
HYBRID PROPULSION SYSTEMS Reference to Priority Application       This
application claims priority to U.S. Patent Application No. 61/013,113 filed
December 12, 2007, which is incorporated herein by reference in its
entirety. FIELD OF THE INVENTION       The present invention relates to
hybrid propulsion systems suitable for use in marine vessels having
variable power requirements during operation, and to systems and methods
for managing energy flow in hybrid propulsion systems. BACKGROUND 



Energy conservation and pollution control efforts are driving development
and implementation of propulsion systems for marine vessels and for other
heavy duty, variable demand applications that reduce both fuel consumption
and harmful emissions. Diesel-electric propulsion has been used on
submarines and surface ships for many years. In general, a diesel engine is
coupled to an electric generator, which supplies power to an electric motor
that is mechanically coupled to a propeller.       Various types of
combined cycle propulsion systems that utilize two or more distinct power
sources for propulsion, either together or separately, have also been
implemented. For example, a CODOG (COmbined Diesel Or Gas) arrangement
provides propulsion either by diesel engines or gas turbine engines, but
not both simultaneously. In contrast, a CODAG (Combined Diesel And Gas)
arrangement would allow both types of propulsion at the same time, as well
as independently. Combined cycle arrangements have been used with various
combinations of diesel, diesel-electric, gas turbine and steam turbine
propulsion. The Royal New Zealand Navy's multi-role vessel HMNZS Canterbury
has a Combined Diesel Electric and Diesel (CODLAD) propulsion system.
U.S. Patent 7,207,852 discloses a ship propulsion system in which a
mechanical drive shaft extends through the hull and is driven by either a
prime mover located within the ship or by an electric motor in a housing
external to the ship through which the mechanical drive shaft extends. This
arrangement provides the benefits of combined cycle operation without
having to accommodate electric motors within limited interior space of a
ship. A similar type of electric pod propulsion unit has been combined with
a conventional diesel propulsion system in Ueda, N. and Numaguchi, Hajime,
The First Hybrid CRP-POD Driven Fast ROPAX Ferry in the World, Translated
from Journal of the JIME Vol. 40, No. 2, 2005.       Notwithstanding these
efforts to provide combined propulsion systems for marine vessel
applications, the combined systems have shown disappointing results,
particularly in terms of overall fuel and performance efficiency, emissions
reduction, versatility, and ability to respond quickly and efficiently to a
range of propulsion demand situations. 



SUMMARY       In the present hybrid propulsion system, energy for
propulsion may be supplied by main engines (e.g., diesel engines or other
types of prime mover engines) in a direct mechanical configuration, by
motor-generators (e.g., diesel-generators in a diesel-electric
configuration), by storage batteries in an all-electric configuration, or
by any combination of these energy sources. Vessel hotel loads and
auxiliary energy demands, such as winches and other operating equipment,
may also be satisfied by the hybrid energy sources. An energy management
system switches between and/or among available energy choices and alters
the operation and output of the various energy sources in response to
propulsive load demands, hotel loads and/or auxiliary energy demands,
implementing multiple operating modes. Operation of the propulsion system
across multiple operating modes allows optimization of the propulsion
system's response to various conditions and enhances the fuel and
performance efficiency of the overall system and of various energy sources
individually, reducing emissions and satisfying a range of energy demand(s)
quickly and efficiently. In some embodiments, an automated Energy
Management System (EMS) implements a substantially continuously variable
range of system operating modes and dynamically shifts operation of the
various energy sources to satisfy propulsion and other energy demands.
The hybrid propulsion system of the present invention is described with
reference to a marine vessel propulsion system and incorporates an
innovative approach to marine propulsion plant configuration. The system is
especially suitable for use in vessels having high propulsive load capacity
requirements and variable power demands, where high power is generally
demanded for intermittent time periods. The hybrid propulsion system is
described with reference to main engines (e.g., diesel engines) operating
in concert with motor-generator units in a dual driveline, dual propeller
arrangement and was specifically  designed for use with marine vessels such
as tugboats. The hybrid propulsion system may, however, be employed in
other marine vessels and variable power demand applications, and it may be
implemented in a single engine, single drive line, and/or single propeller
arrangement. Additional energy demands may be satisfied and additional
energy sources may also be incorporated in systems of the present
invention.        The hybrid propulsion system provides the ability to
generate, store and utilize energy efficiently, and provides considerable
flexibility with regard to configuration. The hybrid propulsion and energy
management systems described herein minimize the unnecessary operation of
multiple main drive engines, operate main drive engines only within their
high efficiency ranges, and permit single or smaller engines to power
numerous loads, reducing both fuel consumption and harmful emissions. The
design provides for flexible configuration, typically incorporating
direct-diesel, diesel-electric and all-electric propulsion, using electric
energy storage and advanced power conversion techniques. The system
accommodates the use of alternative energy sources when such sources are
available, both onboard and from auxiliary sources, such as shore-based
sources. The flexibility of the system allows it to be configured to meet a
wide range of vessel duty cycles and power requirements. 



The novel arrangement of propulsion power sources and control technologies
may be operated by the Energy Management System (EMS), requiring little or
no operator control input. According to some embodiments, the EMS is
capable of configuring the power plant, comprising multiple sources of
propulsive power, for high efficiency across a wide range of propulsive and
other energy demands by employing "intelligent" load sharing, energy
distribution and torque optimization techniques. In this way, the vessel's
main propulsion engine(s) (e.g., diesel engines) and other energy sources
are utilized at high efficiency across a wide range of requested shaft
output speeds. In general, the main engine(s), motorgenerator(s), auxiliary
generator(s) and storage battery(ies) provide power for both propulsion and
auxiliary demands, such as the "hotel" load (lighting, air conditioning,
domestic water pumps, etc.), auxiliary equipment requiring power, such as
winches, and the like.       The main propulsion engines (e.g., diesel
engines) are mechanically coupled to the drive line by means of a clutch
device, for example, and are also linked to motor-generators arranged on a
common driveline. Output from the main propulsion engines may drive the
propulsive output shaft (e.g. propeller) or the motor-generator(s), or
both, depending on the  load demands and the operating mode selected or
implemented. The motor-generator(s) are generally available to operate as
either generators supplying energy to an electrical distribution system
(e.g., bus), or as motors driving the output shaft, depending on the
vessel's propulsion demand or load and the operating mode implemented.
Electrical energy distribution throughout the system is supplied to and
from a common bus, generally a DC bus, and the energy flow between the DC
bus and the propulsion motor-generators is preferably bi-directional.
Bi-directional flow allows the motor-generators to supply excess energy to
the bus when they have excess generating capacity, while also permitting
the motor-generators to draw energy from the bus for operation as
propulsive motors when excess energy is available. The main energy
distribution bus also generally provides bi-directional energy flow to one
or more energy storage systems (e.g. battery banks), permitting charging of
the energy storage system when excess energy is available and drawing
energy from the storage system when needed. Energy derived from other
onboard or auxiliary systems, such as auxiliary generators, shore power,
wind or water turbines, solar power and/or photovoltaic cells, and the
like, may also be supplied to the main energy distribution bus. Auxiliary
energy demands, such as hotel loads, winches and other operating equipment,
and the like, may also be satisfied from the main energy distribution bus.
During periods of low demand or load, the propulsion demands may be met by
any combination of battery and/or auxiliary generator power and supplied
via the main energy distribution DC bus and respective converter(s). When
propulsion demands require less than 100% of the power generated, excess
power may be used to charge the energy storage system and/or satisfy other
energy demands.       The hybrid system generally comprises at least two
sources providing energy for propulsion, including at least one and
preferably two main propulsive engines (e.g., diesel engines), and at least
one and preferably two electric motors/generators arranged in-line with the
main propulsive engines. The motor/generator units are preferably linked to
at least one propulsive output member, such as propeller(s) and/or
Z-drive(s) by means of clutches, or functionally similar devices, allowing
isolation of the main engine(s) and operation of the propulsion driveline
and the propulsive output member when the main engine isn't operating. The
use of clutches also allows operation of the associated electric
motor/generator as a generator independent of the propulsion driveline. The
main propulsive engine(s) can be used to drive motor/generator(s) provided
on a common driveline with or without the Z-drive coupled. 



