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ELECTRIC POWER GENERATING SYSTEM

FIELD OF THE INVENTION

The present invention relates to electric power generating systems,
and more particularly to stand-alone electric power generating systems.

BACKGROUND OF THE INVENTION

Stand-alone electric power generating systems are used in situa-
tions or locations in which electrical connection to a wide area electrical net-
work is not possible. Such stand-alone systems are also used in ships, yachts
and other sea crafts in which prime movers connected to electrical generators
are employed for producing electrical energy to be consumed by the various
electrical devices in the ships or the like. The generated electrical energy is
used by the devices required for propulsion of the ship and for powering the
various components and systems related to the operation of the ship. Further,
in passenger ships, the passengers also consume vast amount of electrical
energy either directly with electrical equipment or indirectly using the comforts
available on board.

It is known to provide electrical energy to a ship by generating AC
power with generators connected to the prime movers. The prime movers use
various energy sources, such as diesel fuel and fuel oil, for producing rotation-
al movement for the generator. The generated AC power is transformed to a
suitable voltage level for different purposes. In large ships multiple generators
are operated in parallel and the operation is supervised by an upper control
system. The upper control system controls the power management of the gen-
erators by changing the number of active generators when the power demand
requires it. The upper control system is configured such that the operation of
the power generating system operates in a stabile manner regardless of the
changes in the power demand.

The control of the generated power is carried out by controlling the
fuel injection of the prime mover such that the prime mover keeps its rotational
speed constant. When, for example, the load of the generator increases, the
fuel injection is also increased so as to keep the rotational speed constant. As
the generator is connected directly to the shaft of the prime mover, the output
frequency of the generated AC power is also kept constant.

In another approach each prime mover - generator set is equipped
with an AC to DC rectifier. The outputs of the rectifiers are connected to a
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common DC bus. The generated electrical power is further converted to AC
power so that the power can be consumed with AC devices. In such structure
the output frequency of each generator - prime mover set can be controlled to
optimize the operation of the system. In a power generation system with DC
distribution the amount of electrical components is large as each generator
requires a separate rectifier. In large installations where the amount of installed
power is high, the required DC components, such as circuit breakers, are ex-
pensive as the operation is in medium voltage level. Further, another conver-
sion of power is needed when the DC voltage is converted back to AC voltage
for the consumers.

Document EP 2682339 A1 discloses a system, in which the fre-
quency of the AC-distribution network is variable. In the system the speed of
the prime movers is kept as low as possible to maximise efficiency.

BRIEF DESCRIPTION OF THE INVENTION

An object of the present invention is to provide a system and a
method so as to solve the above problems. The objects of the invention are
achieved by a system and method which are characterized by what is stated in
the independent claims. The preferred embodiments of the invention are dis-
closed in the dependent claims.

The invention is based on the idea of producing multiphase AC volt-
age with one or more generators to a common multiphase bus with an adjust-
able frequency and substantially constant voltage. The prime movers that are
used for rotating generators for producing electrical energy are given a rota-
tional speed reference that can be selected according to various aspects.

The advantage of the invention is that the operation point of the
prime movers can be set to desired value according to preferences of the op-
erator. The invention allows using a fixed rotational speed that is not neces-
sarily the nominal rotational speed of the prime movers. When a substantially
constant voltage is produced by the one or more generators, the generated
power is not dependent on the frequency and thus the full generating power is
available at all the frequencies. As the voltage is kept substantially constant
with varying frequency, each single consumer obtains full power without specif-
ic arrangements, such as frequency converters with active front ends. Thus the
frequency can be adjusted without sacrificing the available power to single
consumer.
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According to a preferred embodiment, the multiphase AC voltage
has amplitude which is controlled to be constant. When a fixed amplitude is
used, the magnetic flux of the magnetic components in the system changes as
the frequency is changed. However, if the amplitude of the voltage is slightly
reduced when the frequency is lowered, the increase of the magnetic flux can
be somewhat reduced.

According to an embodiment of the invention, a property relating to
the prime movers is optimized with the adjustment of the rotational speed ref-
erence. Such a property is, for example fuel consumption of the prime movers.
Thus in the embodiment, the rotational speed of the prime movers is allowed to
change to minimize the fuel consumption. The changed rotational speed of the
engines means also changed frequency of the generated AC voltage.

