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1
HYBRID PROPULSION SYSTEM FOR A
VESSEL

This applicationis 2371 of PCT/NO2010/000405, filed on
Nov. 9, 2010, which claims priority to Norwegian patent
application number 20093303, filed Nov. 9, 2009, which is
incorporated herein by reference.

The present invention relates to a hybrid propulsion system
for a vessel including a hybrid shaft generator drive, accord-
ing to the preamble of claim 1.

BACKGROUND

In a world facing ever increasing environmental and finan-
cial challenges there exist a growing need for more fuel effi-
cient sea going vessels. Many of these vessels are multipur-
pose, performing a wide variety of tasks. A flexible vessel
configuration is required to maintain optimal energy effi-
ciency regardless of operating mode.

Conventional diesel mechanical and diesel electric propul-
sion systems both have their advantages and disadvantages.
Combining the best of both propulsion systems and making a
hybrid propulsion system is already a reality. Hybrid propul-
sion systems are becoming increasingly popular when choos-
ing propulsion systems for new vessels for saving fuel and
reducing emission of NO,, CO, and other hazardous emis-
sion.

Known solutions ofhybrid propulsion systems are, among
others, US2008315583 A which describes a propulsion sys-
tem foravessel having a diesel engine, a propeller, at least one
auxiliary generator set, a generator and a drive unit for at least
one machine, where the diesel engine can be connected on the
one hand to the propeller and on the other hand by means of
the generator to a power supply system in the vessel, where
the drive unit for the machines have at least one converter
which can be connected on the one hand to the power supply
system and on the other hand to the load side of the generator.

Another known solution is described in WO09067722A,
which describes a system and a method for providing power
to a marine vessel and, more particularly, to a tugboat. The
system includes diesel engines and generators and batteries
which can be charged using power supplied by the generators,
shore power or regenerated power. The tugboat is operated
utilizing battery power only and the generators are used to
provide additional power if needed or to recharge the batter-
ies.

From WOO08113999A it is known a propulsion arrange-
ment for a marine vessel. The propulsion arrangement com-
prises an engine for propelling the vessel and an electrical
machine coupled to the engine. The electrical machine is
arranged to supply onboard electrical power for the vessel. A
control unit controls the electrical machine such that the
electrical machine is selectively operable as a generator or a
motor. The control unit and the electrical machine are
arranged such that the electrical machine, when operating as
a motor, can supplement the power of the engine while the
engine is in operation. In one embodiment, the control unit
and the electrical machine are arranged to provide active
damping of the engine torque.

In WOO08130968A is described a marine vessel power gen-
eration and propulsion system including a control system.
The system includes a plurality of generator sets, each gen-
erator setincluding an engine configured to drive an electrical
generator and wherein each generator set is configured to
supply electrical power to an electrical bus. The system
includes further a control system configured to switch the
power generation system between a plurality of operating
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modes, wherein in each mode of operation the control system
adjusts each generator set to dynamically optimize the per-
formance of the power generation system. In each mode of
operation the control system is configured to prioritize a
different predetermined characteristic when optimizing the
performance of the power generation system.

A hybrid propulsion configuration allows both electrical
motors and diesel engines to be used independently or com-
bined to obtain optimum efficiency regardless of operating
mode.

The main challenge, when using a hybrid propulsion sys-
tem, is controlling the power flow and load sharing between
diesel engines, electric motors and generators. This is particu-
larly challenging when the propeller load is fluctuating and all
the propulsion system components are linked through various
gearboxes. A frequency converter is one option for control-
ling the speed and power output of electrical motors operating
in parallel with a diesel engine through the same gearbox.

A serious limitation of the hybrid propulsion system is the
common use of shaft generators to produce network electrical
power. A shaft generator is driven by the same diesel engine
powering the main propeller via a common gearbox. The
problem occurs when the load on the main propeller is fluc-
tuating whilst the diesel engine tries to maintain a constant
speed to allow proper load sharing and load flow with other
generators. Also a constant diesel engine speed is necessary
for the shaft generator to maintain a stable network frequency.
The result is energy inefficiency when propeller in many
cases could be running with slower speed.

Other disadvantages with existing systems are that the
gearbox needs two outputs; one for the electrical motor and
ore for the generator.

Further, a change of mode between operation of electrical
motor and generator operation will be complicated and take
long time.

A problem to be addressed is also to maintain selectivity at
short-circuit of switchboard, something one today is depen-
dent of a rotating machine, such as a generator, to achieve.

OBJECT

The main object of the present invention is to provide a
system which entirely or partly improves the disadvantages of
prior art, and a system reducing the fuel consumption of
vessels, and is simple to operate and less complicated than
present solutions.

Tt is further an object of the present invention to provide a
system which expands the flexibility which a hybrid propul-
sion system provides for a vessel, compared to prior art.

It is further an object of the present invention to provide a
system which makes electrical power take in and power take
out possible on the same electrical machine, which results in
that one saves an additional shaft and clutch on the gearbox,
compared to prior art solutions.

Tt is further an object of the present invention to provide a
system which makes it possible running main motor with
variable rotational speed, both in electrical power take in and
electrical power take out modes.

It is further an object of the present invention to provide a
system which makes parallel operation of the shaft generator
and other generator sets or shaft generators possible.

It is further an object of the present invention to provide a
system which is more flexible and more rapid can change
mode in relation to existing solutions.
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Finally it is an object of the present invention to provide a
system where it is simple to implement additional functions,
as shore power and energy storing.

THE INVENTION

A system according to the invention is described inclaim 1.
Preferable features and details of the system are described in
the remaining claims.

A hybrid system for operation of a vessel according to the
invention includes one or more main engines, usually in the
form of diesel engines, for operating one or more propulsion
means for the vessel, usually the main propeller of the vessel,
which main engine(s) are connected to the propulsion mean
(s) via one or more transmission devices, usually a gearbox,
and that there is arranged a connection device between the
transmission device and main motor for connecting and dis-
connecting the main motor. To the same transmission device
is further arranged an asynchronous or synchronous AC
machine (hereinafter referred to as electrical machine), con-
nected via a connection device for connecting and discon-
necting the electrical machine from the transmission device.