The system's energy storage capacity may be sized and configured as
necessary to provide energy for meeting the vessel's propulsion and
auxiliary demands during periods of minimum demand and to assist the system
in satisfying interim power requirements of short duration that exceed
on-line main engine capacity. This provides system flexibility and improves
responsiveness, because it allows the system to bridge the time required to
bring additional generating capacity on-line when the increased power
requirements span longer durations. In one embodiment, chemical storage is
provided in the form of lead acid battery banks. Alternative types of
batteries and energy storage devices may additionally or alternatively be
incorporated in the system. When rotating reserve energy is available, the
system's Energy Management System (EMS) uses the power available in the
most efficient manner possible to replenish the energy storage reserves
while meeting the power requirements for propulsion and any auxiliary
loads.       The hybrid propulsion system often uses a dual bus electrical
system with appropriate converters providing bi-directional energy flow
between AC and DC buses. One or more AC buses generally provide power for
the hotel loads and other relatively low impact auxiliary power demands,
while the DC bus is generally the source of power distribution for all
major propulsive demands, and for other high power demands such as winches
and other high power equipment. The AC bus(es) may draw energy from the DC
bus, and one or more auxiliary generator(s) may additionally be provided to
power the AC bus directly. Excess power residing on the AC bus may be
supplied to the DC bus to provide propulsive power and satisfy other system
demands. The auxiliary generator(s) may thus supply energy for propulsive
requirements indirectly, when excess energy is supplied from the AC to DC
bus(es), and from the DC bus to the motor-generator(s) to satisfy
propulsive demands. In one embodiment, Variable Frequency Drives (VFDs) are
connected between the DC bus and the motor-generator(s) and are used to
provide power to satisfy specified motor-generator speed and/or torque
requirements.       The hybrid propulsion system produces substantial
efficiencies in engine operation, fuel consumption and maintenance
requirements, and reduces harmful emissions, by operating main engine(s)
within high efficiency, low emission ranges and supplying propulsive energy
from other sources as necessary to satisfy the propulsive demand and
support engine operation at high efficiency. High load capacity engines and
prime movers typically operate most efficiently within generally high
output ranges, yet they're also operated within highly inefficient, low
output ranges during periods of low demand  operation. Specific Fuel
Consumption (SFC) for diesel engines, for example, generally decreases with
load. For a Caterpillar 3512 diesel engine, for example, SFC at 100% load
is approximately 0.064 USgal/hp.hr while at a 25% load, SFC is 0.081
USgal/hp.hr. The SFC at lower loads, such as loads experienced during
vessel standby and slow transit, is even higher, dramatically reducing
operating efficiencies and increasing harmful emissions. The high SFC of
high load capacity engines operating at low power levels wastes energy
through the production of heat, and produces a higher level of harmful
exhaust emissions due to inefficient combustion. 



The hybrid propulsion system of the present invention is operated by the
EMS through operator or automated system selection of various operating
modes to satisfy variable propulsion and auxiliary energy demands in an
efficient manner. The main engine(s) are typically operated only within
operating ranges at which they exhibit high efficiency and low SFC. This
reduces fuel usage primarily at the low end of the power curve, and thus
produces a disproportionately large effect on overall emissions reduction.
The hybrid propulsion system described herein thus reduces unneeded fuel
consumption in the zone where the main propulsive engine(s) produce the
most emissions per unit of energy delivered.       When the main engine(s)
are operated within operating ranges at which they exhibit high efficiency
and low SFC, which are typically high output operating ranges, they may
satisfy the propulsive demand without requiring input from other energy
sources. When the output of the main engine(s) exceeds the propulsive
demand, excess energy is distributed, through the associated
motor-generator, to the energy distribution system and used to satisfy
auxiliary energy demands and/or stored in the system. During periods of
high propulsive demand, the system load requirements may be satisfied by
multiple sources, including the main engine(s), energy storage, and
auxiliary generating capacity. During periods of low propulsive demand, the
main engine(s) generally aren't operated and energy to satisfy propulsive
demands is supplied from energy storage and/or auxiliary generating
capacity. Operation of the propulsion system of the present invention in a
hybrid mode may thus provide substantial efficiencies, and reduced
emissions, by operating the main propulsive engines within higher
efficiency, lower emission ranges regardless of the type of main propulsive
engine.       The hybrid propulsion system of the present invention may
additionally provide operational control features, and emissions control
features (in addition to emission control  equipment provided with the main
engines) to ensure that the main engines are operated within desired
operating parameters. Operational control may be accomplished in several
different ways. In high load demand situations, for example, when the main
engine(s) are running and motor/generator(s) are additionally providing
positive torque to the drivel ine, the EMS may be configured to control, or
limit, the amount of torque contributed by the main engine(s), effectively
limiting engine operation at or below a specified output torque without
restricting power available to the propeller. In this way, the main
propulsive engine(s) may be operated at optimum efficiency throughout their
power curve, minimizing the production of engine emissions.       According
to one embodiment, engine operation is limited to operation within output
torque ranges at or below recommended limits, with the motor-generator(s)
providing power to satisfy propulsion demands in excess of those satisfied
by the main engine(s) operating within the recommended torque range(s). For
operation in the U.S., for example, engine operation may be controlled to
remain below a local or state or federal regulatory agency recommended
Not-To-Exceed (NTE) limit at all output demands, with excess power provided
by other components of the hybrid propulsion system. Various NTE limits may
be programmed into the system, or may be selectable by an operator
depending on local regulations, operating conditions, and the like. 



Inefficient fuel combustion and engine operation not only produces high
levels of harmful emissions, but it also causes premature deterioration of
engine components and increases maintenance frequency and cost. The hybrid
system of the present invention may be operated to provide improved engine
performance and durability, and to reduce maintenance costs, provide more
convenient maintenance scheduling, and the like. In operational systems of
the present invention, the main propulsion engine(s), and/or the propulsive
motor-generator(s) may be operated by limiting or controlling various
parameters in addition to torque, such as output rpm, operating time,
operating temperature, and the like, to improve efficiency and performance.
Overall equipment health and maintenance benefits are realized through less
frequent engine overhauls, oil changes, air and oil filter replacements,
and the increased ability to predict, manage and schedule maintenance
events. Other components of the hybrid propulsion and energy management
systems, such as auxiliary generators, energy storage systems, auxiliary
energy generation systems, and the like, may also be monitored and
controlled to improve overall system efficiency and  durability, and to run
specialized operating modes tailored to meeting specific operating
conditions and component configurations. BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 illustrates a schematic diagram of an exemplary hybrid propulsion
and energy distribution system of the present invention suitable for use
with marine vessels having variable power demands.        Fig. 2A shows a
schematic diagram illustrating an exemplary minimal emissions mode of
system operation suitable for operating marine vessels having high capacity
propulsion systems during periods of vessel inactivity, as well as slow
and/or no-load transiting, where the maximum continuous propulsion load
doesn't exceed from about 5% to 10% of maximum propulsion load potential
for an extended period. 



