes a selection circuit coupled to at least one of the power conditioning circuits and receiving a
first input power signal from one of the power conditioning circuits and a second input power signal. The selection circuit is con

o figured to deliver an output power signal representing a selection from between the first and second input power signals based on a
relative voltage level of the first and second input power signals. A method of power generation, and associated power module, are
also disclosed.
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PERVASIVE POWER GENERATION SYSTEM

TECHNICAL FIELD

[0001] The present disclosure relates generally to power generation, and in particular to a

modular, pervasive power generation system.

BACKGROUND

[0002] Maximizing production efficiency in an oil field requires remote surveillance and

control of wells, pipelines, and other oil field equipment. Commercially available equipment

(e.g., wireless sensors, remote terminal units (RTUs), routers) can be used to perform these

tasks. For example, data can be collected in one location such as by using flow meters, pressure

gauges, or other data sensing or recording devices and then sent to a second location using a

wireless telemetry transceiver. However, widespread deployment of such remote surveillance

and control is currently limited by the need for reliable power sources to operate these devices.

In particular, existing methods for generating power (e.g., batteries, photovoltaic or solar

panels, wired power sources, etc.) are often impractical in remote areas (e.g., surface,

subterranean, subsea, etc.) where infrastructure is lacking or can be cost prohibitive as they

require significant material and costs to implement and maintain. For example, such systems

may require periodic maintenance and/or replacement (in the case of batteries) or may be

subject to theft (in the case of solar panels or equivalent systems).

[0003] Accordingly, there continues to be a need for electrical power sources to operate

remote surveillance and control equipment.

SUMMARY

[0004] In general, a power generation system is described that includes a plurality of

energy conversion devices for generating a plurality of power signals based on one or more

sensed environmental conditions. The power generation system also includes a plurality of

power conditioning circuits, each coupled to one or more of the energy conversion devices, for

receiving the power signals and storing energy in an energy storage system. The power

generation system further includes a selection circuit coupled to at least one of the power

conditioning circuits. The selection circuit receives a first input power signal from one of the



power conditioning circuits and a second input power signal, the selection circuit configured to

deliver an output power signal representing a selection from between the first and second input

power signals based on a relative voltage level of the first and second input power signals.

[0005] In other embodiments, the system further includes a specialized bridge coupled to

at least one of the power conditioning circuits for enabling a reversible potential difference, an

energy storage system, and a programmable output circuit.

[0006] In another aspect of the present disclosure, a power module is disclosed that

includes an environmentally-sealed housing having an interior volume. The power module

includes a plurality of circuit boards positioned in a stacked arrangement and electrically

interconnected. Each of the plurality of circuit boards includes a power conditioning circuit

coupled to one or more energy conversion devices, the power conditioning circuit configured

to receive power signals from the one or more energy conversion devices and store power in a

rechargeable energy storage system. Each of the plurality of circuit boards also includes

a selection circuit coupled to a power signal of the power conditioning circuit and to a second

power signal. The selection circuit generates an output power signal representing a selection

from between the power signal of the power conditioning circuit and the second power signal

based on a relative voltage level of the power signal and the second power signal.

[0007] In yet another aspect of the present invention, a power generation method includes

the steps of generating a plurality of power signals based on one or more sensed environmental

conditions; selecting, from the power signals, a first output signal corresponding to the one of

the power signals having the greatest power level of the plurality of power signals; and

selectively switching to a second output signal when the first output signal is no longer the one

of the power signals having the greatest power level of the plurality of power signals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figure 1 illustrates a logical block diagram of a configurable power generation

system, according to an example embodiment of the present disclosure;

[0009] Figure 2 illustrates a block diagram of a power conditioning module useable within

the power generation system of Figure 1, in an example embodiment;

[0010] Figure 3 illustrates a block diagram of a power conditioning module useable within

the power generation system of Figure 1, in a second example embodiment;

[0011] Figure 4 illustrates a block diagram of a power conditioning module useable within

the power generation system of Figure 1, in a third example embodiment;



[0012] Figures 5A-5B illustrate a general schematic diagram of a circuit useable within a

power conditioning module and including a power conditioning circuit, according to an

example embodiment;

[0013] Figure 6 illustrates an example schematic stacked arrangement of two power

conditioning units;

[0014] Figure 7 illustrates a chain of power conditioning units, according to an example

configuration;

[0015] Figure 8 illustrates an example circuit board layout for a power conditioning

circuit;

[0016] Figure 9 illustrates an example enclosure in which a plurality of power

conditioning circuits can be maintained;

[0017] Figure 10 illustrates a schematic positioning of the circuit board of Figure 9 within

the enclosure of Figure 9, in an example embodiment.