The system further includes one or more hybrid shaft gen-
erator drives, which is/are arranged between the electrical
machine and one or more switchboards/grid. The system
preferably includes one hybrid shaft generator drive for each
main propeller of the vessel. To the switchboard/grid is fur-
ther arranged one or more auxiliary generator sets, which
auxiliary generator sets includes a motor configured to power
an electrical generator, which auxiliary generator sets are
arranged to the switchboard/grid via switches. The switch-
board is further the unit which controls the supply to other
consumer units onboard.

The hybrid shaft generator drive includes further a switch
for connection to the switchboard/grid. The hybrid shaft gen-
erator drive further includes a control unit, such as a PLS,
arranged to/provided with an interface to a control system for
the propulsion means. The hybrid shaft generator drive fur-
ther preferably includes a pre-charge circuit for pre-charging
a DC-intermediate circuit, a static frequency converter, in the
form of a bidirectional frequency converter with Active Front
End control connected to the switchboard/grid and controlled
by the Active Front End control, and a bidirectional frequency
converter connected to the electrical machine and controlled
by a machine control unit.

In connection with the Active Front End control it is
arranged a circuit for reading voltage and phase angle for the
switchboard, which will be described in detail below.

The hybrid shaft generator drive can also include a device
for excitation control, arranged between the electrical
machine and the control unit, especially in cases where it is
used a brushless synchronous machine.

The system preferably further includes sinus filter(s) which
is/are arranged between the frequency converter with Active
Front End control and the switchboard/grid. and possibly
between the electrical machine and its frequency converter.

The hybrid shaft generator drive is arranged for 4-quadrant
operation of the electrical machine, which electrical machine
can power the propulsion means with variable speed against
the switchboard with a fixed voltage and frequency in parallel
with the auxiliary generator set(s) or as an island unit, and
power the propulsion means together with the auxiliary gen-
erator set(s) or together with the main motor(s).

The 4-quadrant operation of the electrical machine is
achieved by arranging a static frequency converter, in the
form of a frequency converter with Active Front End control,
between the hybrid shaft generator drive and the switchboard/
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grid, which frequency converter has the same electrical char-
acteristics as a generator set. Using a static frequency con-
verter as a shaft generator will further optimize the hybrid
solution as regards fuel efficiency.

There are several advantages with this solution:

it makes 4-quadrant operations possible, which means that

the same electrical machine can be used as both genera-
tor and motor,

in motor mode the main motor and propulsion means can

be operated with variable speed whilst the grid is stable
and fixed,

as shaft generator it can be operated in parallel with other

auxiliary generator sets without load sharing problems,
even if main motor and propulsion means are operated
with variable speed,

as motor it can operate alone or together with the main

motor(s),

full power control is achieved in all modes,

it provides reduced complexity, as additional motor and

clutch are unnecessary when operating in motor mode,
it provides optimized system operation and a considerable
potential for fuel savings, and

it can be achieved a flexible propulsion system with fast

and easy mode change between generating and motor-
ing, and redundancy built in.

As mentioned the solution according to the invention gives
possibilities for defining different control modes, which will
be described below. The defined modes for the propulsion
system are selectable for the operator of the vessel. The dif-
ferent modes will have different qualities and the reason for
choosing a specific mode can vary, but criteria as fuel effi-
ciency, safety and comfort, will be a guide for the mode
selection.

The number of modes being available is usually defined by
the system configuration and the usage of the vessel.

In a hybrid propulsion system according to the invention
one will, for example, have the following basic modes avail-
able:

1. Electric power take in: The propulsion system is sup-
plied with power from auxiliary generator sets and is power
the propulsion means via the electrical machine via the trans-
mission device, while the main motor is disconnected.

2. Hybrid power take in: The propulsion system is supplied
with power from the auxiliary generator sets and is powering
the propulsion means via the electrical machine via the trans-
mission device. L.e. both the hybrid shaft generator drive and
main motor are powering the propulsion means via the com-
mon transmission device.

3. Power take out to grid: The main motor is powering the
propulsion means with varying speed depending on requested
output power. The hybrid shaft generator drive is now using
the electrical machine connected to the transmission device as
a generator to supply energy to the switchboard/grid. The
hybrid shaft generator drive is operating in parallel with the
auxiliary generator sets.

4. Power take out as island unit: The main motor is pow-
ering the propulsion means with variable speed depending on
requested power output. The hybrid shaft generator drive is
now using the electrical machine connected to the transmis-
siondevice as a generator and supplying power to the switch-
board/grid. The hybrid shaft generator drive is here supplying
fixed voltage and frequency to the switchboard/grid as an
island unit without auxiliary generators in parallel.

If desired the system can further be arranged with the
following modes:

5. Full hybrid operation: The hybrid shaft generator drive
has power available from energy storage, and possibly auxil-
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iary generator sets, and is operated as a full hybrid by using
the modes 1 to 4, depending on bridge command.

6. Shore power mode: The hybrid shaft generator drive is
supplied with power from a shore connection or energy stor-
age, and supplies the switchboard as the vessel is lying at port.

7. Pure mechanical operation: The hybrid shaft generator
drive is disconnected, while the main engine is powering the
propulsion means, and energy storage or auxiliary generators
is supplying the switchboard/grid with power. This mode can
also be arranged in the propeller control system.

Theuse ofa static frequency converter requires further than
one takes into consideration short circuit current and motor
starting capability, which can be implemented in the switch-
board design, so that safe operation of the switchboard is
achieved in all situations.

The entire vessel installation must be verified for start
current and inrush current, including all installed electrical
components. If some consumer units, motors, converters, etc.
has start current/inrush current near the properties of the static
frequency converter, special starters/pre-charge devices must
be installed to reduce start current/inrush current. Alterna-
tively, start inquiries are sent to the power management sys-
tem which only allows the electrical machine to start when the
correct conditions are available on the switchboard, even if
this means waiting while another generator starts.

The static frequency converter is capable of providing con-
tinuous short circuit current at zero voltage with nominal
voltage. This means that all protection on incoming feeders
must be set/verified to provide instantaneous disconnection at
the short circuit level of the static frequency converter to
ensure safe disconnection at errors and full system restoration
by the power management system.

Further details of the invention will appear from the fol-
lowing example description.

EXAMPLE

The invention will now be described in more detail with
references to the attached drawings, where:

FIG.1is a principle drawing of a hybrid propulsion system
according to a first embodiment of the invention,

FIG. 2 shows a short circuit test, and

FIG. 3 is a principle drawing of a hybrid propulsion system
according to a second embodiment of the invention.