Fig. 2B shows a schematic diagram illustrating exemplary operation of a
propulsion and energy management system in a low power demand, minimum
emissions mode, slow transit state;       Fig. 3A shows a schematic diagram
illustrating an exemplary eco-cruise mode of system operation providing the
capacity for continuous slow or medium transit and low power assist work
where the maximum continuous load doesn't exceed from about 15% to 35% of
the maximum propulsion load potential for an extended period.       Fig. 3B
shows a schematic diagram illustrating exemplary operation of a propulsion
and energy management system in a generally low to medium power demand
mode.       Fig. 4A shows a schematic diagram illustrating a mid-range mode
of system operation having a wider and higher range propulsion load
capacity of from about 30% to 70% maximum propulsion load potential.
Fig. 4B shows a schematic diagram illustrating exemplary operation of a
propulsion and energy management system in a generally mid-level power
range demand mode       Fig. 5A shows a schematic diagram illustrating a
full power mode of operation providing high capacity propulsion operation
for continuous fast transit and full power assist requirements having a
load capacity of from about 60% to about 100% or more of the maximum
propulsion load potential. 



Fig. 5B shows a schematic diagram illustrating exemplary operation of a
propulsion and energy management system in a generally high load demand
mode of operation providing high load capacity propulsion.        Fig. 5C
shows a schematic diagram illustrating exemplary operation of a propulsion
and energy management system in a generally transient, high load demand
mode of operation satisfying propulsive load demand in excess of the rated
system power. DETAILED DESCRIPTION        An exemplary hybrid propulsion
system is illustrated schematically in Fig. 1. The hybrid propulsion system
of the present invention comprises at least two sources providing energy
for propulsion and incorporates at least one, and preferably two, main
propulsion engines, such as diesel engines 10 and 10' (e.g., port and
starboard main diesel engines) and at least one, and preferably two,
motor-generator units 14, 14'. In one embodiment of the hybrid system of
the present invention adapted specifically for use in marine vessels such
as tugboats that have highly variable operational and performance
requirements, the driveline configuration of the hybrid system comprises
two main propulsion engines (10, 10'), each coupled to a propulsive output
member such as a propeller 18, 18' directly or through a mechanical drive
system or transmission, such as azimuth thrusters 12, 12', through a
propulsive driveline, each of the propulsive drivelines provided on
independent and operationally parallel shafts. Although azimuth thrusters
are exemplified in this description, it will be apparent that other types
of gear boxes and transmission systems may be used in propulsion systems of
the present invention.       The main propulsion engines 10, 10' are
preferably rated to provide propulsive output substantially at or slightly
above the desired maximum propulsive load potential for the system,
although hybrid propulsion systems of the present invention can achieve
propulsive output in excess of the rated output of the main propulsive
engines for periods of limited duration using alternative sources of
propulsive energy managed by the system. Different types of engines,
providing different levels of propulsive output, may be used in different
marine vessel applications. The use of Cummins main diesel engines having a
rated output of at least about 2000 horsepower and Rolls Royce Z-drives is
exemplary for use in tugboat marine vessel applications providing high
propulsive load capacities. 



Electric motor-generators 14, 14' (e.g., port and starboard MG units as
shown in Fig. 1) are provided in the shaft lines between each main
propulsive engine and its propeller 18, 18'. Each motor-generator unit is
arranged "in-line" with a main propulsive engine and output shaft and is
capable of providing propulsive power to the respective output shaft (and
propeller) when operating in a motor mode and when a clutch mechanism 16,
16' is engaged.  Each motor-generator unit is also capable of operating in
a generator mode and providing electrical power to a vessel electrical
power management system. The motor-generators are preferably capable of
operating beyond rated output power for short durations. The
motor-generator units may be provided as AC motors, such as AC squirrel
cage induction motors. The use of Siemens double-shafted AC squirrel cage
induction motors having a rated output of 895 Kw is exemplary for use in
tugboat marine vessel applications providing high propulsive load
capacities. Other types of motor-generator units are also known and may be
used in systems of the present invention.        Propulsion systems of the
present invention operate with each engine, motor-generator, drive shaft
and propeller combination arranged "in-line," so that each of the drive
shafts, and thus each of the propellers, may be directly driven solely by a
main engine, or solely by a motor-generator unit, or by both sources
simultaneously. Each shaft may be provided with a clutch 15, 15' that
permits the main engine to turn the main shaft or to be disconnected from
the drive system, thereby allowing the motor-generator(s) to act as the
prime mover(s) when the main engine(s) are shut down or diverted. Each main
shaft also has clutches 16, 16' permitting each motor-generator to be
operated as a motor driving the output shaft when the clutches 16, 16' are
engaged, or as a generator supplying energy to the energy distribution
system without driving the output shaft when the clutches 16, 16' are not
engaged.       The hybrid propulsion system additionally comprises an
energy distribution system and generally incorporates a dual bus
arrangement. A DC bus is generally provided as the power source and energy
distribution system for all major loads on the vessel, including propulsion
and other major loads, and preferably accommodates the vessel's energy
storage capacity. In the embodiment illustrated in Fig. 1, DC bus 20 is
connected to each of the motor-generator units 14, 14' through one or more
drives 22, 22' providing bi-directional power flow between the DC bus 20
and motor-generator units 14, 14'. Each of the motor-generator units 14,
14' may draw energy from DC bus 20 and return energy to DC bus 20
independently of one another, and as most efficiently satisfies propulsive
requirements on a real time basis. In one embodiment, drives 22, 22'
comprise variable frequency drives. The use of variable frequency drives to
link the motor-generators and the power distribution system allow the
propulsion motor-generators to provide power to the DC bus regardless of
the operation and speed of the main drive engine. Providing
motor-generators on the shaft line between the main engines and the
propellers, and providing variable frequency drives  



between the motor-generators and the DC bus, permit the motor-generators to
either provide propulsive power or to act as generators and supply energy
to the DC bus, depending on the system needs at any time and under
different propulsive demands. Electric power for propulsion and other
requirements may be generated either by auxiliary diesel generators, main
diesel engines coupled to their respective motor-generators (with or
without Z-Drives engaged), or by a combination of these systems.       DC
bus 20 is also connected to one or more energy storage systems, such as
batteries 24, 24' through appropriate converters, such as DC/DC converters
26, 26'. DC/DC converters, when used with an appropriate Energy Management
System (EMS), allow the system to maintain substantially constant voltage
on the DC bus and, when there is excess generating capacity, charge
batteries 24, 24' with the excess energy to maintain constant voltage on
the DC bus.       The DC bus may also be linked to and supply power to a
hotel load distribution system, such as one or more AC buses 30, 30'
connected by tiebreaker 31. In one exemplary embodiment suitable for use in
tugboat marine vessel applications, each AC bus comprises a 600V, 3 phase
60 Hz bus. The AC bus(es) typically power the system's hotel load, and may
supply other auxiliary, non-propulsive power needs. The hotel load
distribution system, in this embodiment comprising buses 30, 30'may be
linked to the main DC bus by means of DC/AC converters 32, 32'. The
converters permit bi-directional flow of energy between the AC and DC buses
and are sized to facilitate all anticipated loads. Auxiliary generators 34,
34' may be provided and linked to the hotel load distribution system to
supply additional energy to the AC bus(es) to supplement the hotel load
requirements, and/or to supplement energy to the DC bus as propulsive,
hotel, efficiency and/or emissions requirements dictate. In one exemplary
embodiment, the auxiliary generators comprise 250 kW Tier II ship service
generators.       In some embodiments, additional power demands may also be
met by the main DC bus. Using hybrid propulsion and the energy management
system of the present invention, for example, high load capacity winches,
such as bow and stern winches 28, 28' may additionally be powered from the
DC bus, for example, through drives 29, 29', such as variable frequency
drives. It will be appreciated that other equipment having high power
requirements may also be powered from the DC bus, through appropriate
converters or drives. In some situations, regenerative energy produced
during operation of auxiliary equipment powered from the DC bus, such as
winches, may also be returned to the DC bus  for distribution to satisfy
energy demands elsewhere in the system. Lower power requirement equipment
may be powered from the DC or AC buses. 



