I*I Innovation, Sciences et Innovation, Science and CA 2813392 C 2018/10/09

Développement economique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (11)(21) 2 81 3 392
(12 BREVET CANADIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2011/09/23 (51) CLInt./Int.Cl. £E02F /20 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2012/04/12 E0Z5 3/42(2000.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2018/10/09 ONSAGER. MICHAEL G.. US:
(85) Entree phase nationale/National Entry: 2013/04/02 HELFRICH, JOSEPH, US:
(86) N° demande PCT/PCT Application No.: US 2011/052950 PERUGINI, DAVE L., US;
o o CHMIEL, WAYNE G., US;
(87) N® publication PCT/PCT Publication No.: 2012/047546 WEBER ROBERT US:
(30) Priorité/Priority: 2010/10/06 (US12/899,375) MILLER, PETER J., US
(73) Proprietaire/Owner:
CATERPILLAR GLOBAL MINING LLC, US
(74) Agent: SMART & BIGGAR

54) Titre : SYSTEME DE GESTION ET DE STOCKAGE D'ENERGIE
(54) Title: ENERGY MANAGEMENT AND STORAGE SYSTEM

(57) Abrégée/Abstract:
Heavy equipment Iis designed for operation in a substantially-repetitive work cycle that includes lifting, rotating, and lowering steps.
The heavy equipment includes a generator, an electrical bus, an energy storage component, and working components. The

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca i+

50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca C anada



CA 2813392 C 2018/10/09

anen 2 813 392
13) C

(57) Abrege(suite)/Abstract(continued):

generator provides a substantially constant electrical output to the electrical bus, which Is communicated to the working
components. As such, the working components of the heavy equipment are driven directly or indirectly by the electrical output of
the generator. The controller selectively couples the energy storage component to the electrical bus, and the energy storage
component is configured to store electricity provided by the generator, and to provide electricity to the working components by way
of the electrical bus. The electrical output of the generator Is less than the power used by the heavy equipment during a portion of
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the generator during the portion of the work cycle in which the electrical output of the generator Is less than the power used by the
working components of the heavy equipment.
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ENERGY MANAGEMENT AND STORAGE SYSTEM

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS.

{0001] The present application claims the benefit of U.S. Application No. 12/899,375,
filed October 6, 2010.

BACKGROUND

[0002] The present disclosure relates generally to the field of energy management and

storage systems. More specifically the present disclosure relates to energy storage systems
for operation with heavy equipment for mining, excavating, and construction.

[0003] Heavy equipment, such as power shovels and excavators, may include a deck or
other platform that rotates above tracks, wheels, pontoons, etc. Extending from the deck,
the heavy equipment may further Include a boom for an articulated arm or crane designed to
opcrafe & bucket, a breaker, a hook, or another form of work implement. Accordingly, such

heavy equipment typically includes one or more actuators designed to move the tracks,
rotate the deck, and operate the articulated arm and work implement.

[0004] Some types of heavy equipment are designed to operate in substantially-repetitive
work cycles. By way of example, a power shovel or excavator may typically operate in

work cycles that include digging, swinging, dumping, and returning steps for operating a
bucket to dig and load fragmented rock, earth, minerals, overburden, and the like for mining

purposes. These steps are essentially repeated time and time again, with minor variations to
adjust the height at which the bucket engages the ground. The heavy equipment may use
hydraulic cylinders or other forms of actuators to perform the lifting, rotating, and lowering

moverments,

SUMMARY

[0005] Onc embodiment relates to heavy cquipment designed for opcration in a
substantially-repetitive work cycle that includes lifting, rotating, and lowering steps. The

heavy equipment includes a generator, an electrical bus, an energy storage component, and
working components. The generator provides a substanfially constant electrical output to

the electrical bus, which is communicated to the working components. As such, the
-1-
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working components of the heavy equipment are driven directly or indirectly by the
clectrical output of the generator. The controller selectively couples the energy storage
component to the electrical bus, and the energy storage component 1s configured to store
electricity provided by the generator, and to provide electricity to the working components
by way of the electrical bus. The electrical output of the generator 1s designed to be less
than the power used by the heavy equipment during a portion of the work cycle, and the
controller couples the energy storage component to the electrical bus to supplement the
clectrical output of the generator during the portion of the work cycle 1in which the electrical
output of the generator 1s less than the power used by the working components of the heavy

equipment.