In known systems the rotational speed of the generators is kept
constant so that a fixed frequency is produced to the multiphase voltage bus.
This means that the power demand i.e. the load of the generators dictate the
operation point of the prime movers. The prime movers are typically optimized
for operation in certain power level with a fixed frequency. However, the
change in rotational speed also affects the consumption of fuel, and this prop-
erty is employed in the embodiment.

In an embodiment, the prime movers receive a rotational speed ref-
erence from the upper level control system, and the generators synchronize
their output frequency to the reference such that an alternating voltage bus is
formed in which the frequency is adjustable. Thus the upper level control sys-
tem optimizes the fuel consumption or other optimized property by instructing
the one or more parallel generators to run with a frequency that minimizes the
fuel consumption or other property of the prime movers.

In the invention, independent reference values for a rotational speed
of the prime movers and for amplitude of the multiphase voltage are provided.
Preferably the rotational speed reference is used for optimizing a property re-
lating to the prime movers and the amplitude reference is used for changing
the magnetic flux in the system such that the magnetic components are not
saturated.

With the present invention, reliable and robust AC technology can
be employed. Further, the system enables to transmit the electric power using
either AC technology or DC technology according to a selected design.

BRIEF DESCRIPTION OF THE DRAWINGS
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In the following the invention will be described in greater detail by
means of preferred embodiments with reference to the attached drawings, in
which

Figure 1 shows an example of consumption of fuel as a function of
rotational speed and generated power of a prime mover;

Figure 2 shows an embodiment of the system of the invention;

Figure 3 shows an example of power demand curve and system
frequency curve as a function of ship speed; and

Figure 4 shows a constant ratio line in voltage/frequency plane.

DETAILED DESCRIPTION OF THE INVENTION

Figure 2 shows a main circuit diagram of a system according to an
embodiment of the present invention. In Figure 2, four multiphase AC genera-
tors 1, 2, 3 and 4 are connected to an AC bus 5. The AC bus consists of bus
bars, i.e. conductors for each phase of the generated multiphase voltage and
of circuit breaker 6 which can be used for splitting the bus into two independent
sections even when the bus carries nominal current. In the example of Figure
2, the voltage of the bus and thus the output voltage of the generators is con-
stant 11 kV. The nominal powers of the generators may be in the class of
megawatts in which case the generated power is sufficient for electrifying large
ships with an electrical propulsion system.

Figure 2 further shows various loads connected to the AC bus. In
the example the propulsion system is driven electrically and Figure 2 shows
the power system 13 for the propulsion. Such power system comprises trans-
formers, frequency converters and a motor driving the propeller. Further loads
presented in Figure 2 include electric drive 11, 12 for compressor of the device
for producing chilled water for cooling purposes and direct on line connected
motor 10, such as a bow thruster.

Figure 2 shows further a transformer 7 intended to transform and
further distribute electricity within the ship for other functions of the ship. Such
other functions may relate to accommodation and restaurants in a passenger
ships and various working machines in different working vessels, such as drill-
ing and pumping machines. A possibility for DC distribution of power is also
shown in the example Figure 2, as an AC to DC converter 9 is presented con-
nected to the AC bus through a transformer 8.

As seen in the Figure 2, the various components and loads are pre-
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sented in duplicate. Due to redundancy requirements the prime movers and
the main electrical components are installed in at least two separate spaces.
Common AC bus connecting the spaces together can be split by opening the
circuit breaker 6.

According to the present invention the electric power generation
system of a ship comprises one or more generators 1, 2, 3, 4 for producing
electrical energy. In the example of Figure 2 four generators are presented.
The number of generators connected to the power generation system is not
limited to any specific amount. Each of the generators is driven with a corre-
sponding prime mover, such as a diesel engine. These prime movers are di-
rectly connected to the shafts of the generators so that the each generator ro-
tates with a corresponding prime mover.