[0018] Figure 11 illustrates a schematic positioning of a set of stacked circuit boards

within the enclosure of Figure 9, in an example embodiment;

[0019] Figure 12 illustrates a graphical representation of power delivery from stacked

thermoelectric generation units;

[0020] Figure 13 is a schematic depiction of a set of chained thermoelectric generation

units useable in connection with the power conditioning units to form a power generation

system, according to an example embodiment;

[0021] Figure 14 illustrates the thermoelectric generation units of Figure 13 in a stacked

configuration, in an example embodiment; and

[0022] Figure 15 illustrates an example configuration in which a set of stacked

thermoelectric generation units can be packaged for use within the power generation system as

discussed herein.

DETAILED DESCRIPTION

[0023] The present disclosure is directed to a power generation system that is capable of

generating electric power for operating equipment in remote areas. For example, the power

generation system can be utilized in oil fields to generate power for operation of remote

surveillance and control equipment. The power generation system is considered to be

pervasive, as it is capable of communicating information in real-time to various locations. For

example, the power generation system can be connected and constantly available by use of

wireless technologies to communicate information over a network. Such information can



include, but is not limited to, data generated from equipment (e.g., flow meters, pressure

gauges, data sensing devices, data recording devices) that is being powered via the power

generation system. The power generation system as discussed herein provides for a scalable,

redundant power source that harvests power from any of a variety of types of environmental

conditions, such as a temperature differential, while not requiring periodic service or

replacement.

[0024] In embodiments, the power generation system can be used as a primary source of

power, or as a secondary power source utilized to extend or recharge one or more batteries

used to supply power for operating equipment in remote areas. "Secondary power source" is

understood to broadly encompass any and all applications as secondary, tertiary or otherwise

back-up power source.

[0025] In embodiments, information is transmitted from a remote user to control operation

of the power generation system including the equipment that is powered via the power

generation system.

[0026] Figure 1 illustrates a schematic of an exemplary power generation system 10 in

accordance with an example embodiment of the present disclosure. The power generation

system 10 includes a collection of one or more power generation modules 100. In the

embodiment shown, the power generation modules 100 are connected in parallel to an output

voltage; details regarding modular interconnection of such modules are discussed in further

detail below. In the embodiment shown, each of the power generation modules 100 includes

an input 102, a power conditioning module 104, an energy harvesting circuit module 106, a

primary (short term) energy storage system 108, a secondary (long term) energy storage 110,

and a programmable output circuit 112.

[0027] Input 102 includes a power source and/or energy conversion device. The power

source can be one or more of a thermoelectric generator (TEG), photovoltaic or solar panels,

vibration, wind, or other energy generation sources. In a particular example embodiment

useable in an oilfield application, the input 102 can correspond to a thermoelectric generator

applied to a conduit such as an oil pipe, which generally has a temperature differential

comparing the conduit to a natural (environmental) temperature. As used herein,

"thermoelectric generator" may refer to any devices known to those of skill in the art which

convert a temperature differential directly into electrical energy.

[0028] In embodiments, one or more thermoelectric generators can be utilized as inputs to

the power generation modules 100. The thermoelectric generators used in embodiments of the

disclosed system 10 can be configured in a "stacked" arrangement and can operate at a low



differential temperature (e.g., less than about 10-15 degrees Fahrenheit). The thermoelectric

generators can be modular and scalable such that the power generation system can be installed

anywhere with temperature changes or difference. Details regarding the arrangement of

thermoelectric generators are provided below in connection with Figures 13-15.

[0029] The power conditioning module 104 can, in some embodiments, include a bridge

circuit (as illustrated in Figure 4 below) which enables reversible potential difference received

from the input 102. In one embodiment, the specialized bridge circuit includes a low-voltage

drop field-effect transistor FET. For example, specialized bridge can be integrated at the input

to allow the hot side and the cold side of thermoelectric generators to be reversible. This allows

the power conditioning module 104 to take advantage of the thermal energy stored in

equipment that the thermoelectric generator is attached to. As such, the specialized bridge

enables reversible potential difference such that additional power can be extracted from a heat

source, especially when the source is generating lower levels of heat.

[0030] The power generation module 100 includes an energy harvesting circuit module

106 which, in some embodiments, includes one or more power conditioning circuits. Multiple

instantiation of a power conditioning circuit provides high efficiency energy harvesting as well

as built-in redundancy and uninterrupted operation. Power conditioning module 106 can be

configured in a simple circuit as a multiplexed comparator or other logic circuit, such that there

is no need for a separate control circuit, which would otherwise itself require power. In an

example embodiment, energy harvesting circuit module 106 includes a circuit that compares

the power outputs received from the one or more power sources of programmable input 102.