Reference is first made to FIG. 1 which shows a principle
drawing of a hybrid propulsion system according to the inven-
tion. A system according to the invention includes a main
engine 11, usually in the form of diesel engines, for running
one or more propellers 12, preferably the main propeller of
the vessel. The main engine 11 is connected to the main
propeller 12 via a gearbox 13, and it is arranged a clutch 14
between the gearbox and the main engine 11 for disconnect-
ing the main engine 11. To the gearbox 13 is further an
asynchronous or synchronous AC-machine 15 connected via
a clutch 16 for disconnection of the electrical machine 15
from the gearbox 13. The electrical machine 15 is preferably
a permanent magnet motor, but also asynchronous motors or
brushless synchronous motors can be used.

The system further includes a hybrid shaft generator drive
20 which is arranged between the machine 15 and a switch-
board 40/grid. To the switchboard 40/grid is further arranged
one or more auxiliary generator sets 50a-b, which auxiliary
generator sets 50a-b includes a motor 51a-b configured to
power an electrical generator 52a-b, which auxiliary genera-
tor sets 50a-b are arranged to the switchboard 40/grid via
switches 53a-b. The switchboard 40 further controls the sup-
ply 41 to consumer units. The hybrid shaft generator drive 20
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further includes a switch 21 for connection of the drive 20 to
the switchboard 40, which switch 21 is controlled by a control
unit 22 via a switch control 23. The control unit 22, such as a
PLS, is arranged to/provided with an interface to a power
management system 100 and an interface to a propeller con-
trol system 110. The control unit 22 is further provided with
algorithms/software and/or means for controlling the system,
further described below. The drive 20 further includes a pre-
charge circuit 24 for pre-charging a DC-intermediate circuit
31, and a bidirectional AC/DC converter 25 with Active Front
End control 26, and a bidirectional DC/AC converter 27 con-
nected to the machine 15, which DC/AC converter 27 is
connected to a machine control unit 28 for controlling the
machine 15.

The drive 20 further includes a device 29 for excitation
control, arranged between the machine 15 and the control unit
22. The drive 20 further preferably includes one or more sinus
filters 30, which, for example, are arranged between the
AC/DC converter 25 and switch 21, and between the machine
15 and DC/AC converter 27.

In connection with the Active Front End control 26 it is
arranged a circuit 32 for reading voltage and phase angle for
the switchboard 40.

The function of the different components will appear from
the further description below.

The drive 20 and its components are preferable arranged in
a frequency converter cabinet in one or more sections.

By that the hybrid shaft generator drive 20 includes a static
frequency converter 25 with Active Front End control 26
4-quadrant operation of the electrical machine 15 is possible,
which machine 15 can power a propeller shaft with variable
speed against the switchboard 40 with fixed voltage and fre-
quency in parallel with other generators 50a-b or as an island
unit, and power the main propeller 12 together with the aux-
iliary generator set(s) 50a-b or together with the main engine
11.

This provides the following basic available modes for a
vessel provided with a hybrid propulsion system according to
the invention:

1. Electrical power take in: The propulsion system is sup-
plied with power from the auxiliary generator set(s) 50a-b
and is powering the main propeller 12 via the electrical
machine 15 connected to the gearbox 13, while the main
engine 11 is disconnected.

2. Hybrid power take in: The propulsion system is supplied
with power from the auxiliary generator set(s) 50a-b and is
powering the main propeller 12 via the electrical machine 15
connected to the gearbox 13. Le. that the hybrid shaft genera-
tor drive 20 and main engine 11 are powering the main pro-
peller 12 via the common gearbox 13.

3. Power take out to grid: The main engine 11 is powering
the main propeller 12 with variable speed depending on
requested output power. The hybrid shaft generator drive 20is
now using the electrical machine 15 connected to the gearbox
13 as a generator for supplying power to the switchboard
40/grid. The hybrid shaft generator drive 20 is here operated
in parallel with the auxiliary generator set(s) 50a-b.

4. Power take out as an island unit: The main engine 11 is
powering the main propeller 12 with variable speed depend-
ing on requested output power. The hybrid shaft generator
drive 20 is now using the electrical machine 15 connected to
the gearbox 13 as a generator for supplying the switchboard
40/grid. The hybrid shaft generator drive 20 is supplying fixed
voltage and frequency to the switchboard 40/grid as an island
unit without the auxiliary generator set(s) 50q-b in parallel.