[0006] Another embodiment relates to heavy equipment designed for operation 1n a
substantially-repetitive work cycle that includes lifting, rotating, and lowering steps. The
heavy equipment includes a generator, working components, an electrical bus, an ultra-
capacitor, and a controller. The generator provides an electrical output directly or indirectly
to the working components of the heavy equipment, which include an electric motor that 1s
powered by the electrical output of the generator, a hydraulic pump selectively driven by the
electric motor, a hydraulic actuator coupled to the hydraulic pump, and an articulated arm
configured to be moved by the hydraulic actuator. The electrical bus communicates the
clectrical output of the generator to the electric motor. The controller couples the ultra-
capacitor to the electrical bus, where the ultra-capacitor 1s configured to selectively store
clectricity provided by the gencrator and to selectively provide the electricity to the electric
motor by way of the electrical bus. The electrical output of the generator 1s configured to be
less than the power used by the working components during a portion of the work cycle, and
the controller couples the ultra-capacitor to the electrical bus to supplement the electrical
output of the generator during the portion of the work cycle in which the electrical output of

the generator 18 less than the power used by the working components. The ultra-capacitor 18

portion of the work cycle in which the electrical output of the gencerator 1s less than the

power uscd by the working components.

[0007] Yet another embodiment relates to a method of operating heavy equipment. The
method includes a step of providing an ¢lectrical bus, a generator coupled to the electrical
bus, an energy storage component, an ¢lectric motor, and an articulated arm. The generator

includes an engine coupled to an alternator, and the encrgy storage component 1s configured
D
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to selectively store from and release electricity to the electrical bus. The electric motor is
powered by electricity from the electrical bus, and the articulated arm is configured to be
driven directly or indirectly by the electric motor. Another step includes running the engine at
a substantially constant speed. Yet another step includes communicating the electrical output
of the alternator to the electric motor. Other steps include storing the electrical output from the
alternator on the energy storage component, and augmenting the electrical output of the
alternator with electricity from the energy storage component. Still other steps include raising

at least a portion of the articulated arm, and lowering the portion of the articulated arm.

[0007a] In other embodiments, there is provided heavy equipment configured for operation in
a substantially-repetitive work cycle that includes lifting, rotating, and lowering steps, the
heavy equipment comprising: a generator for providing an electrical output; working
components of the heavy equipment that are driven directly or indirectly by the electrical
output of the generator; an electrical bus for communicating the electrical output of the
generator to the working components; an energy storage component configured to store
electricity provided by the generator, and to provide electricity to the working components by
way of the electrical bus; and a controller for selectively coupling the energy storage
component to the electrical bus; wherein the electrical output of the generator is configured to
be less than the power used by the heavy equipment during a portion of the work cycle;
wherein the controller couples the energy storage component to the electrical bus to
supplement the electrical output of the generator during the portion of the work cycle in which
the electrical output of the generator is less than the power used by the working components
of the heavy equipment; wherein, when a total power used by the heavy equipment throughout
the work cycle 1s less than or equal to a total electrical output of the generator over the work
cycle, the generator is operated to provide a first level of electrical output; and wherein, when
the total power used by the heavy equipment throughout the work cycle is greater than the
total electrical output of the generator over the work cycle, (i) a portion of the power used by
the heavy equipment during at least some repetitions of the substantially-repetitive work cycle

1s power that was regenerated during one or more previous repetitions of the work cycle and

stored 1n the energy storage component, and (ii) the generator is operated to charge the energy

CA 2813392 2018-04-13
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storage component by providing a second level of electrical output that is greater than the first

level during one or more initial repetitions of the work cycle.

[0007b] In other embodiments, there is provided heavy equipment configured for operation
In a substantially-repetitive work cycle that includes lifting, rotating, and lowering steps, the
heavy equipment comprising: a generator for providing an electrical output; working
components of the heavy equipment, comprising: an electric motor that is powered by the
electrical output of the generator; a hydraulic pump selectively driven by the electric motor; a
hydraulic actuator coupled to the hydraulic pump; and an articulated arm configured to be
moved by the hydraulic actuator; an electrical bus for communicating the electrical output of
the generator to the electric motor; an ultra-capacitor configured to selectively store electricity
provided by the generator and to selectively provide the electricity to the electric motor by
way of the electrical bus; a controller for coupling the ultra-capacitor to the electrical bus,
wherein the electrical output of the generator is configured to be less than the power used by
the working components during a portion of the work cycle; and wherein the controller
couples the ultra-capacitor to the electrical bus to supplement the electrical output of the
generator during the portion of the work cycle in which the electrical output of the generator
is less than the power used by the working components; wherein the ultra-capacitor is
configured to augment the electrical output of the generator by at least 20-percent during the
portion of the work cycle in which the electrical output of the generator is less than the power
used by the working components; wherein, when a total power used by the heavy equipment
throughout the work cycle is less than or equal to a total electrical output of the generator over
the work cycle, the generator is operated to provide a first level of electrical output; and
wherein, when the total power used by the heavy equipment throughout the work cycle is
greater than the total electrical output of the generator over the work cycle, (i) a portion of the
power used by the heavy equipment during at least some repetitions of the substantially-