The circuit can be configured to select and use the power outputs received from the one or

more power sources with the greatest amount of energy with minimal power overhead. In one

embodiment, the circuit may include a Schmitt trigger and gate switch for selecting the power

output with the greatest amount of energy with minimal power overhead. One such example of

such a circuit is illustrated in Figures 5A-5B.

[0031] The primary (short term) energy storage system 108 and secondary (long term)

energy storage 110, provide energy storage management for robust operation of equipment

through severe conditions. For example, short term energy storage systems 108 can include a

one or more capacitors, which store and provide a large current out for high power needs. In

embodiments, the primary (short term) energy storage system 108 can be inserted between and

at the end of a chain to provide high output current. Secondary (long term) energy storage 110

is typically used for backup energy storage and can include an ultra-capacitor with low

leakage. Secondary (long term) energy storage 110 provide limited current out and are used to



maintain output voltage when the short-term storage is depleted. In embodiments, independent

long term energy storage modules can be utilized to provide longer life capacitance. In

example embodiments, both short-term and long-term energy storage 108, 110 can be provided

by way of capacitor banks.

[0032] The programmable output circuit 112 defines an output of the power generation

module 100, and provides a wide range of output voltage for higher generality, nominally

between 3.3-25V or otherwise as may be required. Programmable output circuit 112 can be

manufactured using commodity step-up chipsets. Programmable output circuit 112 enables

unlimited scalability by connecting the outputs of multiple power generation modules to

respective inputs (or a ground plane) of neighboring modules, as further discussed below in

connection with Figures 7-8. Typically, and by way of background, there is energy overhead of

approximately 7-15% depending on the voltage and current of the output.

[0033] Figure 2 illustrates a block diagram of a power conditioning module 200 useable

within the power generation system of Figure 1. In some embodiments, the power

conditioning module 200 can correspond to one or more of the power conditioning modules

104 of Figure 1. In the embodiment shown, the power conditioning module 200 receives

voltages from a plurality of thermoelectric generators 202, each of which is electrically

connected to a power conditioning circuit 204. The power conditioning circuit 204 of Figure 2

is generally configured to provide a polarity (orientation) of a voltage signal received from the

associated thermoelectric generator 202, and capture energy based on the voltage generated by

the thermoelectric generator 202, for storage in an energy storage unit (e.g., one or more

capacitors, as discussed in further detail below). An example embodiment of a power

conditioning circuit 204 is illustrated in Figures 5A-5B, below.

[0034] In the embodiment shown, the power conditioning module 200 is configured to

interconnect the power conditioning circuits 204 by one or more logic circuits 206. The logic

circuits 206 are configured to receive at least two signals and select a higher power level (as

indicated by output voltage) from between those two signals. In the embodiment shown, the

logic circuit 206 are arranged in a tree configuration in which two power conditioning circuits

204 directly feed to one of the logic circuits 206; with four such power conditioning circuits

204, there are two "first level" logic circuits, and a single "second level" logic circuit that

receives as input signals the outputs from the respective "first level" logic circuits 206. The

output of the second level logic circuit 206 is provided to a programmable output circuit 208,

which, in the embodiment shown corresponds to output circuit 112 of Figure 1.



[0035] In contrast to the power conditioning module 200 of Figure 2, as illustrated in

Figure 3, a power conditioning module 300 is illustrated that includes a cascaded arrangement

of submodules 302, each having logic circuits 206 that are each associated with a single power

conditioning circuit 204 (which is again, in turn associated with a corresponding thermoelectric

generator 202. In the embodiment of Figure 3, each of the logic circuits 206 receives a first

signal from the associated power conditioning circuit 204, and a second input signal from

either (1) a prior power conditioning module or ground connection, in the case of a first-

arranged logic circuit 206, or (2) from a prior logic circuit. In this arrangement, each logic

circuit 206 compares between a prior logic circuit (if any), or if no prior logic circuit exists, it

compares the output of the associated power conditioning circuit 204 with a local ground

connection 304. The output of the final cascaded logic circuit 206 is connected to the

programmable output circuit 208. In further contrast to Figure 2, the configuration of Figure 3

minimizes the number of logic circuits 206 required for proper operation.

[0036] As illustrated, the power conditioning module 300 utilizes the highest power

outputs received from the one or more power sources. By comparing the output of each of the

power conditioning circuits, the power level of each power conditioning circuit 204 can be

determined. The programmable output circuit 208 then automatically selects and uses the

power conditioning circuit 204 with the greatest amount of energy with minimal power

overhead. By using a simple circuit effectively representing a comparator and a multiplexer,

there is no need for a separate controller, and thus less power is consumed.

[0037] It is noted that, as illustrated in Figures 7-8 below, the local ground 302 can in

some cases be connected to an output of a prior power conditioning module 300, such that the

local ground is already at a threshold voltage (e.g., about 8 volts). In this case, the output of

the chained power conditioning module 300 would add to that maximum voltage, and so forth,

so that chained modules provide linear voltage scaling.