As mentioned above, the generators used in the invention are multi-
phase AC generators. Typically, the generators are three-phase AC generators
producing three phase voltage. The generators used in production of power in
a large ship are megawatt class generators. The nominal powers of the gener-
ators may be equal or such that for example two generators are of smaller rat-
ing and rest of the generators have higher power rating.

The phase outputs of the generators are connectable to a common
multiphase bus. Figure 2 shows breakers between the bus 5 and the genera-
tors. The breakers are operated to adjust the production capacity connected to
the bus. The bus 5 consists of bus bars or similar conducting members that are
used for distributing the generated electrical power to the loads or consumers.
The phase number of multiphase bus corresponds to that of the generators,
and is typically a three-phase bus having three bus bars. The generators are
AC generators and the produced voltage has a frequency which is common to
all the generators.

In an embodiment of the invention, the amplitude of the generated
multiphase AC voltage is kept constant although the frequency of the AC volt-
age changes. When producing AC voltage with constant amplitude, the availa-
ble power stays constant irrespective of the frequency of the AC voltage. In
generators the constant AC voltage is obtained by controlling the magnetiza-
tion of the generators in a manner known as such.

According to the invention the system comprises means for provid-
ing rotational speed reference for the prime movers. As known, the rotational
speed of the prime mover define the frequency of the generated voltage as
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each prime mover is directly connected to a corresponding generator. In the
invention, the reference value for rotational speed of the prime mover is inde-
pendent from the reference value for amplitude of the multiphase voltage. That
is to say that separate reference values are given for amplitude and rotational
speed and the reference values are not directly proportional to each other. Fur-
ther in the invention, the electric power generation system is adapted to oper-
ate in at least three operation points on the basis of the reference values. The
operation point is defined as the ratio of the amplitude of the multiphase volt-
age to the frequency of the multiphase voltage.

In a typical control system for variable frequency operation of an
electrical system the frequency and amplitude of the voltage are controlied
such that the amplitude is changed on the basis of the change of frequency.
When the frequency is changed, the amplitude follows the change to maintain
the ratio of the amplitude of the voltage to the frequency constant. In the pre-
sent invention, the frequency and the amplitude of the generated voltage are
not controlled linearly dependent on each other which provide flexibility in the
design and use of an electrical power generation system.

The ability to provide a rotational speed reference for the prime
movers means that the frequency of the generated multiphase voltage can be
set to a given value based on specific need or purpose. The prime movers me-
chanically connected to the generators can be set to a desired rotational speed
and thereby the frequency of the outputted voltage follows the rotational speed
of the generators. The means adapted to provide the rotational speed refer-
ence are preferably implemented in an upper level control system, such as
power management system of a ship. A rotational speed reference for a prime
mover can be considered as a frequency reference as the relationship be-
tween the mentioned rotational speed and the frequency of the generated volt-
age is linear. Thus the upper level control system may provide a frequency
reference that is changed to be a corresponding rotational speed reference
that is given to the prime movers.

According to an embodiment of the invention, the system comprises
means that are adapted to optimize a property relating to the prime movers by
adjusting the rotational speed reference of the prime movers. Thus in the em-
bodiment the rotational speed reference and thus the frequency of the output-
ted voltage is changed so that a property relating to the prime movers is opti-
mized. The fact that a property is optimized refers to a set of actions in which
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the frequency of the outputted voltage is adjusted to a value where a measur-
able property relating to the prime movers is brought to a more desirable value.

According to an embodiment of the invention, the optimized property
relating to the prime movers is the fuel consumption of the prime movers. In
another embodiment of the invention, the optimized property relating to prime
movers is emission level of the prime movers. In another embodiment, the op-
timized property relating to prime movers is noise level of the prime movers.
When the produced amplitude of the AC voltage is kept constant while the fre-
quency is variable, the system enables optimization of the parameters in a
large scale. The rotational speed of the prime movers or the output frequency
can be adjusted to a point which optimizes the fuel consumption, for example,
and still the single users are able to draw their nominal power from the power
generation system.