repetitive work cycle is power that was regenerated during one or more previous repetitions of
the work cycle and stored in the ultra-capacitor, and (ii) the generator is operated to charge the

ultra-capacitor by providing a second level of electrical output that is greater than the first

level during one or more initial repetitions of the work cycle.

- 37 -
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[0007¢] In other embodiments, there is provided a method of operating heavy equipment
configured for operation in a substantially-repetitive work cycle, comprising steps of:
providing: an electrical bus; a generator coupled to the electrical bus, wherein the generator
includes an engine coupled to an alternator, an energy storage component configured to
selectively store from and release electricity to the electrical bus, an electric motor powered
by electricity from the electrical bus, and an articulated arm configured to be driven directly
or indirectly by the electric motor; communicating an electrical output of the alternator to the
electric motor; storing the electrical output from the alternator on the energy storage
component; augmenting the electrical output of the alternator with electricity from the energy
storage component; raising at least a portion of the articulated arm; and lowering the at least a
portion of the articulated arm; when a total power used by the heavy equipment throughout
the work cycle is less than or equal to a total power output of the generator over the work
cycle, operating the engine to provide a first level of power output; and when the total power
used by the heavy equipment throughout the work cycle is greater than the total electrical
output of the generator over the work cycle: augmenting the electrical output of the alternator
during at least some repetitions of the substantially-repetitive work cycle using power stored
In the energy storage component that was regenerated during one or more previous repetitions
of the substantially-repetitive work cycle; and operating the engine to provide a second level
of power output higher than the first level of power output during one or more initial

repetitions of the work cycle.

0008} Alternative exemplary embodiments relate to other features and combinations of

features as may be generally recited in the claims.

BRIEF DESCRIPTION OF THE FIGURES

[0009] The disclosure will become more fully understood from the following detailed
description, taken in conjunction with the accompanying figures, wherein like reference

numerals refer to like elements, in which:

10010] FIG. 1 1s a perspective view of a power shovel according to an exemplary

embodiment.

_3h -
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[0011] FIG. 2 1s a plan view of the power shovel of FIG. 1.

[0012] FIG. 3 is a perspective view of a portion of the deck of the power shovel of FIG. 1.
[0013] FIG. 4 1s a perspective view of generators associated with the power shovel of FIG. 1.

[0014] FIG. 5 1s a perspective view of a hydraulic system associated with the power shovel of
FIG. 1.

[0015] FIG. 6 1s a flow chart of an energy management system according to an exemplary

embodiment.

|0016] FIG. 7 1s a schematic diagram of an energy management system in a first

configuration according to an exemplary embodiment.

[0017] FIG. 8 1s a schematic diagram of the energy management system of FIG. 7 in a second

configuration.

-3¢ -
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[0018] FIG. 9 1s a schematic diagram of the energy management system of FIG. 8 1n a

third configuration.

|0019] FIG. 10 1s a graphical representation of prophcetic data provided by a simulation

according to an exemplary embodiment.

DETAILED DESCRIPTION

[0020] Bcfore turning to the figures, which illustrate the exemplary embodiments in
detail, 1t should be understood that the present application 18 not limited to the details or
methodology set forth in the description or 1llustrated 1n the figures. It should also be
understood that the terminology 1s for the purpose of description only and should not be

regarded as limiting.

[0021] Referring to FIG. 1, heavy equipment 1n the form of a power shovel 110 includes a
deck 112 moveable upon tracks 114. The deck 112 further includes a powerhouse 116, an
clectronic compartment 118 (e.g., e-house), a hydraulic system 120, an operator cab 122,
energy storage components 124, and engine and hydraulic cooling systems 126, 128 (sec
FIG. 2). Various starrwells 130 and walkways 132 may be incorporated with the deck 112
for movement throughout the power shovel 110. Exhaust muftlers 134 are positioned on
the deck 112 above the powerhouse 116 and to the rear of the operator cab 122. Extending
from the deck 112, the power shovel 110 further includes an articulated arm 136 including a

boom 138 rotatably coupled to an arm 140 (e.g., stick), which 1s rotatably coupled to a
bucket 142.