Additional power sources, such as on-board or shore-based photovoltaic
power source(s), wind or tide generation power source(s), and the like, may
be used to provide auxiliary energy to the hybrid system. Auxiliary energy
sources may be coupled to feed the AC and/or DC bus(es). Auxiliary power
systems, such as shore power, may also be used by the hybrid propulsion and
energy management system of the present invention to provide energy for
both propulsive and auxiliary loads When shore power is available, the
system can use it to provide power for hotel and auxiliary loads and/or to
replenish stored energy supplies, which may eliminate the necessity of
operating diesel engines while alongside, and reduce or eliminate reliance
on on-board electrical storage capacity. The replenishment of onboard power
storage from the grid is generally desirable, since it reduces engine
emissions, and shore power is generally generated more efficiently,
producing lower emissions, than power provided by marine vessel main
engines. A shore power transformer may be provided and feed to the DC bus,
for example, though an appropriate DC/DC converter.       Systems of the
present invention preferably incorporate onboard renewable and rechargeable
energy storage systems, such as batteries, to provide storage capacity, to
support low power demands, and to provide generally short ride-through
capacity between operational modes. While it is recognized that many
battery choices exist, in one embodiment, lead-acid batteries employing
absorbed glass mat (AGM) or gel battery technology are employed. Lead-acid
battery technologies that provide a sealed, maintenance-free option capable
of accepting rapid discharge/recharge rates and relatively high cycle life
are preferred for many applications. The batteries are preferably fitted in
vessel locations where they do not have an impact on vessel operations and
are unlikely to be damaged. The batteries can be configured to maintain
charge on the vessel's emergency batteries and the energy storage system is
also preferably fitted with a DC/DC converter to provide energy to the main
DC bus. Alternative energy storage options, such as Nickel Metal Hydride
(NiMH) and Sodium Nickel Chloride (NaNiC1) batteries may also be employed
for battery storage and replenishment.       It will be appreciated that
this power plant overview is exemplary and that the specific layout and
arrangement of components, as well as the component ratings and capacities
may be varied to accommodate different propulsive and auxiliary power
demands. The hybrid propulsion system illustrated in Fig. 1 is shown as a
dual engine, dual generator  system wherein substantially mirror image
propulsion systems and drive lines are provided to drive twin propellers.
It will be appreciated that single engine and multiple engine systems may
be provided and operated using the hybrid propulsion and energy management
systems of the present invention, to drive a single or multiple propellers.
It will also be appreciated that the hybrid propulsion system may be
provided as a stand-alone, newly installed system, or that various
components may be retrofitted and reconfigured to convert existing
propulsion systems to the hybrid propulsion and energy management system of
the present invention.        When the hybrid system is retrofitted to
existing systems, an existing AC switchboard may be maintained and may be
integrated into an additional AC switchboard if additional AC power is
needed. The pre-existing AC switchboard may be configured, for example, to
essentially supply hotel load only, while existing connections for
auxiliary generator incomers, deck winches and other high power requirement
components may be re-routed to a main energy management DC bus. Deck
winches and other significant loads are preferably run by frequency drives
off the DC bus. This increases the stability of the AC bus and reduces the
impact of voltage fluctuations on the connected hotel loads. 



Converters connected between the DC and AC buses permit energy to flow from
the main DC bus to the AC bus(es) as required to satisfy the vessel's hotel
load and other AC loads. Power is also be provided from the main DC bus to
propulsion motor-generator unit(s) through converter(s) or variable
frequency drive(s) to power the shaft during modes of operation in which
the motor is operated to drive the output shaft. In modes of operation in
which the motor-generator is operated in a generator mode, energy is
supplied from the motor to the main DC bus to provide energy for auxiliary
requirements and to recharge the energy storage reserves, as required. When
one or both of the auxiliary generators are running and powering the AC
bus, excess energy may be supplied from the AC to the the DC bus, through
converters, to provide power for propulsion and other requirements provided
from the main DC bus.       As system power and propulsive demands vary,
operation of the hybrid propulsion and energy management system is adjusted
and varied to provide efficient operation across a wide range of demands
from multiple sources. In some control and implementation schemes, an
operator may select desired operating parameters from among a pre-defined
set of input choices governing operation of the system. In some
embodiments, an operator may select a desired output, or combination of
outputs, allowing the propulsion and energy management  systems to satisfy
the output demand in the most fuel efficient manner, in the lowest emission
manner, in the most overall energy-balanced manner, or the like. Operation
of the hybrid propulsion and energy management system may be monitored and
controlled automatically by the EMS according to predetermined operating
protocols. In embodiments where predetermined modes of operation are
provided and are selectable by an operator, or are selected by the system
depending upon desired output requirements specified by an operator, a few
or many different modes of operation may be provided. In alternative
embodiments, the system may operate in a substantially continuously
variable mode, as the EMS monitors component and overall system performance
and energy and power demands, and identifies preferred operating parameters
on a substantially real-time basis, operating the hybrid propulsion and
energy management system in the most efficient manner, depending on the
system configuration, available energy sources, and the like.
Exemplary operating modes may be considered as components of a conceptual
model designed to help operators understand what operating parameters the
system is likely to select, and what level of system performance, fuel
economy and emissions reductions may be expected using various system and
operating mode configurations. When the load demanded exceeds the capacity
of the system in an operating mode for longer than a pre-determined time
period, the control system may automatically escalate the system mode to
achieve the required power generation. While multiple distinct modes of
operation are described below with reference to Figs. 2A-5C, it will be
appreciated these operational modes are exemplary and that additional
and/or different modes of operation are possible and would be desirable in
certain circumstances. It will also be appreciated that the specific
component configurations shown in each of Figures 2A-5C are exemplary for
each particular mode of operation and that other configurations are
possible within each mode.       An exemplary minimal emissions mode
operating scheme suitable for vessel operation during periods of inactivity
and slow and/or no-load transiting, where the maximum continuous load
doesn't exceed from about 5% to 10% of the maximum propulsive load
potential for an extended period is shown in Fig. 2A. This mode is
generally used during periods of vessel inactivity while the vessel is
secured and not drawing shore power, when the vessel is moving at very slow
speed and not pulling a load, and when a continuous load doesn't exceed
about 10% of the maximum capacity for an extended period. Operation in a
minimal emissions mode typically utilizes battery storage capacity alone to
supply the main DC bus and propulsive requirements, with utilization of a
motor-generator 