The above mentioned modes are arranged in the control
unit 22, which controls the mentioned modes from mode
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selected by the operator of the vessel via the propeller control
system 110. The propeller control system 110 preferably
includes a separate mode for pure mechanical operation,
which means that only the main engine 11 is used.
Electrical power take in can be performed when the vessel
is operated as a diesel electric propulsion system, where the
auxiliary generator set(s) 50a-b is/are powering the propul-
sion system and switchboard 40/grid. The hybrid shaft gen-
erator drive 20 is connected to the switchboard 40 and is
supplied by the auxiliary generator set(s) 50a-b. The main
engine 11 is stopped and clutched out, while the electrical
machine 15 is clutched in and operates as a motor which
powers the main propeller 12. The control mode in the AFE
control 26 is AFE mode. In AFE mode the AC/DC converter
25 1s synchronized with the voltage of the switchboard 40,
controlling the current direction and amplitude based on the
DC-level in the DC-intermediate circuit 31. The converter 25
is further utilizing the sinus filter 30 to draw a sinusoidal
current from the auxiliary generator set(s) 50a-b to avoid
harmonic distortion on the grid. The converter 25 with Active
Front End control 26 is operating towards a fixed DC voltage
setin the DC-intermediate circuit 31, and the power direction
1s controlled based on that level The converter 27 with the
machine control unit 28 is using the DC voltage from the
DC-intermediate circuit 31, read by the converter 27, and is
operating the machine 15 in speed or power control depend-
ing on input from the propeller control system 110, which can
be selected by the operator of the vessel from the bridge.
Hybrid power take in can be performed when the vessel is
operated by using both main engine 11 and electrical propul-
sion and is then capable of delivering maximal propulsion
power. The auxiliary generator set(s) 50a-b is/are supplying
the switchboard 40, while the hybrid shaft generator drive 20
is connected to the switchboard 40 and is supplied by the
auxiliary generator set(s) 50a-b. The main engine 11 is run-
ning and is clutched in, while the electrical machine 15 is
clutched in and operating as a motor and is powering the main
propeller 12 together with the main engine 11. The control
mode in the AFE control 26 is also here AFE mode. In AFE
mode the AC/DC, converter 25 is synchronized with the volt-
age of the switchboard 40, controlling current direction and
amplitude based on the DC voltage level in the DC-interme-
diate circuit 31, read by the AC/DC converter 27. The sinus
filter 30 is utilized for drawing a sinusoidal current from the
auxiliary generator set(s) 50a-b to avoid harmonic distortion
on the grid. The converter 25 with AFE control 26 is working
towards a fixed DC voltage set in the DC-intermediate circuit
31 and the power direction is controlled based on that level. In
the converter 27 with the machine control unit 28 the DC
voltage from the DC-intermediate circuit 31 is used and oper-
ates the electrical machine 15 in hybrid power control.
Power take out to grid is performed when the vessel is
operated by the use of the main engine 11 and auxiliary
generator set(s) 50a-b, where the main engine 11 supplies the
switchboard 40 with power. The auxiliary generator set(s)
50a-b supplies the switchboard 40 in parallel with the hybrid
shaft generator drive 20. The main engine 11 is running and is
clutched in, while the electrical machine 15 is clutched in and
operates as a generator. The main engine 11 is powering the
main propeller 12 and the hybrid shaft generator drive 20. The
control mode in the AFE control 26 is grid mode. Ingrid mode
the AC/DC converter 25 with AFE control 26 is supplied from
the DC voltage in the DC-intermediate circuit 31. Further, the
sinus filter 30 is utilized to deliver a sinusoidal voltage to the
switchboard 40. The converter 25 with AFE control 26 has i
grid mode a frequency drop for power load sharing with the
auxiliary generator set(s) 50a-b and a voltage drop for reac-
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tive load sharing with the auxiliary generator set(s) 50a-b.
The output frequency set point is adjustable based on input
from a power management system 100 or synchronizer. Fre-
quency drop in the auxiliary generator set(s) 50a-b and the
hybrid shaft generator drive 20 will balance the active load
and the power management system 100 can change frequency
set point to compensate for change in frequency drop to
achieve desired switchboard 40 frequency, and balance the
load on the auxiliary generator set(s) 50a-b and the hybrid
shaft generator drive 20, if required. The electrical machine
15 is clutched in and is powered by the main engine 11, and
the converter 27 with the machine control unit 28 of the
hybridshaft generator drive 20 is magnetizing the machine 15
and the speed reference is set to zero. The amount of braking
torque which is applied to a shaft between the electrical
machine 15 and the gearbox 13 is controlled by an overvolt-
age controller in the machine control unit 28, which overvolt-
age controller is monitoring the DC voltage in the DC-inter-
mediate circuit 31, read by the converter 27 in the hybrid shaft
generator drive 20. Ifthe load on the switchboard 40 changes,
the DC voltage in the DC-intermediate circuit 31 will change
and the machine control unit 28 will change the motor braking
torque limit to compensate for the change in DC voltage. If
the rpm of the main engine 11 changes, the braking power
from the electrical machine 15 will change, this will change
the DC level in the DC-intermediate circuit 31. The machine
control unit 28 will then change the motor braking torque
limit to compensate for the change in DC voltage.

Power take out as an island unit is performed when the
vessel is operated by the use of the main engine 11, where the
main engine 11 is powering the switchboard 40. The hybrid
shaft generator drive 20 is supplying the switchboard 40. The
main engine 11 is running and clutched in, while the electrical
machine 15 is clutched in and is operates as a generator. The
main engine 11 is powering the main propeller 12 and the
hybrid shaft generator drive 20. The control mode in the AFE
control 26 is island mode. In island mode the DC/AC con-
verter 25 is supplied with DC voltage from the DC-interme-
diate circuit 31. The sinus filter 30 is utilized to deliver a
sinusoidal voltage to the switchboard 40. The AFE control 26
has in island mode a fixed output voltage and frequency. The
output frequency set point is adjustable based on input from
the power management system 100 or a synchronizer. The
electrical machine 15 clutched in and is powered by the main
engine 11, where the machine control unit 28 in the hybrid
shaft generator drive 20 is magnetizing the electrical machine
15 and the speed reference is set to zero. The amount of
braking torque applied to a shaft between the machine 15 and
the gearbox 13 is controlled by the overvoltage controller in
the machine control unit 28 which is monitoring the DC
voltage in the DC-intermediate circuit 31 by means of the
converter 27. If the load of the switchboard 40 changes, the
DC voltage in the DC-intermediate circuit 31 will change and
the machine control unit 28 will change the motor braking
torque limit to compensate for the change in the DC voltage.
If the rpm of the main engine 11 changes, the braking power
from the electrical machine will change, this will change the
DC level in the DC-intermediate circuit 31. The machine
control unit 28 will then change the motor braking torque
limit to compensate for the change in DC voltage.

When a new operation mode for the vessel is selected by
the vessel operator, the control unit 22 in the hybrid shaft
generator drive 20 gets a command from the propeller control
system to go to selected mode, or to start up in a certain mode.
Before changing mode or starting up the power management
system 100 and propeller control system 110 must confirm
that all conditions are meet. The control unit 22 will then
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change the control algorithm in the AFE control 26 and
machine control unit 28 to meet the selected control mode.
The control unit 22 will also check that all interlocks is as they
should, control main switch(es) and synchronize the AFE
control to the auxiliary generator set(s) 50a-b, if required.

Since the hybrid shaft generator drive 20 has a circuit 32 for
reading phase angle and voltage of the switchboard 40, it can
rapidly adapt the frequency and phase angle of the switch-
board 40, which makes safe and rapid synchronization to the
switchboard 40 possible. The control unit 22 will also control
and adjust current limits, force/power limits and generator
limits based on input from the power management system 100
and main engine speed.

The control unit 22 also controls mode change procedures,
such as synchronizing the rpm of the electrical machine 15 to
the main engine 11 before clutching in, power/force and
ramping torque up/down to smoothen the mode changes.