[0038] Referring to Figure 4, a block diagram of a power conditioning module 400

useable within the power generation system of Figure 1 is shown. The power conditioning

module 400 is depicted to illustrate additional details and optional features of a power

conditioning circuit as discussed above. The power conditioning module 400 therefore

corresponds to a further embodiment of a power conditioning module, such as module 104.

[0039] In the embodiment shown, the power conditioning module 400 includes a bridge

circuit 402 interfaced between the thermoelectric generators 202 and a power conditioning

circuit 204. In this example each of the bridge circuits 402 can correspond to a low voltage

drop FET-based bridge circuit useable to provide an oriented voltage signal to the power



conditioning circuit 204. In particular, the bridge circuits 402 can include a plurality of diodes

and a switching FET arranged to ensure a voltage signal of a known polarity regardless of the

temperature gradient (positive or negative) experienced by the associated thermoelectric

generator 202.

[0040] In the embodiment shown, the power conditioning circuit 204 is electrically

connected to a non-battery energy storage unit 404. The non-battery energy storage unit can

be, for example a series of supercapacitors configured to capture and store a power signal from

the power conditioning circuit 204. A monitoring and signaling circuit 406 is connected at the

non-battery energy storage unit 404, and monitors a charge level of the non-battery energy

storage unit 404. Once the voltage at the monitoring and signaling circuit 406 reaches a

predetermined threshold, the circuit 406 passes the signal to a power selection multiplexer 408.

The power selection multiplexer corresponds, in some embodiments, to the "OR" operation of

the logic circuit 206 of Figures 2-3. In this case, a signal from a secondary power conditioning

circuit, either of the same type or some other type (e.g., battery, solar, vibration sensor, etc.)

can be provided for comparison, with the power selection multiplexer 408 selecting a higher of

the two input values as a main power output signal 410.

[0041] Referring now to Figures 5A-5B, an example of a circuit 500 useable within a

power conditioning module 100-400 of Figures 1-4, above, is shown. In particular, the circuit

500 as shown includes a power conditioning circuit as discussed above.

[0042] Figure 5A illustrates a first portion of the circuit 500, interfaced to a power source

such as a thermoelectric generator. In the embodiment shown, a thermoelectric generator

signal 502 (referenced as "TES") provides an input voltage signal, which can, in some

embodiments, be received at a TEGin header connector 504. The signal is smoothed by a

capacitor connection 503 following the input, and passed through a transformer 505 and to a

DC-DC converter 506 via capacitive (non-current) connections 508, and to a switch connection

509 of the DC-DC converter 506. Concurrently, a header connection block 507 provides a

voltage to the DC-DC converter 506, for example from another power module, or for

connection to an additional input array (e.g., as may be connected to a bridge circuit as

mentioned above.

[0043] The DC-DC converter 506 gathers energy from very low input voltage sources,

such as the thermoelectric generator discussed above, and converts that energy to usable output

voltages, such as for powering sensors and communication equipment. Such applications

typically require much more peak power, and at higher voltages, than the input



voltage source can produce. In some embodiments, the DC-DC converter 506 is configured to

provide at least a 200 milliwatt startup power delivery, even though average power required to

be drawn from a thermoelectric generator may not exceed about 4-8 milliwatts.

[0044] It is noted that the combination of the DC-DC converter 506 and the thermoelectric

generator is configured to accumulate and manage energy over a long period of time to enable

short power bursts for acquiring and transmitting data. The bursts must occur at a low enough

duty cycle such that the total output energy during the burst does not exceed the average source

power integrated over the accumulation time between bursts. From the DC-DC converter 506,

an output voltage is provided to a capacitor bank 510. The capacitor bank includes a plurality

of high-capacity capacitors, such as super capacitors. In the embodiment shown, a set of eight

supercapacitors are included in the capacitor bank 510, and can, for example, each have a

capacity of about 330 mF. Other storage capacities could be used in alternative embodiments

of the present disclosure, depending upon the required storage capacity.

[0045] In operation, once the stored voltage reaches a threshold, the DC-DC converter 506

selectively enables one or more output voltage connections 512 based on the current energy

levels stored at the supercapacitors. In the example embodiment shown, the output voltage is

provided to a power switch 514 and to an amplifier circuit 516 (forming a Schmitt trigger),

useable to determine when the output voltage is at a level adequate to enable the power switch

514 (e.g., a transistor-based switch). When the output voltage from the DC-DC converter 506

reaches a specified voltage level, the power switch is enabled, providing power output at the

signal line labeled "To Figur5B". In an embodiment, the specified voltage level may range

from about 1 V to about 20 V, alternatively from about 2 V to about 10 V, alternatively from

about 4 V to about 6 V. That transistor stays active until the voltage drops below a threshold

(in one example case, about 3V).