In the following, an embodiment, in which optimized property relat-
ing to the prime movers is the fuel consumption of the prime movers, is de-
scribed in detail. In the embodiment, the frequency of the multiphase voltage is
adjusted or changed to take account the fuel consumption of the prime mov-
ers. The change of the frequency means in practice that the system is operat-
ing with a frequency that differs from the nominal frequency of the used
equipment. Preferably, the frequency and thus the rotational speed of the
prime mover are lowered from the nominal value and the preferred range in
which the optimization is carried out is in the speed range of 60% to 100% of
the nominal rotational speed of the prime mover. If the nominal frequency of
the electricity produced with the generators is 60 Hz, then the 60% rotational
speed of the prime mover produces voltage having a frequency of 36 Hz. Cor-
respondingly, if the nominal frequency of the generator is 50 Hz, then the 60%
rotational speed corresponds to voltage having a frequency of 30 Hz. The strict
limits of operation are, however, depending on the design and type of the
prime mover, and the lower limit of produced frequency may be as low as 50%
of the nominal frequency or even lower.

The above nominal frequency relates to the frequency of the output
voltage obtained when the prime mover is rotating at its nominal rotational
speed. This nominal rotational speed would in conventional operation produce
a frequency that is said to be nominal i.e. 50 Hz or 60 Hz.

Figure 1 shows an example of a chart indicating fuel consumption of
a diesel engine as a function of rotational speed of the engine and power of
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the engine. The fuel consumption is shown as change in g/kWh from the oper-
ation point with 100% rotational speed and 100% power level. The consump-
tion is read from the chart such that the lines indicate certain increase or de-
crease of the consumption in g/kWh. For example, the most optimal operation
point is approximately with 90% rotational speed and approximately 70% pow-
er marked with * in the chart. When departing from the circle, the consumption
increases. As seen from the chart, the change of consumption is greater in
lower range of produced power while in the higher range of power the space
between the lines is wider indicating smaller changes in the consumption when
the operation point changes.

According to a preferred embodiment of the invention the means
adapted to optimize a property, such as fuel consumption of the prime movers,
comprise a readable database indicating the amount of property, such as
amount of fuel consumption, as a function of rotational speed of the prime
mover and loading level of the prime mover. The readable database, such as a
look-up table, of the embodiment is a three-dimensional table in which the data
relating to optimized property relating to prime mover is stored in such a man-
ner, that the data can be accessed by a processor or similar device for reading
the data in different operation points. For that purpose the optimizing means
comprise means adapted to read the database on the basis of known loading
level of the prime mover and adapted to output a rotational speed value mini-
mizing or optimizing the desired property relating to prime movers.

In the invention, reference value is provided for the rotational speed
of the prime movers for generating multiphase voltage with a frequency corre-
sponding to the rotational speed. A rotational speed reference given to the
prime mover corresponds to a certain frequency reference for obtaining alter-
nating voltage having the desired frequency.

The frequency of the generated voltage is adapted to follow the ro-
tational speed reference. The reference is given preferably to the prime mov-
ers as a rotational speed reference that corresponds to the frequency refer-
ence. The prime mover acts to increase or decrease fuel injection such that the
rotational speed corresponds to the reference.

The chart of Figure 1 is stored as a readable database, such as a
readable table. According to the idea of the embodiment, when operating in a
steady state, the current consumption value is compared with other consump-
tion values with the same power level. For example, when operation is in the
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nominal speed of the generator and the generated and required power level is
50% of the nominal power, it can be read from the chart of Figure 1 that the
fuel consumption is minimized when the rotational speed of the prime mover is
lowered to approximately 85% of the nominal rotational speed. When values in
the table indicate that a lower consumption is available, a rotational speed ref-
erence is given to the one or more active prime movers. When the operation is
changed to another power level, the optimization procedure is repeated.

The consumption chart of Figure 1 is stored in accessible form for
each individual prime mover installed in the system. Look-up tables or similar
databases may also be formed for any combination of the prime movers in-
stalled in the system. When optimizing the fuel consumption, either the com-
bined chart indicating the consumption of currently active prime movers is read
or each individual chart corresponding to the currently active prime movers are
read and the corresponding fuel consumptions are summed to obtain com-
bined consumption.