for additional energy capacity and storage. In the exemplary minimal
emissions mode scheme illustrated in Fig. 2A, energy stored in onboard
batteries 24, 24' is fed to DC bus 20 through appropriate converters 26,
26'. The main DC bus 20 provides power to the AC buses 30, 30' through
appropriate converters 32, 32' to satisfy hotel load demands. Appropriate
feeder/breaker(s) and interlock mechanism(s) may be provided on the AC and
DC buses, as is known in the art. The hotel load may generally be satisfied
from battery sources alone for extended periods, if necessary or desired.
In this type of minimal emissions mode of operation, the main DC bus 20 may
also provide energy, as needed, to motor-generator units 14, 14' to satisfy
relatively low propulsive demands. In this configuration, motor-generator
clutches 16, 16' are engaged to drive propellers 18, 18'. Neither of the
main engines 10, 10' is operating, and neither of the main engine clutches
15, 15' is engaged to contribute propulsive output to the drive shaft. Main
engines 10, 10' are, however, maintained in a ready-to-start condition
pending increased propulsive demands or switching to a different, higher
propulsive demand mode of operation. In general, neither of the auxiliary
generators 34, 34' available to provide energy to the AC buses 30, 30' is
operated in a minimal emissions mode. One or both of the auxiliary
generators 34, 34' may, however, be in a stand-by mode, and may be
available to provide power to one or both of the AC buses 30, 30' by
closing switches 35, 35'. In this operating mode, AC buses 30, 30' may also
supply energy to DC bus 20, through converters 32, 32', to provide
propulsive power, as needed, to motor-generator units 14, 14'.       For
low energy and low propulsive power demands, as generally experienced in a
minimal emissions mode, stored energy may be sufficient to satisfy the
energy and propulsive power demands. Typically, a pre-determined minimum
battery charge level is identified and incorporated into the control logic
of the energy management system. When a minimum battery charge threshold is
reached, one or both of the auxiliary generators is started to provide
energy to the AC bus. To the extent that excess energy is available on the
AC bus, excess energy is fed from the AC bus(es) to the DC bus to satisfy
propulsive or other vessel demands, such as winch power demands, and the
like. To the extent that excess energy is available on the DC bus, excess
energy is supplied from the DC bus to the energy storage system (batteries)
to restore battery power. One or both of the auxiliary generators may be
inactivated when the battery power is restored to a desired or
predetermined level, or the hotel demands have diminished, or propulsive
demands have diminished, or some combination of these circumstances. The
in-line arrangement of the main engines, motor-  generator units and
clutches allows for operation of the drive train in low propulsive demand
situations without operating a main engine, and also allows for operation
of the motor-generator units as generators providing energy for
distribution and use elsewhere in the system independent of the propulsion
driveline. 



Fig. 2B illustrates a similar minimal emissions, low propulsive power mode
of operation in a system illustrated schematically as having a single
electrical distribution bus 120. The solid arrows indicate the direction of
energy flow during this operating mode. In this minimal emissions, low
propulsive power operating mode, energy is shuttled from battery bank 124
to bus 120 when energy is required to maintain a desired bus capacity, and
energy is supplied from bus 120 to battery bank 124 when energy in excess
of that required to maintain a desired bus capacity is available, as
indicated by the solid arrows. Propellers 118 and 118' are driven
exclusively by motor-generators 114, 114' operating in a drive motor mode
and coupled to the drive shaft by engaged generator clutches 116, 116'
respectively. Electrical energy for driving motor-generators 114, 114' in a
drive motor mode is supplied by bus 120, as indicated by the solid arrows.
Main propulsive engines 110 and 110' are not activated in this operating
mode and are thus shown in a light typeface, with main engine clutches 115,
115' disengaged. Auxiliary generators 34, 34' are optionally activated, and
may be operated intermittently, as indicated by the dashed lines, to supply
energy (indicated by the black arrows) to bus 120 for hotel and/or
propulsive requirements, as necessary.       Fig. 3A illustrates the
propulsion system of the present invention as it would operate in an
exemplary generally relatively low propulsive power demand cruising mode in
which the propulsion and energy management system provides propulsive
capacity for continuous slow transit and low power assist work. In general,
this operating mode is appropriate when the maximum continuous propulsive
load is at least about 5% but does not exceed about 35% of the maximum load
capacity of the propulsion system. In this mode of operation, energy from
battery storage systems 24, 24' is generally available to provide power to
DC bus 20, and at least one, and preferably two, auxiliary generators 34,
34' are activated and operated to provide power to AC buses 30, 30' and,
through appropriate converters 32, 32', to DC bus 20. DC bus 20 distributes
energy to the motor-generator units 14, 14', which drive the output shaft
and propellers 18, 18' through engaged clutches 16, 16'. The operation of
auxiliary generators 34, 34' in a low propulsive demand cruising mode is
generally determined by the demands of the propulsion system and the hotel
and other load demands, and by the  component efficiency curves, component
capacities, and the configuration of the overall system. Energy is
generally drawn from battery storage and auxiliary generators first and, if
additional propulsive power is required, or if additional energy is
required to satisfy hotel or auxiliary demands, one of the main engines is
brought online.       In general, if the electrical and/or propulsive load
demands exceed the capacity of the auxiliary generator(s) for longer than a
pre-determined period, the EMS automatically starts at least one of the
main engine(s) 10, 10' to satisfy the energy requirements and achieve the
necessary power generation. The operating configuration illustrated in Fig.
3A includes operation of auxiliary generators 34 and 34' as well as main
engine 10, which provides propulsive power to the driveline and propeller
18 by means of the engaged clutch 15. Low propulsive demand cruising modes
generally require activation of a single main engine. And, engine operation
at generally high efficiency, high output conditions provides both
propulsive power and provides excess energy generation that is returned to
the main energy distribution bus 20, through motor generator 14. Excess
energy provided to bus 20 may be used for auxiliary power demands, to
replenish the energy storage system and, as described below, to provide
propulsive power to the opposite output shaft.       The hybrid propulsion
and energy management system configuration of the present invention
preferably allows a single main engine to effectively drive two propulsion
output shafts. In the exemplary embodiment illustrated in Fig. 3B, main
engine 110 operates in a generally high efficiency, high output mode to
directly drive the azimuth drive 112 and propeller 118 on its output shaft.
In this embodiment, main engine 110 also drives motor-generator 114 in a
generator mode to supply energy to the DC bus 120 (indicated by the arrow)
which, in turn, supplies energy (indicated by the arrow) to motor/generator
114', which operates in a drive mode to drive the azimuth drive 112' and
propeller 118' on the other drive shaft. In this configuration, auxiliary
generators 134, 134' are also operated to provide energy (indicated by the
arrows) to bus 120. 



Thus, in the relatively low propulsive power demand configuration shown in
Fig. 3B, one main engine and two auxiliary generators are available to
supply both propulsive and hotel and auxiliary power demands. This
configuration reduces the amount of time that both main engines are
required for propulsion and enables the main engine(s), which operate more
efficiently at high load ranges, to run at higher efficiency than it/they
otherwise would. Excess energy on bus 120 is supplied to the battery
storage system 124, which is generally in a charging state. The controller
may be programmed to alternate the main engine designated   as the primary
responder in this mode throughout the life cycle of the engine and the
vessel. As with other operating modes, temporary ride-through of transient
demands may be provided by the battery storage system.       A mid-range
propulsion demand operating mode is shown schematically in Fig. 4A. This
operating mode generally provides sufficient propulsive load capacity for
continuous transit and a high percentage of vessel assist scenarios where
the maximum propulsive load demand doesn't exceed about 30% to 70% of the
total load capacity for extended periods. In this operating mode, at least
one, and generally two main engines are operated, continuously or
intermittently at generally high efficiency and high output, to satisfy the
propulsive, hotel and auxiliary load requirements. Excess energy is
supplied to the main electrical distribution bus to satisfy hotel and
auxiliary load demands, and to provide battery charging as appropriate. One
or both of the auxiliary generators, and battery storage, are available for
auxiliary power generation in this mode.        As shown in Fig. 4A,
propulsion is generally provided by main engines 10, 10' operating at
generally high output, consistent with high efficiency operation. Both main
engines 10, 10' are used to power azimuth drives 12, 12' and propellers 18,
18', through engaged clutches 15, 15', 16 and 16'. Main engines 10, 10',
when operated at high output in this mode, generally produce output in
excess of that required for propulsive demands and also provide energy to
drive motor/generators 14, 14' in a generator mode in which energy is
provided to bus 20 for distribution and use in satisfying hotel load
demands, auxiliary load demands such as winch demands, and to charge the
batteries. Auxiliary generators 34, 34' are generally not activated in this
mode because the main engines provide output satisfying all of the
propulsive and auxiliary needs.       If the propulsive power and energy
provided by operation of both main engines simultaneously in a mid-range
propulsion mode is in excess of that required by propulsive, hotel,
auxiliary and energy storage demands, one of the main engines may be
inactivated and the system may be operated substantially as shown in Fig.
3B for intermittent periods. Energy may be supplied from battery storage to
the main bus and distributed as required during periods of reduced main
engine operation. As described previously, the flexibility of the system
permits a single main engine to be used to drive both propulsion drive
lines, and battery storage can provide temporary ride-through of transient
demands. This configuration increases the efficiency of the system while
two main engines are running and generally reduces the amount of time in
which two main engines are running, improving the efficiency 