[0022] According to an exemplary embodiment, actuators (¢.g., linear actuators) in the
form of hydraulic cylinders, including a boom cylinder 144, an arm cylinder 146, and a curl
cylinder 148, extend between the deck 112 and boom 138 to control movement of the boom
138 relative to the deck 112, between the boom 138 and the arm 140 to control movement
of the arm 140 relative to the boom 138, and between the boom 138 and the bucket 142 to

control movement of the bucket 142 relative to the arm 140. According to an exemplary

to receive hydraulic fluid on both ends of the respective piston. Additional actuators (¢.g.,
clectric or hydraulic motors) may be used to propel the power shovel 110 via the tracks 114,

and/or to rotate the deck 112 relative to the tracks 114.
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[0023] Referring to FIGS. 2-3, by way of example, the deck 112 includes two energy
storage components 124 located proximate to the rear corners of the deck 112. In some
ecmbodiments the energy storage components 124 include banks of one or more ultra-
capacitors 150. In other contemplated embodiments, other forms of energy storage
components (¢.g., secondary batteries) or other arrangements of energy storage components
arc used. Also in the rear of the deck 112, an engine cooler system 126, which may include
one or more coolant fans 152 and/or blowers, 18 positioned between the energy storage

components 124,

[0024] Referring to now FIGS. 2 and 4, according to such an embodiment, the deck 112
includes the powerhouse 116 1n front of the electrical storage components 124. In some
embodiments, the powerhouse 116 includes two diesel generator sets 154, each including an
engine 156 driving an alternator 158. Rectifiers (see, ¢.g., rectifier 318 as shown in FIG. 7)
may be used to convert alternating current provided by the diesel generator sets 154 to
direct current for communication to working components of the power shovel 110 via a
direct-current bus (see, ¢.g., bus 320 as shown in FIG. 7). In other embodiments, other

numbers or types of generators are used, such as a single, gasoline-powered generator set.

powcr plant.

[0025] Referring to FIGS. 2 and 3, according to such an embodiment, the power shovel
110 includes the hydraulic system 120 for converting the electrical energy provided by the
powerhouse 116 to encrgy of pressurized hydraulic fluid. The pressurized hydraulic fluid
may then be used to drive hydraulic actuators, such as hydraulic cylinders 144, 146, 148 and
hydraulic motors. In some exemplary embodiments, the hydraulic system 120 includes two

ogroups 160 of six sets 162 of clectric motors 164 coupled to hydraulic pumps 166.

and rcceive hydraulic fluid under pressure 1 two directions.

[0026] For cach set 162, the speed and direction of the hydraulic pump 166 1s controlled
by an clectrical drive system 172 (e.g., one or more ¢lectrical drives and supporting
structure, on¢ or more inverters) stored 1n the electronic compartment 118 and coupled to
the electrical bus (see also inverters 332, 334, 336 and bus 320 as shown in FIG. 7). The
clectrical drive system 172 selectively supplies power to control the speed, direction, and/or

torque of the electric motor 164, which drives the hydraulic pump 166. During operation of

_5-
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the power shovel 110, fewer than all of the sets 162 may be operating at one time. In other
embodiments, the hydraulic system may include other numbers or arrangements of electric

motors and hydraulic pumps.

[0027] Still reterring to FIGS. 2 and 5, 1n such an embodiment the sets 162 of hydraulic
pumps 166 and electric motors 164 are coupled to a hydraulic valve manifold 168.
According to an exemplary embodiment, the hydraulic valve manitold 168 1s configured to
direct the hydraulic fluid of one or more of the pump and motor sets 162 to and from
working components of the power shovel 110. In some embodiments, the hydraulic valve
manifold 168 1s arranged as a matrix, where each pump and motor set 162 may be
selectively coupled to each working component. By way of example, the hydraulic valve
manifold 168 may couple the hydraulic fluid provided by two or more pumps to the same
working component, such as one of the hydraulic cylinders 144, 146, 148. In some
embodiments, the hydraulic valve manifold 168 is positioned between the two groups 160

of pump and motor sets 162.