Figure 3 shows an example of a power demand curve together with
system frequency and available power when the amplitude of the generated
voltage is controlled to be constant. The example of Figure 3 illustrates the
idea of the invention in a ship or a vessel in which four generators are con-
nectable to produce electrical energy to the system. In addition to speed de-
pendent propulsion power, the power demand curve includes constant auxilia-
ry load which is seen from the fact that power is demanded even though the
ship speed is zero.

As seen from the curves, when the speed of the ship is in the range
of zero to 50% of the full speed, one generator is sufficient to produce the de-
manded power. Thus the frequency can be changed to optimize a property
relating to the prime movers. When the power demand increases with increas-
ing ship speed, more generators are connected to produce power. For exam-
ple, when the ship speed exceeds 50% of the maximum speed, a second gen-
erator is connected to produce power and at the same time, the system fre-
quency can be lowered. Similarly with increasing power demand more genera-
tors are connected to the system. When power demand is reduced, the num-
ber of the active generators can be decreased.

The above example is to illustrate the operation of the power gener-
ation with respect to frequency of the generated voltage. In the optimization of
certain parameter multiple generators may be employed even though enough
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power would be available with smaller amount of generators. This is due to the
fact that parameter optimization takes into account the power levels of individ-
ual generators. As an example, it might be desirable to produce power with
three generators with 63,3% of the maximum capacity of the generators than
two generators with 95% capacity.

The means adapted to optimize a property relating to the prime
movers, such as the fuel consumption, is preferably formed in an upper level
controller that also controls other functions relating to the power generation
system of the ship. The upper level controller receives information on the
amount of produced power and on the requested power. Based on the pro-
duced power and requested power the upper level controller decides whether
to change the generators currently in use or to continue operation with the cur-
rent set-up. In deciding the operating generators, the optimization is taken into
account. If, on the basis of the stored charts, it is foreseen that the fuel con-
sumption is reduced if the current load is shared with multiple prime movers,
then the upper level controller conducts such operation and sets a rotational
speed reference or a frequency reference to optimize the fuel consumption. In
similar manner, the upper level controller may decrease the number of prime
movers in use.

As mentioned, the rotational speed of the prime movers, and thus
the generated frequency, is allowed to vary within certain limits. The various
electrical components required for operation of power generating system are
able to function within the set limits. According to the invention, a reference
value for the amplitude of the generated voltage is provided independently of
the rotational speed reference. When, according to an embodiment of the in-
vention, the voltage is kept constant, the various magnetic components, such
as generators and transformers need to be designed to take account such op-
eration.

When the amplitude of voltage is kept constant with a fixed refer-
ence value, and the frequency varies, the ratio between amplitude and the fre-
quency in not constant. As known, when the mentioned Volts/Hertz —ratio is
kept constant, the magnetic flux in the magnetic components is also constant.
According to an embodiment, the amplitude of the voltage is kept substantially
constant while the frequency is adjusted. Therefore, in the system of the inven-
tion the magnetic flux in the magnetic components, such as transformers, gen-
erators and electric motors, varies. The variation of the magnetic flux needs to
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be taken into account so that the magnetic parts cannot be saturated. The
magnetic parts of the components need to be designed according to the lowest
possible frequency. In practice, the size of magnetic parts, such as iron cores
of transformers, generators and motors, needs to be increased such that the
magnetic cores are not saturated. The larger core structures enable to use
lower system frequencies and therefore optimization of the operation of the
system can be carried out in wider range.

According to an embodiment, the optimized property relating to the
prime movers is an emission level of the prime movers. As with the above de-
scribed embodiment relating to optimizing the fuel efficiency of the prime mov-
ers, a chart or similar table can be formed of the emissions of the prime mov-
ers. Such a chart represents the level of emissions as a function of the rota-
tional speed of the prime movers and the generated power. The operation and
structure of the embodiment is similar to that of the above described embodi-
ment relating to fuel efficiency with the exception that instead of optimizing fuel
consumption of the prime movers, the emission level is optimized. The emis-
sions level of prime movers is not necessarily at the lowest when the consump-
tion of the prime movers is optimized. The emission levels depend on the type
of prime mover and on the type of the fuel used in the prime mover. Further,
the optimization of the emission level may be based on different emissions,
such as air pollutants or greenhouse gases. When operating according to the
embodiment, a selected property of the emissions is optimized, or preferably
minimized, by adjusting the rotational speed of the prime movers.