For the system to work as described a special design of the
switchboard 40 is requested, and the system must be provided
with a protection system for ensuring selectivity on the
switchboard 40 to avoid overload. As the hybrid shaft gen-
erator drive 20 is not capable of delivering the same amount of
short circuit current a standard generator, special precautions
have to be taken when it comes to design of the switchboard
40. The hybrid shaft generator drive 20 has current limit
function in the modes power take out as island unit and power
take out to grid. If the current limit is reached the AFE control
26 1s keeping the frequency, but adjusting output voltage to
ensure that the current limit is not exceeded, which is illus-
trated in FIG. 2. FIG. 2 shows a short circuit test of the hybrid
shaft generator drive 20, where the current limit is set to 200
A, output voltage to 400 V with a frequency of 50 Hz and a
frequency drop of 2%. An electrical protection relay between
the hybrid shaft generator drive 20 and the short circuit had a
delay of 200 ms. As the simulation shows the frequency is
stable with a frequency drop of 1 Hz, while the output current
is stable at the limit for 200 A and the output current drops as
the hybrid shaft generator drive 20 is short circuiting.

This means that if there is a short circuit near the hybrid
shaft generator drive 20 having low impedance, the switch-
board 40 voltage can go almost to zero. To ensure selectivity
in the electrical system on all outgoing feeders and the distri-
bution which have a short circuit level above or near the
current limit of the hybrid shaft generator drive 20, electrical
protection relays must be arranged at suitable positions, i.e.,
for example, in connection with switches 42 for consumers
41. This ensures selectivity in the system and the selectivity
can be achieved by using time instead of current as trigger.
Basically system design philosophy is that the further down in
the distribution system one gets, the shorter is the time delay
for switch disconnection. The same policy also applies for
time delays of under voltage releaser devices on switches
equipped with under voltage releasers. I.e. the further down in
the distribution system, the shorter time delay for under volt-
age releaser in switches.

Also consumers with high starting current or inrush current
as motors and large transformers must have special starters or
pre-charging devices to avoid that the inrush current exceeds
the current limit of the hybrid shaft generator drive 20, when
operating in the power take out to grid or power take out as an
island unit modes. This to avoid voltage drop and unnecessary
over dimensioning of the drive 20.

The hybrid shaft generator drive 20 also has a powering
limit function in the power take out to grid and power take out
as island unit modes, so that if the power limit is reached, the
AFE control 26 reduces the frequency and voltage according
to a linear voltage/frequency in order to not exceed the given
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power limit. By reducing frequency and voltage one will
reduce the power consumption on the switchboard 40, and it
is then natural to reduce the frequency and voltage linearly,
i.e. if the frequency is 80%, the voltage is 80% to not damage
inductive loads, and that secondary loads without under volt-
age releasers will fall out, if the system becomes overloaded.

Rating and overload capabilities of the hybrid shaft gen-
erator drive 20 is given by the demands from the grid it
supplies, and a normal over current rating will, for example,
be 120% of nominal current.

The hybrid shaft generator drive 20 can use permanent
magnet motors, asynchronous motors or brushless synchro-
nous motors in closed loop motor control. This can, for
example, be a standard brushless generator with small modi-
fications as a brushless synchronous motor. Permanent mag-
net motor is recommended due to high starting torque (100%)
and self-excitation. Current rating for the DC/AC converter
27 has to be calculated based on nominal current for the
machine 15. A brushless synchronous machine is self-exci-
tation, but has only limited starting torque (15-20%) and will
also need an excitation control 29 in the hybrid shaft genera-
tor drive 20.

Current rating for the DC/AC converter 27 has to be cal-
culated with a power factor which ensures regulator margin
for external excitation.

When it comes to power, torque and speed in power take
out to grid and power take out as island unit, the speed range
for the main engine 11 in power take out mode is normally
from 30-120% of nominal speed, where the amount of power
the hybrid shaft generator drive 20 can deliver to the switch-
board 40 is basically linear to the speed of the main engine 11
in relation to nominal speed, but is limited to 100%. The
hybrid shaft generator drive 20 can deliver fixed voltage and
frequency in the whole normal speed range of the main engine
11.

Asynchronous and permanent magnet motors are capable
of delivering 100% braking torque in a range from 0-100%
speed with the hybrid shaft generator drive 20, while brush-
less synchronous motors are capable of deliver 100% braking
torque from 30-100% speed with the hybrid shaft generator
drive 20.

As regards power, torque and speed in electrical power take
in and hybrid power take in, the speed and operation range
with asynchronous and permanent magnet motor is from
0-120% of nominal speed with the hybrid shaft generator
drive 20, while using an asynchronous or permanent magnet
motor will give 100% torque in the whole speed range, except
an field weakening area with the hybrid shaft generator drive
20. The power capability is linear to output speed since the
hybrid shaft generator drive 20 is capable of delivering 100%
torque in the speed range. The speed and operation range for
a brushless synchronous machine is from 30-120% of nomi-
nal speed with the hybrid shaft generator drive 20.

Using a brushless synchronous machine will give 100%
torque in the whole speed operation range (30-100% speed),
except for the field weakening area. Power capability is linear
to output speed since the hybrid shaft generator drive 20 is
capable of delivering 100% torque in the speed operating
range, where the starting torque and torque capability up to
25% of speed is limited to 15-20% torque.

Special considerations must also be made with regard to
the design of the frequency converter cabinet of the hybrid
shaft generator drive 20. The cabinet can be based on a cabinet
with normal Rolls Royce Marine AFE standard, but if a sinus
filter on the output is required due to electrical motor con-
struction or electromagnetic compatibility/acoustic noise
demands, an extra cabinet section is added for this filter. If a
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brushless synchronous machine is used as electrical machine
15 there will be arranged an additional excitation control 29 in
the cabinet.

Current rating can be done by standard AFE operation
based on dimension specifications mentioned above.

Note that if there are special starting current demands,
reactive load capabilities or minimum short circuit demands
that are bigger than normal power calculation/current dimen-
sioning of the hybrid shaft generator drive 20, these demands
will be the dimension criteria.

The AFE control 26 is further provided with software/
algorithms for normal AFE operation, but is modified to sup-
port the different modes and mode changing in the hybrid
shaft generator drive 20, as described above and excitation
control of the synchronous machine.