of the engine that is operating by increasing its load to the optimal
range. When battery reserves are low and propulsive, hotel or auxiliary
demands increase, both engines may again be operated to provide satisfy
ongoing demand and to replenish battery storage. The controller may be
programmed to alternate the main engine designated as the primary responder
in this mode throughout the life cycle of the engine and the vessel,
although manual control may also be provided to allow the operator to
manage engine usage to optimize the vessel's performance and maintenance
schedule.       A similar mid-range propulsion demand operating mode is
illustrated schematically in Fig. 4B in a system illustrated schematically
as having a single electrical distribution bus 120. The solid arrows
indicate the direction of energy flow during this operating mode. Main
engines 110, 110' provide propulsive power to the drive shaft, azimuth
drives 112, 112' and propellers 118, 118' through suitable clutch devices.
Main engines 110, 110' also provide energy to operate motor-generators 114,
114' in a generator mode, whereby they supply energy to bus 120 for
satisfying hotel and auxiliary loads, and for charging battery bank 124, as
appropriate. One or both of the auxiliary generators 134, 134' may be
operated transiently in this mode, as indicated by the dashed lines, to
provide additional energy to bus 120 to satisfy higher demand transient
hotel or auxiliary loads, or to charge the energy storage system(s) more
quickly or more completely.       Fig. 5A schematically illustrates a full
power operating mode of the propulsion and energy management system of the
present invention in which the propulsion system operates at substantially
90% or more of the rated propulsive load capacity of the main engines. This
operating mode is used, for example, when it is anticipated that large,
long duration loads will be encountered, for continuous fast transit,
and/or for full power ship assist demands. It allows the system to meet or
exceed the performance capacity of non-hybrid propulsion systems
incorporating higher capacity main engines by providing auxiliary power
sources and efficiently managing the available power. Even in this mode,
power can be generated by the motor-generators in the shaft line when the
propulsion demand is not 100% of the main engine load capacity. This excess
power can be supplied to the DC bus and used for hotel and auxiliary power
demands, and to charge the energy storage system. In the full operation
mode, with all equipment operational, the system may have the ability to
apply more power to the drives than is available in a non-hybrid system
incorporating main engines having the same output capacity. This may be
utilized as a means to provide faster system response, or  if the driveline
is capable of handling the additional torque, it may be possible to
increase the vessel's rated horsepower. Increased output for short periods
may be provided. 



Propulsion in a full power operating mode, as illustrated in Fig. 5A, is
generally provided by main engines 10, 10' operating at generally high
efficiency, high output, providing propulsive power to propellers 18, 18'
through the respective engaged clutches. When the propulsion and energy
management system is operating in this full power mode, the motor-generator
units 14, 14', provided on the output shaft drive line, are available to
operate as either generators, supplying excess energy produced by the main
engines to the main energy distribution bus 20, or as motors, drawing
energy from the main energy distribution bus 20 to supply additional
propulsive drive to the output shaft(s). When operated in a propulsive
motor mode, the motor-generators are operated via the DC bus, through
respective converters, with energy to the bus supplied by any combination
of battery and/or auxiliary generator power. Auxiliary generators 34, 34'
are generally both operated in this mode, providing energy to the main
distribution DC bus 20 through AC bus 30, 30' and the respective converters
32, 32'.       In some full power operating modes, propulsive power is
provided by both the main engines and the motor-generator units operating
as motors, with both propulsive power sources providing output to a common
shaft. Any energy supplied to the energy distribution bus 20 in excess of
that required to satisfy the hotel load, the motor/generator demands and
any auxiliary demands, is returned to the energy storage system (batteries
24, 24'). The main engines, motor generator units and auxiliary generators
generally have sufficient rated power to supply all anticipated propulsive
power requirements, hotel loads, and auxiliary energy requirements during
the full power operating mode.       Two different full power operating
modes are illustrated schematically in Figs. 5B and 5C in systems having a
single electrical distribution bus 120, and in which the solid arrows
indicate the direction of energy flow during operation. In the full power
operating mode illustrated in Fig. 5B, both main engines 110, 110' provide
full power output, through appropriate clutch mechanisms, to azimuth drives
112, 112' and propellers 118, 118'. Both auxiliary generators 134, 134' are
operated to provide energy to main energy distribution bus 120. Both
motor-generator units 114, 114' are operated in a motor drive mode inline
with the main engines and draw energy from bus 120 to contribute propulsive
power to the respective output shafts. This configuration may be used when
the propulsive demand is lower than the total load capacity of the main
engines and motor-generators, and generally  returns excess energy
available on the main bus 120 to the energy storage system (e.g., battery
bank 124), which operates in a charging mode.       Fig. 5C illustrates
another full power operating mode that may be used, generally transiently,
when the propulsive demand is higher than the total load capacity of the
main engines and the motor-generators. In this embodiment, both main
engines 110, 110' provide full power output, through appropriate clutch
mechanisms, to azimuth drives 112, 112' and propellers 118, 118'. Both
auxiliary generators 134, 134' are operated to provide energy to main
energy distribution bus 120. Both motor-generator units 114, 114' are
operated in a motor drive mode inline with the main engines and draw energy
from bus 120 to contribute propulsive power to the respective output
shafts. Battery energy is additionally provided to the bus 120 to provide
propulsive power in excess of the rated power for propulsion for transient
periods, or to satisfy auxiliary or hotel loads. This mode of operation may
only be sustained until the battery bank is drawn down or exhausted. In
general, this over capacity operating mode is used only intermittently, or
to satisfy transient high power requirements. 