According to another embodiment of the invention, the property re-
lating to the prime movers is noise level of the prime movers. As some rota-
tional speeds of the prime movers may wake resonances or otherwise be nois-
ier than other rotational speeds, the rotational speed of the prime movers is
optimized according to the noise level when silent operation is preferred. As
with the above embodiments, a chart or look-up table may be formed of noise
levels with different rotational speeds and power levels. When operating in
such silent mode, the rotational speed of the prime movers is selected that op-
timizes the noise level. When a chart or look-up table is formed, the operation
and structure of the optimization is as described above.

Further, the noise level may also be optimized by selecting a set ro-
tational speed in which the system operates. In such an embodiment the rota-
tional speed of the prime movers is fixed and it does not change despite the
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changes in the power level. The optimization of noise level may be desirable in
some situations. For example, when departing from a port the noise level of
the thruster motors can be lowered by lowering the rotational speed of the
prime movers to the lowest allowable speed or any other rotational speed
which is known to provide lowest noise level. In some cases, the thruster mo-
tors are directly connected to the AC bus and rotate at a speed depending on
the frequency of the voltage. When the rotational speed reference and thus the
frequency can be adjusted, also the rotational speed of the thrusters is adjust-
ed. The noise from the thrusters can be minimized by selecting a suitable fre-
quency of the generated AC voltage.

As, according to the invention, a rotational speed reference for
prime movers is provided, the frequency of the generated voltage can be
forced or set to be at the nominal frequency by giving a fixed rotational speed
reference to the prime movers. This effectively removes the optimization from
use, and the system acts as a traditional system. The optimization can again
be taken into use at any time.

The operation point of the prime movers is changed in an embodi-
ment of the invention due to optimization of fuel consumption. The obtained
savings can be up to 10% with respect to conventionally operated power gen-
erating system.

The rotational speed of the prime movers and thus the frequency of
the voltage are optimized preferably when the power demand has been stable
for a prescribed time period. The rotational speed reference of the system is
not necessarily changed with each change of power level. Typically long voy-
ages are made with large ships and thereby ships are operated for long peri-
ods in substantially constant conditions. Such long periods of time with con-
stant speed of the ship are suitable conditions for optimization of the fuel con-
sumption. According to an embodiment of the invention, the means adapted to
optimize a property relating to the prime movers are operated after the load
level of the generators has been in a substantially constant level for a set peri-
od of time. The set period of time can be in the range of 10 to 15 minutes, for
example. However, the set period of time can be set manually to a desired val-
ue such that the optimization can react more promptly to changed conditions.
The optimization can also be initiated or forced by a personnel when, for ex-
ample a new power level is required and reached by a command originated
from the increase of cruise speed, the personnel can initiate the optimization
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instantly when the power level and the speed is obtained.

The main consumer of the produced power in a ship or vessel is
typically the propulsion system. Therefore the optimization of the fuel con-
sumption or emission level is preferably based on the power used by the pro-
pulsion system. The above referred substantially constant load level refers to a
load level, which does not show increasing or decreasing trend, but has been
stabile with variations within few percentages of the power level.

Figure 1 shows under the horizontal axis the possible variation of
the output frequency of the voltage produced by the generators with respect to
variation in the rotational speed of the prime movers when the nominal fre-
quency of the generator is 60Hz.

In the optimization, the means adapted to optimize the fuel con-
sumption may also include a model of the generators. In such a case the oper-
ation of the generators is simulated in the model. The model gives estimates
on the property relating to the prime movers and on the property with differing
rotational speeds. Once the model produces optimized property, such as min-
imum fuel consumption, in a certain rotational speed value, the rotational
speed is given as a reference to the actual process.

According to an embodiment of the invention the means adapted to
optimize a property relating to the prime movers comprise means adapted to
receive values of the optimized property during the use of the prime movers.
These received values are gathered during preferably before the optimization
for producing the readable look-up table or similar database. For receiving the
values the system receives signals representing values that are measured
form the system. Such values are, for example, fuel consumption data. The
measured fuel consumption is communicated to the means adapted to opti-
mize the property together with rotational speed and power level data such that
a readable chart, map, look-up table or similar database can be formed.