The hybrid shaft generator drive 20 is preferably also pro-
vided with a special interface diagram supporting additional
functions compared to a standard AFE interface. Additional
functions are typically communication between the control
unit 22 and power management system 100 for acquiring
information of power limits, and which mode being active.
Other communication is communication between the control
unit 22 and switchboard 40 about the number of generators
being connected to the switchboard 40, synchronization and
control of switches 21 of the drive 20, and changes of settings
for protection.

It will also be additional functions between the control unit
22 and propeller control system 110 for mode selection and
mode status.

Reference is now made to FIG. 3 which shows a principle
drawing of a second embodiment of a hybrid propulsion
system according to the invention. A second embodiment
according to the invention includes the same as the first
embodiment for performing the basic modes, i.e.:

1. electrical power take in,

2. hybrid power take in,

3. power take out to grid,

4. power take out as island unit,
but is in addition arranged for one or more of the following
modes:

5. full hybrid operation,

6. shore power mode, and

7. pure mechanical operation.

The mode for full hybrid operation includes that the hybrid
shaft generator drive 20 has energy available from an energy
storage 60, such as batteries, and is operated as a full hybrid
by stepless use of the modes 1 to 4, depending of bridge
command.

This means for the electrical power take in mode that the
main propeller 12 is powered by the auxiliary generator set(s)
50a-b, via the electrical machine 15 connected to the gearbox
13, while the main engine 11 is disconnected. The energy
storage 60 will, depending on the load level of the auxiliary
generator set(s) 50a-b, be charged or supply the electrical
machine 15 with power.

For the hybrid power take out mode this means that the
main propeller 12 is powered by that both the electrical
machine 15 and the main engine 11 are connected to the
gearbox 13, where the auxiliary generator set(s) 50a-b are
powering the electrical machine 15. The energy storage 60
will, depending on the load level of the auxiliary generator
set(s) 50a-b, be charged or supplying the electrical machine
15 with power.

In the power take out to grid mode this means that the main
engine 11 and the electrical machine 15 are connected to the
gearbox 13, where the main engine 11 is powering the main
propeller 12 with variable speed depending of required output
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power, while the electrical machine 15 is operated as a gen-
erator in parallel with the auxiliary generator set(s) 50a-b for
supplying power to the switchboard 40. The energy storage
60 will, depending on the load level of the auxiliary generator
set(s) 50a-b, be charged or supplying the switchboard 40 with
power.

For the power take out as island unit mode this means that
the main engine 11 and the electrical machine 15 is connected
to the gearbox 13, where the main engine 11 is powering the
main propeller 12 with variable speed depending on required
output power, while the electrical machine 15 is operated as a
generator for supplying fixed voltage and frequency to the
switchboard 40. The energy storage 60 will, depending on the
load level of the main engine 11, be charged or supplying the
switchboard 40 with power.

The shore power mode includes that the hybrid shaft gen-
erator drive 20 is supplied with power from a shore connec-
tion 61 or energy storage 60, such as batteries, and supplying
the switchboard 40 when the vessel lies at port. The hybrid
shaft generator drive 20 will adapt the shore power frequency,
phase sequence and voltage to the switchboard 40 of the
vessel. The hybrid shaft generator drive 20 also makes it
possible to run shore power in parallel with the auxiliary
generator set(s) 50a-b. This mode may also be used if the
vessel is supplied with power from other fixed installations,
such as platforms or other maritime vessels when the vessel is
fixed anchored. If power is available from the shore power
connection 61 this can be used for charging the energy storage
60 via a charge control unit 63.

The mode for pure mechanical operation includes that the
hybrid shaft generator drive 20 is disconnected and the main
engine 11 is powering the main propeller 12 and the auxiliary
generator set(s) 50a-b are supplying the switchboard.

For performing the additional modes this means that the
hybrid shaft generator drive 20 according to the invention
includes an energy storage 60, a shore power connection 61,
a device 62 for reading voltage and rectifying of shore power
to the properties of the hybrid shaft generator drive 20, and a
charge control unit 63 for controlling shore power and moni-
toring of the power reserve. The charge control unit 63 is
controlled by the control unit 22, which based on bridge
command and available power on the switchboard 40, deter-
mines if the energy storage is to be discharged or charged.
Modifications

For increasing redundancy in the system according to the
invention more than one AC/DC frequency converter 25 may
be used.

On a vessel having more than one main propeller 12 it will
be natural to wutilize one hybrid shaft generator drive 20 for
each main propeller 12, as these can supply separate switch-
boards 40, and possibly be operated in parallel.

The DC-intermediate circuit 31 can, when the vessel lies at
port, be supplied with shore power so that one does not need
to take phase sequence and frequency into consideration
when phasing in shore power.

The DC-intermediate circuit 31 can be provided with an
energy storage possibility for optimizing mode change and
possibly supply the switchboard 40 from an energy storage
when the load is low, for example at port.

All switches described above can consist of several
switches arranged in parallel or series to ensure redundancy,
so that if one switch fails, full safety of the system is still
achieved.

The system can include several frequency converters in
parallel for increased safety, so that one frequency converter
can take over for another if an error arises at this.
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The system according to the invention can also be utilized
as a standalone unit without being operated in relation to one
or more auxiliary generator sets. Electrical machines can then
be powered by the energy storage, and that the system can
operate as a shore power unit which makes it possible to
supply the vessel with correct voltage and frequency from
shore, and cooperating shore power with the auxiliary gen-
erator sets of the vessel.
The system can further be arranged to operate as an energy
storage unit for smoothening the load of the auxiliary genera-
tor sets, i.e. if there is a lack of power onboard, it will supply
the vessel from the energy storage, and when it is surplus
power it will store energy in the energy storage. This will be
the case when the vessel, for example, is performing a DP
operation where there are large energy variations, or electrical
machines, for example, are connected to a winch/crane,
which generates a lot of reverse power which the switchboard
normally is no able to receive.
The invention claimed is:
1. Hybrid propulsion system for a vessel, comprising:
one or more auxiliary generator sets (50a-b), which auxil-
iary generator sets (50a-b) includes a motor (51a-b)
configured to power an electrical generator (52a-b),
which auxiliary generator sets (50a-b) are arranged to
one or more switchboards (40)/grid via switches (53a-
b)