[0046] In Figure 5B, the power signal from the power switch 514 is provided to a light

emitting diode 518, indicating that power is available from the circuit (e.g., from the capacitor

network 508), and the power signal is also provided to a forwarding circuit 520. The

forwarding circuit compares the power signal, shown here as VSu perCap to a voltage signal,

shown as Vpre vious. The voltage signal is received at circuit 500 from an input connection block

522 (labeled SB Block). The output signal of the forwarding circuit 520 (shown as Vou t) is

routed via a jumper network to an output connection block 524 (labeled as labeled ST Block),

for connection to a subsequent circuit (e.g., for comparison to a subsequent power signal at a

forwarding circuit 520 of a next-chained circuit 500.



[0047] In some embodiments, the forwarding circuit 520 is configured to only cause a

switch between the inputs Vsu p erCaP , pre vious if there is a voltage difference of about 0.4 volts.

This reduces the effect of a ping-ponging operation that may occur among the various modules.

Additionally, one or more capacitors 525 connected to the output of the forwarding circuit 520

act to smooth voltage fluctuations (if any) when switching among power sources.

[0048] Referring now to Figures 6-7, arrangements in which a plurality of power

generation modules are chained to provide additional storage capacity, or higher delivered

voltage, are provided. In particular the arrangements of Figures 6-7 could, in various

embodiments, be implemented using any of the power modules such as modules 100-400 of

Figures 1-4, which could optionally implement the circuit 500 of Figure 5.

[0049] Referring specifically to Figure 6, an example chain 600 of two power generation

units 300a-b is shown. In this example, the power generation units are configured as the power

generation units 300 of Figure 3; however, in alternative embodiments, other types of power

generation units could be used. As illustrated, a first power generation unit 300a has a first

logic circuit connected to a local ground 304; however, the output of the first power generation

unit is electrically connected to the first logic circuit of second power generation unit 300b. It

is noted that the output signal from power generation unit 300a is provided both as a local

ground of power generation unit 300b and as an input to the first logic circuit 206 of that power

generation unit 300b. This allows the local voltage comparison by the logic circuit 206 to

establish a voltage difference relative to the local ground, thereby ensuring that the voltage

output by power generation unit 300b is in addition to the voltage provided by power

generation unit 300a. It is noted that, in alternative embodiments where the output of power

generation module 300a is electrically connected only to the first logic circuit 206 of module

300b but not to its local ground, power generation module 300a-b simply become redundant of

each other. This provides additional power delivery capacity, but providing no higher a voltage

at the output of power generation module 300b.

[0050] Referring now to Figure 7, an arrangement 700 is shown that uses a plurality of

power generation modules 702 _ chained in series, to create an additive voltage. The

arrangement shown can use any of the power generation modules 100-400 of Figures 1-4 as a

power generation module 702.

[0051] In the embodiment shown, each power generation module 702i_ is associated with

a plurality of thermoelectric generators 704. These thermoelectric generators can be, in some

embodiment, positioned in a stacked configuration. Discussion of such a configuration is

illustrated in Figures 12-15, below.



[0052] It is noted that, in the arrangement 700, the output of a first power generation

module 702i is provided to the local ground and to a first logic circuit of the second power

generation module 7022, and so on, such that each power generation module 702 provides

additive voltage. Since there is a nearly linear scaling, the ultimate output voltage from the

chain of power generation modules is N (the output voltage,) x M (the number of chained

power generation modules). N may be any suitable voltage. However, in embodiments, N may

range from about 1 V to about 20 V, alternatively from about 2 V to about 10 V, alternatively

from about 4 V to about 6 V.

[0053] Referring now to Figures 8-11, example physical characteristics of a power

generation module are shown, illustrating one example implementation of the circuits and

concepts discussed above. Figure 8 illustrates an example circuit board 800 illustrating a

layout of circuit components thereon. In particular, the circuit board 800 is adapted to be used

in a stacked arrangement in which a collection of similar circuit boards can be interconnected,

analogous to the interconnection of power conditioning circuits and logic circuits in Figure 3.

In particular, the circuit board 800 is configured to implement the circuit 500 of Figures 5A-5B

in a way that provides for convenient interconnection to neighboring circuits.

[0054] In the embodiment shown, the circuit board 800 has a plurality of supercapacitors

802 disposed around an outer periphery, which form the capacitor bank 510 of Figure 5. A

TEGin input connector header 504 can receive a signal from a thermoelectric generator, as

noted above. A Vo2En header 804 corresponds to the analogous header illustrated in Figure

5A, and can be used to monitor an output voltage as needed. Generally, the remaining

components are as illustrate and described above in connection with Figures 5A-5B.