The Energy Management System (EMS), as described above, controls many
aspects of operation of the propulsion system, the energy distribution
system, and the energy storage system, to operate the various propulsion
sources, and distribute energy throughout the system in an efficient manner
while satisfying variable energy requirements from multiple sources. The
EMS may include multiple functions, or be part of a larger operational
system including, in general, an operator interface, which may allow the
operator to select from among a plurality of predetermined operating modes,
sensors providing input to the EMS relating to various component outputs,
capacities, current operating parameters and conditions, energy levels,
etc., generator and system protection systems, system maintenance
utilities, system alarm and notification utilities, and the like. The EMS
typically responds to load demands throughout the hybrid propulsion system
by operating and changing operation states and outputs of the main
engine(s), motor-generator unit(s), the driveline and other clutches,
auxiliary generator(s), battery storage system(s), as described previously.
In some embodiments, the operational system may allow the operator to
select certain operating parameters, such as driveline rpm and/or torque,
transit speed and/or duration, load requirements and/or duration, or the
like, which are used by the overall control system to formulate and
implement appropriate operating modes.       An operator interface with the
propulsion and EMS system(s) may comprise an electronic monitor allowing
the operator to view, and monitor, operation and control of the
propulsion and energy management system. Operating modes may be operator
chosen or automatically implemented. Multiple distinct operating modes may
be provided, and programmed. Operator control devices, such as electronic
accelerator pedals, joysticks and levers, may be provided for operator
input and coupled to the propulsion and energy management systems. An
operator may have an option to control propulsion via an input device such
as an electronic lever or joystick, or an operator may have an option to
control propulsion energy management via an interface providing multiple
preselected inputs or allowing the operator to specify desired inputs. A
simple operating platform for nontechnical personnel with system operating
parameters and alarms or warnings displayed on a monitor or a touch screen
may be provided, for example. The system may also provide the interface for
more detailed maintenance and information access/management and may combine
all machinery monitoring into a single platform. A display, optionally
incorporating a touch screen, various command components and discrete
controls, may be integrated into a single component, such as a main
wheelhouse console.       The number of engines and generators in operation
at any given time is determined by the demands of the propulsion system and
auxiliary loads, such as hotel and auxiliary equipment requirements. If
these loads exceed the capacity of the engine(s) and/or generator(s)
operating in any specified operating mode for longer than a predetermined
period, the Energy Management System automatically escalates the system
operating mode and activates appropriate additional engine(s),
motor-generator(s), auxiliary generator(s), or the like, to provide the
necessary power generation. Control of the system may be provided either
manually or in a partially or fully automated fashion, through the EMS. The
EMS monitors the output, operating status and energy levels available from
various energy sources within the system, determines the system's
propulsion and auxiliary power needs, and controls operation of the
engines, auxiliary generators, motor-generator units, and more generally
may control energy flow throughout the system to satisfy the load and power
requirements. Temporary ride-through of transient demands may be provided
by the energy storage system.       In some automated control systems of
the present invention, the system operating mode may be selected and
adjusted, on a real time and substantially continuous basis, to the various
system demands, and is controlled and limited by the EMS. While several
operational modes are described in detail above, it will be recognized that
additional operational modes may be provided. In practice, operation of the
vessel and the EMS may be 



automated and operated according to predetermined operating modes as
dictated by the power requirements and available power resources, or
various predetermined operating modes may be selectable by an operator to
meet the vessel's current or anticipated operational requirements. Discrete
controls may be provided in a separate panel to allow an operator to select
pre-programmed operational modes, as described above. In one embodiment, an
operator may select the most practical mode for the vessel's current or
anticipated operational requirements. Throttle advance beyond the available
sustained power in the selected mode may initiate an automated advance to
the next operational level or mode, or may actuate a signal or alarm that
requires a positive response. In another embodiment, if the vessel operates
for more than a predetermined time period in a mode that provides more
power than the necessary load or output, the EMS may provide an indication
or signal to the operator, indicating that operation in a more efficient
mode is available. In general, although automated mode selection may be
provided under some circumstances or may be a default operation, the
operator has the ability to override the mode selection.       In addition
to the ability to operate the hybrid propulsion system in the power modes
described above, in some embodiments, the ability of the EMS to select
certain power modes may be limited by the operator's or the system's
selection of one of multiple states of readiness. The readiness state may
be selected by the operator or automatically applied by the EMS to govern
how battery power is allocated during operation. The provision of
"transit," "assist" and "battery recovery" power modes is exemplary. The
transit and assist modes may be selectable by an operator through
selectable control features. The battery recovery state is a limitation on
full power that may be imposed automatically or may be selectable under
conditions when the battery power available has gone below a predetermined
minimum or when the batteries are discharged or overheated. In this way,
the hybrid system is able (for example) to prevent the shutting down of
main engines during ship-assist operations, or the over-stressing of
depleted storage batteries by excessive power use.       In general,
sufficient reserve capacity is preferably maintained and available to
provide immediate electric propulsion power to approximately 70% of fitll
load for short bursts. This reduces delays between operating modes while
additional generating capacity comes on line. A sustained advance beyond a
predetermined power level, such as 65% power, may be programmed to
automatically start one or both of the main engine(s). In this  case, a
minor delay may be experienced. In situations where such delays are not
acceptable, full mode operation may be selected in advance. 



One or more selectable, programmable or programmed emission control
features may also be provided. The U.S. Environmental Protection Agency
provides torque and shaft speed parameters defining a "not to exceed" (NTE)
operating limit, for example, for marine diesel engines. The hybrid
propulsion system of the present invention may provide operational emission
control features, in addition to emission control equipment provided with
the main engines, to ensure that the main engines are always operated
within EPA requirements or alternative operating limits. Operational
emission control may ensure, for example, that when one or both main
propulsion motor-generators share the propulsion load with one or both main
engines, the torque developed by the main engine(s), at any given speed, is
below the EPA NTE limit.        Operational emission control features may
be implemented through the variable frequency drives. In one embodiment,
the variable frequency drives used to control the AC main propulsion motors
are operated in one of two basic open-loop control schemes: frequency or
torque control. An open-loop frequency control scheme, for example, is used
under electric-only propulsion. In this scheme, the control system
determines the frequency (and, in a linear relationship, the voltage) to
apply to the motor to achieve a set point shaft speed. The motor develops
the torque required to turn the shaft at the given set point speed, and the
current drawn varies accordingly. An open-loop torque control scheme is
used during combined diesel and electrical propulsion. Under this scheme,
the control system regulates both the motor speed and torque by
manipulating the electromagnetic state of the motor, controlling
torque-producing and field-producing currents separately. The motor
provides only the portion of the required propeller torque in excess of the
EPA NTE torque requirement at any given speed, allowing the main engine to
remain exactly at (or under) the EPA NTE limit at all times.       The
hybrid propulsion and energy management systems of the present invention
preferably incorporate sensors and monitoring devices that detect current
power levels and operating parameters at various points within the system
and communicate that data to a centralized control system operated, for
example, by a programmed or programmable controller (PLC). Various types of
control systems and interfaces may be provided. Discrete operator system
controls may be provided in a separate control panel, for example, allowing
the operator to select modes and bring propulsion systems on- and off-line
at his discretion.  Various types of human-machine interfaces may be
provided. Industry standard OPC protocols may be used for connectivity to
the PLC portion of the system and standard software development tools may
be used for development of the interface. The system interface and
controller may communicate with a remote or centralized control or
monitoring system, so that remote connectivity and monitoring is available
as an option.       In general, the vessel control systems preferably
utilize a distributed control topology wherever practical. Control
functions are pushed to the lowest possible control level. This provides a
high immunity to control failures from a systems point of view. In one
embodiment, the source(s) of speed and voltage control faults in a power
plant are identified and the faults are cleared prior to producing a
cascade failure. The propulsion control, supervisory power management and
energy management may be carried out using 2 x stand alone PLC based
control systems. All critical control devices are preferably provided with
high reliability, monitored redundant power supplies. 