one or more propulsion means (12) for the vessel,

one or more main engines (11) for powering the propulsion
means (12),

one or more transmission devices (13),

wherein the main engine(s) (11) is/are connected to the
propulsion means (12) via the transmission device(s)
(13), and that there is arranged a connection device (14)
between the transmission device (13) and the main
engine (11) for connecting and disconnecting of the
main engine (11),

wherein one or more electrical machines (15) is/are
arranged to the transmission device(s) (13) via a connec-
tion device (16) for connecting and disconnecting of the
electrical machine (15) to the transmission device(s)
(13), and

wherein the system further includes:

one or more hybrid shaft generator drives (20), whichis/are
arranged between the electrical machine (15) and one or
more switchboards (40) of the vessel, which hybrid shaft
generator drive (20) includes one or more static fre-
quency converters, in the form of bidirectional fre-
quency converters (25) with Active Front End control
(26), which frequency converter(s) (25) is/are arranged
with parameters so that it has the same electrical char-
acteristics as a generator set;
wherein the hybrid shaft generator drive (20) is arranged
for powering the propulsion means (12), via the electri-
cal machine (15), with variable rotational speed against
the switchboard (40) with fixed voltage and frequency;

wherein the electrical machine (15) is a permanent magnet
motor that can be operated both as a generator and motor
when the main motor is running with a variable rota-
tional speed; and

wherein the hybrid shaft generator drive (20) is configured

to balance the active load between the auxiliary genera-
tor set(s) (50a-b) and the hybrid shaft generator drive
(20);

wherein the active load is balanced by one or more of the

following:

a) arranging the hybrid shaft generator drive (20) to com-

pensate the output voltage based on reactive current out
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from the hybrid shaft generator drive (20) for achieving
a desired reactive load distribution on the switchboard
(40),

b) arranging the hybrid shaft generator drive (20) to com-
pensate for changes in frequency drop to achieve desired
frequency for the switchboard (40), and

¢) arranging the hybrid shaft generator drive (20) to change
the amount of braking torque applied to a shaft between
the electrical machine (15) and the gearbox (13) for
compensating for the change in the DC voltage.

2. Hybrid propulsion system according to claim 1, wherein
the hybrid shaft generator drive (20) includes a switch (21) for
connection to the switchboard (40).

3. Hybrid propulsion system according to claim 1, wherein
the hybrid shaft generator drive (20) includes a control unit
(22) arranged to/provided with an interface to a power man-
agement system (100) and an interface to a control system
(110) for controlling the propulsion means (12).

4. Hybrid propulsion system according to claim 1, wherein
the hybrid shaft generator drive (20) includes a pre-charging
circuit (24) for pre-charging a DC-intermediate circuit (31).

5. Hybrid propulsion system according to claim 1, wherein
the hybrid shaft generator drive (20) includes a bidirectional
frequency converter (27) connected to the electrical machine
(15) and controlled by a machine control unit (28).

6. Hybrid propulsion system according to claim 1, wherein
the hybrid shaft generator drive (20) includes a device (29) for
excitation control, arranged between the electrical machine
(15) and the control unit (22).

7. Hybrid propulsion system according to claim 1, wherein
the hybrid shaft generator drive (20) includes one or more
sinus filters (30) for drawing a sinusoidal current to or from
the auxiliary generator set(s) (50a-b) for avoiding harmonic
distortion on the grid, and for delivering a sinusoidal voltage
to the switchboard (40).

8. Hybrid propulsion system according to claim 7, wherein
a sinus filter (30) is arranged:

between the frequency converter (25) with Active Front
End control (26) and the switchboard (40), and/or

between the electrical machine (15) and the frequency
converter (27).

9. Hybrid propulsion system according to claim 1, wherein
the hybrid shaft generator drive (20) is arranged for 4-quad-
rant operation of the electrical machine (15).

10. Hybrid propulsion system according to claim 9,
wherein the hybrid shaft generator drive (20) is arranged for
powering the propulsion means (12) in parallel with the aux-
iliary generator set(s) (50a-b), or as an island unit, and pow-
ering the propulsion means (12), via the electrical machine
(15), together with the auxiliary generator set(s) (50a-b), or
together with the main engine(s) (11).

11. Hybrid propulsion system according to claim 1,
wherein the hybrid shaft generator drive (20) includes a cir-
cuit (32) for reading voltage and phase angle for the switch-
board (40), arranged in connection with the AFE control (26).

12. Hybrid propulsion system according to claim 1,
wherein the switchboard(s) (40) is/are arranged for control-
ling the supply to other consumer units (41) onboard, via
switches (42).

13. Hybrid propulsion system according to claim 3,
wherein the control unit (22) is provided with algorithms/
software and/or means for controlling the hybrid shaft gen-
erator drive (20).

14. Hybrid propulsion system according to claim 1,
wherein when the electrical machine (15) is operated as a
motor, the main engine(s) (11) and propulsion means (12) can
be operated with variable speed, while the grid is stable and
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fixed, and that the electrical machine (15) can be operated
either alone or together with the main engine(s) (11).

15. Hybrid propulsion system according to claim 1,
wherein, when the electrical machine (15) is operated as a
generator, the machine can be operated alone or in parallel
with other auxiliary generator sets (50a-b) without load shar-
ing problems, even if the main engine(s) (11) and the propul-
sion means (12) are operated with variable speed.

16. Hybrid propulsion system according to claim 1,
wherein the hybrid shaft generator drive (20) includes an
energy storage (60), a connection for shore power (61), a unit
(62) for adapting voltage, phase and current to the properties
of the drive (20), and a charge control unit (63).

17. Hybrid propulsion system according to claim 1,
wherein the control unit (22) is provided with algorithms/
software for controlling the propulsion system, which control
includes one or more of the following modes for operation of
the vessel:

1. Electrical power take in, which includes that the propul-
sion means (12) are powered by the auxiliary generator
set(s) (50a-b), via the electrical machine (15) connected
to the gearbox (13), while the main engine(s) (11) is/are
disconnected;

2. Hybrid power take in, which includes that the propulsion
means (12) are powered by that both the electrical
machine (15) and main engine(s) (11) are connected to
the gearbox (13), where the auxiliary generator set(s)
(504-b) are powering the electrical machine (15);

3. Power take out to grid, which includes that both the main
engine(s) (11) and the electrical machine (15) are con-
nected to the gearbox (13), where the main engine(s)
(11) is/are powering the propulsion means (12) with
variable speed depending on required output power,
while the electrical machine (15) is operated as a gen-
erator in parallel with the auxiliary generator set(s) (50a-
b) for supplying power to the switchboard (40);

4. Power take out as island unit, which includes that both
the main engine(s) (11) and the electrical machine (15)
are connected to the gearbox (13), where the main
engine(s) (11) is/are powering the propulsion means
(12) with variable speed depending on required output
power, while the electrical machine (15) is operated as a
generator for supplying fixed voltage and frequency to
the switchboard (40), and that the auxiliary generator
set(s) (50a-b) is/are disconnected.