[0055] Notably, in the embodiment shown, a connector block 806 is provided on the

circuit board 800, and corresponds to the output connection block 524 of Figure 5.

Additionally, a complementary connector block on an opposite side of the circuit board can

correspond to input connection block 518. Preferably, the output connection block 524 has a

height that is above the remaining circuit components on the board 800, such that, by stacking

circuit boards 800, electrical connection can be made between adjacent circuits, for purposes of

comparing voltage levels of the supercapacitors 802 at forwarding circuits 520 on each board.

[0056] As seen in Figures 9-1 1, in a constructed power generation module as disclosed

herein, a set of circuit boards 800 can be placed within a housing 900. The set of circuit boards

800 can, in the embodiment shown, a stacked arrangement of four circuit boards 800a-d. The

housing 900 is generally cylindrical to accommodate the generally round circuit boards 800,

and includes an interior volume 902. The housing 900 includes a separable base 904 and cap



906 forming the interior volume 902. A threaded seal 908 joins the base 904 and cap 906, and

forms an environmental seal allowing the housing 900, and enclosed circuit boards 800, to be

used in a variety of environments, including a subsea, subterranean, or other outside

environment.

[0057] In the embodiment shown the housing 900 includes a mounting plate 910 formed

in the base 904, as well as a plurality of connection locations 912a-b. The connection locations

912a-b can be used, for example, to route wires to the circuit boards 800a-d, for example from

a thermoelectric generator, to/from adjacent power generation modules, or to/from sensors

and/or communication equipment that are intended to use the power generated by such a power

generation module.

[0058] Generally, as shown, the circuit boards 800a-d are positioned within the cap 906;

in such cases, other types of equipment, such as batteries (where used), sensing equipment, or

other components can be located within the portion of the interior volume 902 formed by the

base 904. However, in alternative embodiments, the circuit boards 800a-d can be otherwise

located, or could take up additional space within the interior volume 902.

[0059] It is noted that the stacked circuit board alignment disclosed in Figures 8-1 1 allows

for aligned connectors, thereby allowing any number of circuit boards 800 to be added to a

particular chain. Accordingly, although four boards are discussed as used in a stacked

configuration herein, it is recognized that other numbers of circuit boards could also be used.

Furthermore, by connecting a top board in a specified configuration to the various headers

included on that board, either the four circuits could be used in a chained sequence, or two

boards each could be included in separate chained sequence, providing the same amount of

power, but with half the voltage and also providing redundancy.

[0060] Referring now to Figures 12-15, additional details regarding chaining of

thermoelectric generators, and use with associated generation units, is discussed in further

detail.

[0061] Figure 12 illustrates a chart 1200 that compares the power output of two stacked

thermoelectric generators according to an embodiment of the present invention compared to a

single thermoelectric generator for a range of temperature differentials. As illustrated in the

chart 1200, two stacked thermoelectric generators allows for generally linear scaling of voltage

generated, and therefore power that can be provided to a circuit, such as any of the circuits

described above in connection with Figures 1-5. Furthermore, even at a similar temperature, a

stacked arrangement can provide a greater voltage difference than a single thermoelectric

generator, indicating that it is not just at high temperature differences that such an arrangement



is advantageous. Rather, as discussed in further detail in connection with an example

experiment below, a thermoelectric generator can be configured to generate power based on a

difference in temperature of ranging from about 10 degrees to about 30 degrees Fahrenheit,

alternatively from about 10 degrees to aboutl5 degrees Fahrenheit. More particularly, in an

embodiment, the thermoelectric generator may be configured to generate nearly a milliwatt

with a temperature differential ofabout 10 degrees Fahrenheit.

[0062] Figure 13 is a schematic depiction of a set 1300 of chained thermoelectric

generation units 1302, useable in connection with the power conditioning units to form a power

generation system, according to an example embodiment. As shown in Figure 13, each

thermoelectric generation unit 1302 is electrically connected in series to multiply the voltage

generated by each individual unit, based on the observations noted in Figure 12. Accordingly,

a stack 1400 of such chained thermoelectric generation units 1302 is depicted in Figure 14.

[0063] In connection with the set 1300 of stacked TEG units 1302, it is noted that this

stack can in some cases act as a heatsink, given the fact that many such units are stacked on top

of each other. This is particularly the case where the difference in temperature across which

the TEG units are applied is relatively low (below about 10 degrees Fahrenheit). Accordingly,

there is a saturation point beyond which further stacking of TEG units 1302 is unproductive.

This saturation point is observed at the point where a maximum amount of energy is harvested

from a heat differential; if additional TEG units 1302 are stacked beyond that maximum, the

additional TEG units will draw heat from the stack, and therefore the existing TEG units will

be exposed to a lower temperature differential (and therefore will generate less energy.