[0028] In some embodiments the hydraulic system 120 1s further configured for
regeneration of energy associated with the hydraulic fluid. Surplus energy may be provided
by the hydraulic fluid, such as when working components of the power shovel 110 are
driven by gravity or momentum. Instead of or in combination with braking, the surplus
encrgy of the hydraulic fluid may be conserved (e.g., reused, preserved, utilized). During
such an operation, the hydraulic pumps 166 function as hydraulic motors, and are driven by
the pressurized hydraulic fluid. The hydraulic pumps 166, 1n turn, drive the electric motors
164, which generate electricity and provide the electricity to the bus (see, ¢.g., bus 320 as
shown in FIG. 7). If not then needed by other working components, the electricity may be

stored via the energy storage components 124.

[0029] Referring again to FIG. 2, according to an exemplary embodiment the operator cab
122 1includes a control computer 170 that uses logic to operate the power shovel 110 1n
response to and 1n conjunction with various inputs, including operator commands (€.g.,
joystick instructions to crowd bucket, raise boom, ¢tc.), environmental conditions (€.g.,
sensed terrain slope), internal conditions (¢.g., hydraulic fluid temperature, available power,
ctc.), and other factors. The control computer 170 operates the electrical drive system 172
positioned 1n the electronic compartment 118, which control the flow of electricity (e.g.,

amperage, voltage, frequency) from the generator sets 154 to the motor and pump sets 162

6-



CA 02813392 2013-04-02
WO 2012/047546 PCT/US2011/052950

and other components, such as slew motors 174 and cooling fans 176 for the hydraulic
system 120. In such embodiments, the slew motors 174 directly control rotation of the deck

112 relative to the tracks 114, such as during a swing movement of the power shovel 110.

[0030] Reterring now to FIG. 6, an energy management and storage system 210 includes a
source 212 of electrical power, an electric motor 214, and a hydraulic pump 216. The
clectric motor 214 1s further coupled to an electrical storage element 218. According to
such an embodiment, the electric motor 214 is configured to receive power from both the
clectrical power source 212 and the electrical storage element 218. In addition, the electric
motor 214 1s configured to function as a generator and provide electricity to the electrical

storage element 218.

[0031] During opcration of the system 210, the clectric motor 214 drives the hydraulic
pump 216, which 1n turn pressurizes hydraulic fluid. The hydraulic fluid 1s controllably
routed by way of valves 220 to one or more working components 222 (e.g., attachments) for
operation of the working components 222. When the working components 222 are
operating 1in a manner that uses braking resistance, the hydraulic fluid may be controllably
routed through the valves 220 back to the hydraulic pump 216. In such cases, the hydraulic
pump 216 may function as a hydraulic motor, driving the electric motor 214 to operate as a

generator.

|0032] According to an exemplary embodiment, the source 212 of clectrical power
includes a generator set selected based upon output capacity. During operation of the
system 210, the generator set 1s run at a substantially constant, optimal speed and power
output where the speed or output 1s optimized for the particular generator set with respect to
minimum fuel consumption per power output, maximum life of the generator set per power
output, mmimum maintenance or downtime of the system 210, or other such parameters or

combinations of such parameters.

[0033] According to an exemplary embodiment, the gencrator sct, running at the optimal
speed, has an electrical output that 1s less than an expected power need for the system 210
during portions of a work cycle of the system 210. Additional power from the electrical
storage element 218 supplements the power of the generator set, allowing the system 210 to
meet momentary power demands, while the generator set to still continuously run at the
optimal speed and/or power output. In some embodiments, the electrical storage element

provides at least 20-percent of the power used by the system during a peak demand portion

-
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of the work cycle (compare power demand 416 with generator output 412 as shown 1n FIG.
10). During other portions of the work cycle, the generator set may produce surplus power,

which may be delivered to the electrical storage element 218.

[0034] In some embodiments, the generator set of the source 212 1s selected such that
running at optimal speeds the generator set (or sets) provides the total energy used by the
system 210 throughout each work cycle. The supplemental energy provided by the energy
storage element 218 during the higher-demand portions of the work cycle is completely
offset by the surplus energy provided by the source 212 during the lower-demand portions
of the work cycle. Steady-state operation of the generator set at optimal running speeds
may not occur during 1nitial cycles of operation for a particular assignment, when the
system 210 18 moved to a new location, when the system 210 changes tasks, ¢tc. During

such times the gencrator set may be run at above or below optimal speeds.