18. Hybrid propulsion system according to claim 17,
wherein the control unit (22) further includes a mode for full
hybrid operation, which includes stepless change of the
modes 1-4, where the energy storage (60), depending on the
load level of the auxiliary generator set(s) (50a-b), in the
electrical power take in and hybrid power take in modes, is
charged or supplying the electrical machine (15) with power,
and in the power take out to grid and power take out as island
unit modes, is charged or supplying power to the switchboard
(40), which results in more rapid and simple mode changes.

19. Hybrid propulsion system according to claim 17,
wherein the control unit (22) further includes a shore power
mode, which includes that the hybrid shaft generator drive
(20) is supplied with power from a shore connection (61) or
energy storage (60) and is supplying power to the switch-
board (40), where the hybrid shaft generator drive (20) is
arranged for adapting the shore power frequency, phase
sequence and voltage to the switchboard (40).

20. Hybrid propulsion system according to claim 19,
wherein the hybrid shaft generator drive (20) is arranged for
running shore power in parallel with operation of the auxil-
iary generator set(s) (50a-b).
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21. Hybrid propulsion system according to claim 16,
wherein the shore connection (61) is used for charging the
energy storage (60) via the charge control unit (63).

22. Hybrid propulsion system according to claim 1,
wherein the control unit (22) further includes a mode for pure
mechanical operation or that the propeller control system
(110) includes a separate mode for pure mechanical propul-
sion, which includes that the main engine(s) (11) is/are con-
nected to the gearbox (13) and powering the propulsion
means (12), and the auxiliary generator set(s) (50a-b) is/are
supplying power to the switchboard (40), while the electrical
machine (15) is disconnected from the gearbox (13).

23. Hybrid propulsion system according to claim 17,
wherein the balancing of the load is achieved in that the
hybrid shaft generator drive (20) is arranged for reading the
DC voltage in the DC-intermediate circuit (31), which read
DC voltage is an expression for the change of the load of the
switchboard (40), or the rpm of the main engine (11).

24. Hybrid propulsion system according to claim 1,
wherein the hybrid shaft generator drive (20) is arranged for
ensuring safe selectivity on the switchboard (40) in that it
includes a current limit function in the modes power take out
as island unit and power take out to grid, where the AFE
control (26), if a current limit is reached, is arranged to keep
the frequency, but adjusting the output voltage to ensure that
the current limit is not exceeded.

25. Hybrid propulsion system according to claim 1,
wherein the hybrid shaft generator drive (20) is arranged for
preventing overload of the hybrid shaft generator drive (20)
and main engine (11) in that it includes a powering limit
function in the modes power take out as island unit and power
take out to grid, where the AFE control (26), if a power limit
is reached, is arranged to reduce the frequency and output
voltage to ensure that the power limit is not exceeded.

26. Hybrid propulsion system according to claim 1,
wherein the system includes protection devices on all outgo-
ing feeders, such as the consumer units (41), for time-con-
trolled disconnection at under voltage to ensure safe discon-
nection at error and full system restoration on the switchboard
(40).

27. Hybrid propulsion system according to claim 1,
wherein the DC-intermediate circuit (31) is provided with an
energy storage possibility for optimizing mode change and
possibly supplying the switchboard (40) from the energy
storage (60) when the load is low.

28. Hybrid propulsion system according to claim 1,
wherein the control unit (22) is arranged for controlling and
adjusting current limits, force/power limits and generator
limits based on input from the power management system
(100) and main engine speed, and controlling synchroniza-
tion of the rpm of the electrical machine (15) to the main
engine(s) (11) before connecting, and powet/force and ramp-
ing of torque up/down for smoothening mode changes.

29. Hybrid propulsion system according to claim 1,
wherein the control unit (22) is arranged for adjusting the
output frequency and voltage to the switchboard (40) so that
the power management system (110) can compensate for
frequency drop when the hybrid shaft generator drive (20) is
operated in the power take out to grid mode, to be able to
distribute load with other generator sets.

30. Hybrid propulsion system according to claim 1,
wherein the consumer units (41) with high starting current or
inrush current are provided with special starters or pre-charge
devices, to avoid the inrush current from exceeding the cur-
rent limit of the hybrid shaft generator drive (24) at operation
in the power take out to grid and power take out as island unit
modes.
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31. Hybrid propulsion system according to claim 1,
wherein the hybrid shaft generator drive (20) is provided with
a power limit function in the power take out to grid and power
take out as island unit modes, so that if the power limit is
reached the AFE control (26) is reducing the frequency and
voltage according to a linear voltage/frequency to not exceed
the given power limit.

32. Hybrid propulsion system according to claim 1,
wherein the system includes a protection topology for ensur-
ing selectivity of the switchboard (40) at short circuiting,
which includes differentiated time-controlled protection
relays on outgoing distribution feeders, such as the consumer
units (41), with a current level adapted the current limit of the
frequency converter (25).

33. Hybrid propulsion system according to claim 1,
wherein the system is utilized as a standalone unit without
being operated in connection with one or more auxiliary
generator sets (50a-b), where electrical machines (15) are
powered by the energy storage (60), and that the system can
operate as a shore power unit which makes it possible to
supply the vessel with correct voltage and frequency from the
shore connection (61), and cooperating shore power with the
auxiliary generator sets (50a-b) of the vessel.

34. Hybrid propulsion system according to claim 1,
wherein the system further is arranged to operate as an energy
storage unit for smoothening the load on the auxiliary gen-
erator sets (50a-b), which includes that if there is a lack of
energy onboard it will supply the vessel with power from the
energy storage (60), and when it is surplus of power it will
store power in the energy storage (60).
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