[0064] In addition, in some embodiments, insulation can be placed around a set 1300 of

stacked TEG units 1302. This operates to minimize unconverted heat from escaping via sides

of the stacked TEG units, thereby increasing a rate of conversion from heat to electricity.

[0065] Figure 15 illustrates an example configuration 1500 in which a set of one or more

stacks 1400 thermoelectric generation units can be packaged for use within the power

generation system as discussed herein. In this embodiment, a heatsink 1502 is mounted onto a

set of one or more stacks of thermoelectric generation units. The thermoelectric generation

units as disclosed herein can be mounted (e.g., via a clamp or other arrangement) to a pipe in

an oil field facility. In some alternative embodiments, a clamping arrangement, and a portion

of the pipe itself, can be used as the heatsink, to minimize the risk of theft of the thermoelectric

generators and other associated equipment. Optionally, the stacks 1400 can be placed within

an enclosure 1503 to which the heatsink(s) are attached. Leads 1504 from each of the stacks



energy capture as discussed above.

[0066] Referring generally to the overall arrangement discussed in connection with

Figures 1-15, it is noted that the power generation modules discussed herein, and in particular

the embodiments of Figures 5 and 8-15 have been tested in association with a sensor

arrangement, in particular a Rosemount pressure transmitter. It is noted that any equivalent

sensor/transmitter circuitry could also be used. Furthermore, it is noted that embodiments of

the disclosed power generation system may be used to power any devices known to those of

skill in the art.

EXAMPLE

[0067] In the example test setup shown, the Rosemount pressure transmitter can accept an

input voltage of about 5.5-6 Volts, or up to 44 volts. Accordingly, a set of stacked power

modules provides adequate voltage levels for that component. It is also noted that the

capacitors are selected to support power needs of that transmitter. In particular, it was

observed that a startup operation of the Rosemount pressure transmitter requires about 200 mW

of power, while periodic operation of the Rosemount pressure transmitter once initialized may

require an additional 50-60 mW. In an example operation, the Rosemount pressure transmitter

is configured to activate every eight seconds for testing and communication, leading to an

average power consumption of about 4-8 mW.

[0068] In particular, the above described power generation system was used to generate

electric power for the above-described Rosemount pressure transmitter over a four week period

without error. The power generation system as implemented included double (chained) power

conditioning modules (i.e., 4 PC boards total) that were connected to stacked thermoelectric

generators fixed to an oil pipe with a "hot side" at approximately 105°F and a temperature

difference of 10-15°F. Other preliminary tests have shown operation of the Rosemount

pressure transmitter with a temperature differential of approximately 4-10°F. The power

generation module 100 was configured such that each circuit board was connected in series to

allow for redundancy through modular stacking, as well as increased capacity. Additionally,

the thermoelectric generators were stacked, as discussed above. The stacking of the

thermoelectric generators reduces the surface area required for installation of the power

generation system, and allows the extraction of about 50% more power for each additional

thermoelectric generator, as noted in Figure 12. The power conditioning modules were used to

condition the harvested electricity and trickle charge a 28.2 milli-farad capacitor bank (acting
14



as the energy storage system in this test example). The capacitor was used for the start-up

circuit of the Rosemount pressure transmitter, which may also be used with a step-up circuit

for more efficient operation.

[0069] It was noted that, during operation, and in particular when Rosemount pressure

transmitter required bursts of electricity, the capacitors were discharged quickly. However,

since the pressure transmitter did not require such bursts often, adequate power was supplied.

[0070] As will be appreciated by one skilled in the art, the size of capacitors can be

determined based on the energy needs, and in particular the energy burst needs, of the

instruments. The forwarding chain as discussed herein allows for automated selection of the

electricity storage component (i.e., capacitor) best able to supply that energy, depending on

how much energy was available in the capacitors. Here, the capacitor with the greatest amount

of energy was selected. As the energy was drained from a capacitor, a voltage drop may occur,

depending on the amount of energy required by the pressure transmitter. The forwarding chain

then provided an automatic switching to a "fresher" (higher charged) capacitor to maintain the

required input voltage of the Rosemount pressure transmitter.

[0071] As noted in the experimental results discussed above, and with respect to the

systems of Figures 1-15 generally, it is noted that the power generation module discussed

herein provides a number of advantages, in particularly with respect to oil field applications.

For example, as noted above, a temperature difference of about 10-15 degrees Fahrenheit can

be sufficient to generate energy to be used with many types of sensors, whereas in previous

systems, temperature differentials of 40-50 degrees would be required. Furthermore, the power

generation modules disclosed herein can be readily configured in a modular fashion to select a

desired voltage output level, capacity, and redundancy, by selecting and selectively

interconnecting such modules. Furthermore, because the logic required to select from among

the power generation units is built into the units themselves, there is no requirement of a

separate controller, which would otherwise require its own power source for operation.