[0035] In other embodiments, the generator set (or sets) 18 selected such that, at optimal
running speeds of the generator set, the source 212 provides less than the total energy used
by the system 210 throughout each work cycle. Instead, a portion of the energy required for
cach work cycle 1s regenerated from previous work cycles. During initial cycles, the
generator set may be run above the optimal power until the capacitor 1s charged and/or until

energy 18 available from regeneration.

|0036] Rcferring now to FIGS. 7-9, an encrgy management and storage system 310
includes a generator set 312 formed from an engine 314 (¢.g., internal combustion engine,
diesel engine) coupled to an alternator 316. When driven by the engine 314, the alternator
316 provides an electrical output that 1s converted from alternating current to direct current
by a rectifier 318. The electrical output 1s then provided to a common electrical bus 320

that 18 iIn communication with working components of the system 310.

[0037] The working components include one or more electric motors 322 coupled to one

components 328. An energy storage component 330 (e.g., one or more capacitors) 18 also
coupled to the electrical bus 320. In some embodiments, inverters 332, 334, 336 regulate
the electricity to and from the electrical bus 320 to each of the working components. A

state-of-charge controller 338 regulates the electricity to and from the electrical bus 320 to

the energy storage component 330.
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[0038] During operation of the system 310, electrical power 1s supplied from the generator
set 312 to the electrical bus 320, and from the electrical bus 320 to the electric motors 322,
326 and auxihiary components 328. During lower-demand periods (e.g., portions of a work
cycle) for the system 310 (see FIG. 7), some of the electricity of the electrical bus 320 1s
directed to the electrical storage component 330. During higher-demand periods (¢.g., other
portions of the work cycle) for the system 310 (see FIG. &), power 1s drawn from the
clectrical storage component 330 to supplement power from the generator set 312, and 1s

provided to the electric motors 322, 326 and/or auxiliary components 328.

[0039] According to an exemplary embodiment, the generator set 312 1s run at a
substantially constant speed, which produces electricity at a rate below the power required
by the motors 322, 326 and auxiliary components 328 during the higher-demand periods. In
some such embodiments, the generator set 312 18 sized and configured such that the
generator set 312 would be unable to satisty the power requirements for the higher-demand
periods (e.g., expected peak loads) without support from the energy storage component 330.
So si1zing and configuring the generator set 312 1s intended to improve the efficiency of the

system 310 by reducing the weight of the system 310 (1.¢., having a smaller, lighter engine

[0040] In some embodiments, the system 310 further allows for regeneration of electricity
from the electric motors 322, 326 (see FIG. 9). In a contemplated application, gravity
acting upon a work implement (¢.g., hydraulically actuated articulated arm with bucket)
associated with the system 310 provides energy, which may be communicated to the electric
motors 322 by way of hydraulic fluid driving the pump 324 coupled to the motors 322. In

other contemplated applications, rotational or translational momentum may be recaptured

slew motors coupled to the rotatable deck of a power shovel) 1n place of or in conjunction
with friction braking. Regeneration of electricity 1s intended to improve the efficiency of

the system and reduce the amount of heat absorbed by the hydraulic system.

[0041] Referring now to FIG. 10, by way of a graphical representation 410 of prophetic
data produced from a simulation of an energy management and storage system for heavy
cquipment, relationships are illustrated between energy supplied by a generator set 412,

energy held by a bank of ultra-capacitors 414, and energy demand 416 of the heavy

9.
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equipment. According to the simulation, three work cycles are shown 418, 420, 422, each

lasting for approximately thirty seconds (1.€., about 120 per hour).

|0042] The cycles 418, 420, 422 show a substantially repetitive oscillatory demand for
energy, where the peak demands 424 exceed the substantially constant rate of electricity
produced by the generator set 412 (e.g., by about 50%). When the energy demand 416
exceeds the production of the generator set 412, power 1s drawn from the ultra-capacitors,
reducing the amount of energy stored by the ultra-capacitors 414. When the energy demand
416 drops below the level of energy production by the generator set 412, some of the power
produced by the generator set 1s supplied to the ultra-capacitors, recharging the ultra-
capacitors. Also during each cycle, the energy demand 416 drops below zero 426,
indicating that energy may be regenerated during a portion of the simulated cycles 418, 420,

422,

[0043] Although shown with ultra-capacitors in FIG. 10, in other contemplated
embodiments, an energy-storage system recaptures energy in one or more hydraulic
accumulators, which would then be available as needed to supplement the generator set
during peak demand periods. In other contemplated embodiments, a mechanical energy-
storage system stores energy in rotating devices of rotational inertia, such as flywheels, or in
potential energy of elevated weights. The stored energy would then be released as needed

to supplement the main mechanical drives during periods of peak demand.

|0044] In other contemplated embodiments, various forms of both stationary and mobile
heavy equipment include an energy management and storage system, as described above.
The degree of repetitiveness of a work cycle for the heavy equipment may vary as a
function of the particular form of heavy equipment and the particular operation or mission
to be performed. In some embodiments (e.g., hydraulic drill), a cycle 1s repeated at a faster
or slower rate than the example shown 1n FIG. 10. In some embodiments, the work cycle or
pattern includes more than one peak or period in which energy from an energy storage

component supplements an associated generator set.