In one embodiment, a fixed monitoring and interface station is provided in
the engine room and another at an operator control station, such as in the
wheelhouse. A portable maintenance device, such as a laptop, may be
provided and is able to connect to the system at any location, such as in
the Z-drive compartment. As with the propulsion control, the system will be
divided into two (2) standalone systems. Each operator station may
interface with a dedicated server; one located in the wheelhouse and the
other located in the engineering space, providing increased reliability
through physical separation.       The design provides electrical power
generation, distribution and propulsion system such that a single fault on
an active element does not cause the vessel to lose more than 50% of its
propulsion capabilities. Furthermore, in a preferred embodiment, the system
is arranged so that the only single point failure for an active element
that results in loss of 50% of the plant is the Z-drive gearbox. This
represents a significant improvement over conventional vessel electrical
and drive system designs, where main engine failures generally result in a
50% loss of propulsion. The distributed power plant design with multiple
power options on each drive line means that most probable failures leave
both shafts available to the operator.       The Energy Management System
coordinates the performance of the generators, the distribution system and
the power consumers. In many traditional Power Management Systems, the
focus was on a high level control by a centralized system. Power management
for the hybrid system of the present invention generally pushes control of
the process to lowest level possible. In some embodiments, this means that
wherever possible, intelligent loads recognize the plant load level
directly through frequency and reduce consumption as appropriate.       The
power management functions of a central control system generally include
"high level" power allocation limits that are developed from multiple
information sources. This new information, derived from process variables,
is passed down to process controllers. The process controllers perform
within the parameters delivered by the power central control system. These
parameters can be updated within the bandwidth of the central control
system. The process controllers will perform within the parameters
delivered by the central control system until updated. The critical
characteristic is that the parameters must not be required on a
deterministic basis and autonomous and predictable performance can be
expected from the process machine without continuous updates of the
parameters.       The DC control power system is also provided as a
redundant system. Two independent, highly redundant power systems are
fitted to supply highly reliable power to critical system controller loads.
Operator interface to this system may only be provided to carry out
maintenance or to reconfigure the system for temporary common mode
operation as a result of a failure in another part of the system. The
system preferably monitors all layers of redundancy and provides detailed
status back to the maintenance personnel. System summary status is
available through a VMS/SWBD hardwired interface. 



The present invention has been described with reference to specific device
embodiments and figures. These specific embodiments should not be construed
as limitations on the scope of the invention, but merely as illustrations
of exemplary embodiments. It is further understood that many modifications,
additions and substitutions may be made to the described hybrid propulsion
and energy management systems without departing from the scope of the
present invention.  We Claim:  1. A propulsion system comprising: at least
two energy sources capable of providing propulsion and an energy management
system (EMS) that controls operation of each of the at least two sources,
wherein the at least two sources include at least one main propulsive
engine and at least one motor-generator unit arranged in-line to drive a
common output shaft and linked to a common propulsive output member,
wherein the common output shaft and propulsive output member are drivable
both independently by the main propulsive engine and the motor-generator
unit and simultaneously by the main propulsive engine and the
motor-generator unit, wherein the main propulsive engine is capable of
driving the common output shaft and driving the motor-generator unit as a
generator both independently and simultaneously, and wherein the energy
management system dynamically shifts operation of each of the at least two
sources to satisfy propulsive demands.  2. A propulsion system of claim I,
wherein the motor-generator unit is linked to an 



electrical distribution system providing bi-directional energy flow between
the motor-generator unit and the electrical distribution system under the
control of the energy management system (EMS).  3. A propulsion system of
claim 2, wherein the EMS controls operation of the motor- generator unit as
a motor for propulsion and as a generator for supplying energy to the
electrical distribution system.  4. A propulsion system of claim 2, wherein
the electrical distribution system is additionally linked to at least one
auxiliary generator that, during operation, supplies energy to the
electrical distribution system.  5. A propulsion system of claim 2, wherein
the electrical distribution system is 



additionally linked to an energy storage system providing bi-directional
energy flow between the electrical distribution system and the energy
storage system. 27 0   6. A propulsion system of claim 2, wherein the
electrical distribution system comprises a DC bus.  7. A propulsion system
of claim 6, wherein the electrical distribution system additionally
comprises an AC bus linked to the DC bus providing bi-directional flow
between DC and AC buses.  8. A propulsion system of claim 2, wherein the
electrical distribution system comprises a DC bus and the EMS maintains
substantially constant DC voltage on the DC bus during operation of the
propulsion system and supplies energy in excess of that required to
maintain constant DC voltage to the energy storage system. 



9. A propulsion system of claim 1, wherein the propulsive output member is
a propeller or a propulsion Z-drive.  10. A propulsion system of claim 2,
additionally comprising a variable frequency drive linking the energy
distribution system and the motor-generator unit and specifying the output
speed and/or torque of the motor-generator unit.  11. A propulsion system
of claim 1, comprising two main propulsive engines and two
motor-generators, each main propulsive engine arranged to drive a common
output shaft in combination with a motor-generator and linked to a common
propulsive output member, whereby each common output shaft and propulsive
output member are drivable both independently by the respective main
propulsive engine and motor-generator and simultaneously by the respective
main propulsive engine and the motor-generator.  12. A propulsion system of
claim 1, wherein the EMS operates the main propulsive engine only in high
efficiency modes of operation.  13. A propulsion system of claim 1, wherein
the EMS controls operation of the main propulsive engine to limit the
torque output of the main propulsive engine to a selected level.  



14. A propulsion system of claim 13, wherein the EMS controls operation of
the main propulsive engine to limit the torque output to a selected level
at or below a not to exceed level specified by a regulatory agency.  15. A
propulsion system of claim 13, wherein the EMS operates the motor-generator
unit as a motor providing additional propulsive energy to the common output
shaft and common propulsive member to satisfy propulsive demands when
operation of the main propulsive engine fails to satisfy propulsive
demands.  16. A propulsion system of claim 1, wherein the motor-generator
unit is an AC motor-generator.  17. A propulsion system of claim 1, wherein
the motor-generator unit is an AC squirrel cage induction motor.  18. A
propulsion system of claim 2, additionally comprising at least one winch
coupled to the energy distribution system, wherein the EMS controls energy
supply to the winch from the energy distribution system.  19. A propulsion
system of claim 18 wherein the at least one winch is coupled to the energy
distribution system through a variable frequency drive system. 



20. (A propulsion system of claim 18, wherein the winch additionally
supplies regenerative energy to the energy distribution system.  21. A
vessel incorporating the propulsion system of claim I.  22. A vessel of
claim 21, wherein the vessel is a tugboat.  23. A hybrid power system for
use on a marine vessel comprising at least two independently operable drive
sources including at least one main propulsive engine and at least one
motor-generator unit arranged on a common driveline, an energy distribution
bus providing bi-directional energy flow to the at least one
motor-generator unit, an energy storage system providing bi-directional
energy flow to the energy distribution bus, and an  energy management
system (EMS) controlling operation of the at least two drive sources and
controlling energy flow between the at least two drive sources, the energy
distribution bus and the energy storage system, wherein: the at least one
main propulsive engine and the at least one motor-generator unit are
capable of providing output to the common drive line both independently of
one another and simultaneously; the at least one main engine is operable to
simultaneously provide propulsion to the driveline and energy to the energy
distribution system; and the EMS dynamically operates the two independently
operable drive sources and dynamically controls energy flow to satisfy
propulsive demands. 



24. A hybrid power system of claim 23, wherein the at least
one_motor-generator unit is additionally operable in a motor mode using
energy from another independently operable drive source.  25. A hybrid
power system of claim 23, additionally comprising at least one auxiliary
generator providing energy to the energy distribution bus.  26. A hybrid
power system of claim 23, additionally comprising at least one winch
coupled to and drawing power from the energy distribution bus during
operation of the system.  27. A hybrid power system of claim 26, wherein
the at least one winch is coupled to and drawing power from the energy
distribution bus through a variable frequency drive system.  28. A hybrid
power system of claim 23, comprising two main engines, two motor-generators
and two common drivelines, each main engine arranged on a common driveline
with a motor-generator, wherein each common driveline is drivable both
independently by the respective main engine and motor-generator and
simultaneously by the respective main engine and motor-generator.  29. A
vessel incorporating the hybrid power system of claim 23. 



30. A vessel of claim 29, wherein the vessel is a tugboat. 30 0 