[0072] The foregoing detailed description of the invention, examples, and illustrative

embodiments illustrate a preferred mode of carrying out the invention. It will be clear to those

skilled in the art that other embodiments and obvious modifications, equivalents and variations

of the invention can be employed and adapted to a variety of fluid catalytic cracking systems.

Such modifications, alterations and adaptations are intended to be included within the scope of

the appended claims.



What is Claimed

1. A power generation system comprising:

a plurality of energy conversion devices for generating a plurality of power signals

based on one or more sensed environmental conditions;

a plurality of power conditioning circuits, each coupled to one or more of the energy

conversion devices, for receiving the power signals and storing energy in an energy storage

system; and

a selection circuit coupled to at least one of the power conditioning circuits, the

selection circuit receiving a first input power signal from one of the power conditioning

circuits and a second input power signal, the selection circuit configured to deliver an output

power signal representing a selection from between the first and second input power signals

based on a relative voltage level of the first and second input power signals.

2. The power generation system according to claim 1, wherein the second input power

signal is received from a second selection circuit associated with a different one of the

plurality of power conditioning circuits.

3. The power generation system according to claim 1, wherein the second input power

signal is received from a second power conditioning circuit from among the plurality of

power conditioning circuits.

4. The power generation system according to claim 1, wherein the energy storage system

comprises a rechargeable energy storage device.

5. The power generation system according to claim 1, wherein the energy storage system

includes a plurality of supercapacitors.



6. The power generation system according to claim 1, further comprising a bridge

coupled to at least one of the power conditioning circuits for enabling a reversible potential

difference.

7. The power generation system according to claim 1, wherein the plurality of power

conditioning circuits are positioned on separate circuit boards arranged in a stacked

configuration.

8. The power generation system of claim 7, further comprising insulation placed around

the stacked configuration.

9. The power generation system of claim 1, further comprising an environmentally

sealed housing having an interior volume sized to receive the plurality of power conditioning

circuits and the logic circuit.

10. The power generation system of claim 1, wherein at least one of the energy

conversion devices is selected from a group of energy conversion devices consisting of:

a thermoelectric generator;

a photovoltaic device;

a vibration detection device; and

a wind detection device.

11. The power generation system of claim 10, wherein the energy conversion devices are

configured to provide power with a temperature differential of no more than 10 degrees

Fahrenheit.

12. The power generation system of claim 1, wherein the energy conversion devices

include a thermocouple, the thermocouple configured to generate a power signal based on a



temperature difference between a hot environment and a cold environment of about 10

degrees Fahrenheit.

13. The power generation system of claim 1, wherein the selection circuit comprises a

Schmitt trigger and gate switch.

14. The power generation system of claim 1, wherein the plurality of power conditioning

circuits and the selection circuit form a first power module having a reference ground

connection and a power module output connection.

15. The power generation system of claim 14, further comprising a second power module

having a second reference ground connection and a second power module output connection,

and wherein the reference ground connection of the first power module is connected to

ground and the second reference ground connection is connected to the power module output

connection, thereby providing a power output at the second power module output connection

representing a summed voltage of the first and second power modules.

16. A power module comprising:

an environmentally-sealed housing having an interior volume;

a plurality of circuit boards positioned in a stacked arrangement and electrically

interconnected, the plurality of circuit boards each including:

a power conditioning circuit coupled to one or more energy conversion

devices, the power conditioning circuit configured to receive power

signals from the one or more energy conversion devices and store

power in a rechargeable energy storage system;

a selection circuit coupled to a power signal of the power conditioning circuit

and to a second power signal, the selection circuit generating an output

power signal representing a selection from between the power signal of

the power conditioning circuit and the second power signal based on a

relative voltage level of the power signal and the second power signal.



17. The power module of claim 16, wherein, for at least one of the circuit boards, the

second power signal is connected to ground.

18. The power module of claim 16, wherein, for at least one of the circuit boards, the

second power signal is connected to an output power signal of a neighboring circuit board.

19. The power module of claim 16, wherein the power conditioning circuit includes

20. The power module of claim 16, wherein the selection circuit includes at least one

Forwarding circuit.

21. The power module of claim 16, wherein the power module includes a reference

ground connection and a power module output connection useable to form a chained

arrangement of power modules.

22. A power generation method, comprising:

generating a plurality of power signals based on one or more sensed environmental

conditions;

selecting, from the power signals, a first output signal corresponding to the one of the

power signals having the greatest power level of the plurality of power signals; and

selectively switching to a second output signal when the first output signal is no

longer the one of the power signals having the greatest power level of the plurality of power

signals.

23. The power generation method according to claim 22, further comprising executing a

startup sequence.
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