[0045] The construction and arrangements of the energy management and storage system
for heavy equipment, as shown 1n the various exemplary embodiments, are 1llustrative only.
Although only a few embodiments have been described 1n detail in this disclosure, many
modifications are possible (e.g., variations in sizes, dimensions, structures, shapes and

proportions of the various elements, values of parameters, mounting arrangements, use of

-10-
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materials, colors, orientations, etc.) without materially departing from the novel teachings
and advantages of the subject matter described heremn. Some elements shown as integrally
formed may be constructed of multiple parts or elements, the position of elements may be
reversed or otherwise varied, and the nature or number of discrete elements or positions
may be altered or varied. The order or sequence of any process, logical algorithm, or
method steps may be varied or re-sequenced according to alternative embodiments. Other
substitutions, modifications, changes and omissions may also be made 1n the design,
operating conditions and arrangement of the various exemplary embodiments without

departing from the scope of the present invention.

-11-
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CLAIMS:

. Heavy equipment configured for operation in a substantially-repetitive work

cycle that includes lifting, rotating, and lowering steps, the heavy equipment comprising:
a generator for providing an electrical output;

working components of the heavy equipment that are driven directly or

indirectly by the electrical output of the generator;

an electrical bus for communicating the electrical output of the generator to the

working components;

an energy storage component configured to store electricity provided by the
generator, and to provide electricity to the working components by way of the electrical bus;

and

a controller for selectively coupling the energy storage component to the

electrical bus:

wherein the electrical output of the generator is configured to be less than the

power used by the heavy equipment during a portion of the work cycle;

wherein the controller couples the energy storage component to the electrical

bus to supplement the electrical output of the generator during the portion of the work cycle in
which the electrical output of the generator is less than the power used by the working

components ot the heavy equipment;

wherein, when a total power used by the heavy equipment throughout the work
cycle 1s less than or equal to a total electrical output of the generator over the work cycle, the

gencrator 1s operated to provide a first level of electrical output; and

wherein, when the total power used by the heavy equipment throughout the
work cycle is greater than the total electrical output of the generator over the work cycle, (i) a

portion of the power used by the heavy equipment during at least some repetitions of the
- 12 -
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substantially-repetitive work cycle is power that was regenerated during one or more previous
repetitions of the work cycle and stored in the energy storage component, and (ii) the
generator 1s operated to charge the energy storage component by providing a second level of
electrical output that is greater than the first level during one or more initial repetitions of the

work cycle.

2. The heavy equipment of claim 1, wherein the energy storage component is
configured to augment the electrical output of the generator by at least 20-percent during the
portion ot the work cycle in which the electrical output of the generator is less than the power

used by the working components of the heavy equipment.

3. The heavy equipment of claim 2, wherein the energy storage component

comprises an ultra-capacitor.

4, The heavy equipment of claim 3, wherein the working components comprise

an electric motor.

5. The heavy equipment of claim 4, wherein the working components further

comprise a hydraulic pump coupled to the electric motor.

6. The heavy equipment of claim 5, wherein the working components further
comprise a hydraulic actuator coupled to the hydraulic pump and configured to facilitate

movement of the heavy equipment during one or more steps in the work cycle.

7. T'he heavy equipment of claim 6, wherein at least one of braking energy and
gravitational energy is provided by the hydraulic actuator to the hydraulic pump, which drives
the electric motor to regenerate electricity, which is received by the electrical bus and

delivered to the energy storage component during one or more steps in the work cycle.

8. Heavy equipment configured for operation in a substantially-repetitive work

cycle that includes lifting, rotating, and lowering steps, the heavy equipment comprising:

a generator for providing an electrical output;

- 13 -
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working components of the heavy equipment, comprising:

an electric motor that is powered by the electrical output of the generator;
a hydraulic pump selectively driven by the electric motor;

a hydraulic actuator coupled to the hydraulic pump; and

an articulated arm configured to be moved by the hydraulic actuator;

an electrical bus for communicating the electrical output of the generator to the

electric motor;

an ultra-capacitor configured to selectively store electricity provided by the
generator and to selectively provide the electricity to the electric motor by way of the

electrical bus;
a controller for coupling the ultra-capacitor to the electrical bus,

wherein the electrical output of the generator is configured to be less than the

power used by the working components during a portion of the work cycle; and

wherein the controller couples the ultra-capacitor to the electrical bus to

supplement the electrical output of the generator during the portion of the work cycle in which

the electrical output of the generator is less than the power used by the working components;

wherein the ultra-capacitor is configured to augment the electrical output of the
generator by at least 20-percent during the portion of the work cycle in which the electrical

output of the generator is less than the power used by the working components;

wherein, when a total power used by the heavy equipment throughout the work
cycle is less than or equal to a total electrical output of the generator over the work cycle, the

generator 18 operated to provide a first level of electrical output; and

wherein, when the total power used by the heavy equipment throughout the

work cycle is greater than the total electrical output of the generator over the work cycle, (i) a
- 14 -
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portion of the power used by the heavy equipment during at least some repetitions of the
substantially-repetitive work cycle is power that was regenerated during one or more previous
repetitions of the work cycle and stored in the ultra-capacitor, and (ii) the generator is
operated to charge the ultra-capacitor by providing a second level of electrical output that is

greater than the first level during one or more initial repetitions of the work cycle.

9. The heavy equipment of claim 8, wherein the generator comprises a diesel

engine coupled to an alternator.

10. The heavy equipment of claim 9, wherein the diesel engine is configured to be
run at a substantially constant speed during operation of the heavy equipment, regardless of

the step of the work cycle.

11. The heavy equipment of claim 10, wherein the substantially constant speed

corresponds to a speed of maximum efficiency of the diesel engine.

12. The heavy equipment of claim 10, wherein during one or more steps of the
work cycle at least one of braking energy and gravitational energy associated with the
articulated arm is communicated to the hydraulic pump by way of the hydraulic actuator, and
wherein the hydraulic pump drives the electric motor to regenerate electricity, which is

delivered to the ultra-capacitor by way of the electrical bus.

13. The heavy equipment of claim 12, wherein the articulated arm comprises a

boom, an arm, and a bucket, wherein the boom is rotatably coupled to the arm, and at least

one of the boom and the arm is rotatably coupled to the bucket, and wherein the hydraulic
actuator extends between at least one of the boom and the arm, the boom and the bucket, and

the arm and the bucket.

14. A method of operating heavy equipment configured for operation in a

substantially-repetitive work cycle, comprising steps of:
providing:

an electrical bus;

- 15 -
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a generator coupled to the electrical bus, wherein the generator includes an

engine coupled to an alternator,

an energy storage component configured to selectively store from and release

electricity to the electrical bus,
an electric motor powered by electricity from the electrical bus, and

an articulated arm configured to be driven directly or indirectly by the electric

motor:;

communicating an electrical output of the alternator to the electric motor;

storing the electrical output from the alternator on the energy storage

component;

augmenting the electrical output of the alternator with electricity from the

energy storage component;
raising at least a portion of the articulated arm; and
lowering the at least a portion of the articulated arm;

when a total power used by the heavy equipment throughout the work cycle is
less than or equal to a total power output of the generator over the work cycle, operating the

engine to provide a first level of power output; and

when the total power used by the heavy equipment throughout the work cycle

1s greater than the total electrical output of the generator over the work cycle:

augmenting the electrical output of the alternator during at least some
repetitions of the substantially-repetitive work cycle using power stored in the energy storage

component that was regenerated during one or more previous repetitions of the substantially-

repetitive work cycle; and

- 16 -
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operating the engine to provide a second level of power output higher than the

first level of power output during one or more initial repetitions of the work cycle.

15. The method of operating heavy equipment of claim 14, further comprising:
regenerating energy provided by operation of the articulated arm.

16. The method of operating heavy equipment of claim 15, further comprising:
converting the regenerated energy into electricity.

17. The method of operating heavy equipment of claim 16, further comprising:

delivering the regenerated energy to the energy storage component by way of

the electrical bus.
18. The method of operating heavy equipment of claim 17, further comprising:
repeating the raising and lowering steps at least 20 times in an hour.

19. The method of operating heavy equipment of claim 18, wherein the energy

storage component augments the electrical output of the generator by at least 20-percent.

20. The method of operating heavy equipment of claim 19, wherein the energy

storage component comprises an ultra-capacitor.

217 -
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