The readable database, such as a look-up table may also be pro-
vided by the manufacturer of the prime mover. If, however, such a database is
not provided, it can be formed during the use of the prime movers when the
ship is in operation. In such a case during the use of the ship the rotational
speed of the generators are adjusted manually or with a certain logic in differ-
ent power levels. The optimized property, such as fuel consumption, is meas-
ured and stored to form a database which can be used for optimization pur-
poses.
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Any measurable property relating to the prime movers can be stored
to form such a database, and based on the database the property can also be
optimized by changing the rotational speed to a value that optimizes the prop-
erty. Further, it may be advisable to update the database with measured data
as the properties of the prime movers may change during use and variations
fuels used in the prime movers may change the optimum areas of operation.

The frequency of the AC voltage generated by the system of the in-
vention is not fixed to 50Hz or 60Hz. If some consumers or loads demand sta-
ble frequency for the operation, this can be carried out by employing a con-
verter device for providing such voltage. The converter may be a frequency
converter connected directly to the variable frequency AC voltage or an invert-
er connected to DC voltage if such is available. As the voltage of the genera-
tors is kept substantially constant, frequency converters employed in the sys-
tem for various loads do not require active front-end converters. That is to say
that frequency converters of the system can operate with passive rectifying
bridges as the voltage does not have to be boosted in the frequency convert-
ers.

The prime mover employed in the invention can be of any type of ro-
tating machine that produces rotational movement from an energy source. Ex-
amples of such machines include, but are not limited to, combustion engines,
such as diesel engines, gas turbines or engines that use fuel oil or gas in any
form. The chart of Figure 1 is further given as an example of a chart that can
be used in optimizing a property relating to prime movers. The chart of Figure
1 drawn up to illustrate the advantages obtained with the invention.

The type of generator connected to the shaft of the prime mover is
not limited to any specific type of generator. Preferably the one or more gener-
ators of the invention are synchronous generators. However, the invention can
be embodied also with other AC generators.

According to the invention, a reference value for the amplitude of
the multiphase voltage is provided. The reference value for the amplitude may
have a constant value whereby the generator is then adapted to operate such
that a fixed amplitude is produced. As known, although the reference for ampli-
tude is fixed, the amplitude may vary within certain limits taking into account
the dynamic changes the system. For example, the amplitude may vary within
limits of + 5% of the nominal or rated value of the voltage.

The system of the invention is adapted to operate in at least three
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operation points, and the operation points are defined by ratio of the amplitude
of the multiphase voltage to the frequency of the multiphase voltage. The three
operation points may by, for example operation points in which the amplitude
of the voltage is constant and the frequency has three different values, such as
the nominal frequency of the system, lowest allowable frequency of the system
and a frequency corresponding to 90% of the nominal frequency of the system.
Further, the three operation points may be operation points in which frequency
is constant and voltage has values 100%, 98% and 97% of the nominal volt-
age. It is clear, that the at least three operation points can be achieved in mul-
tiple of ways.

According to an embodiment, the operation point has a lowest value
at the nominal frequency and at the nominal voltage. The above electrical op-
eration point defines the operation in voltage/frequency plane. When the low-
est value of the ratio is at the nominal frequency from and at the nominal volt-
age Vaom as shown in Figure 4, the other possible operation points situate
above the constant ratio line 41 of Figure 4. When the frequency of an electri-
cal system is changed using the known constant Volts/Hertz —ratio, the above
defined operation point remains constant and follows the mentioned line 41.

According to the present disclosure, the amplitude of the generated
voltage is adjusted to vary together with the frequency such that constant
Volts/Hertz —ratio is not maintained. For example, the amplitude of the voltage
is lowered by 5% from the rated value when the frequency is at the lowest al-
lowable value which may be, for example 75% of the nominal frequency. With
such a decrease of the amplitude of the voltage the magnetic components
need to be designed to withstand only slightly higher magnetic fluxes without
saturation than normally. In this manner, the voltage can remain at the rated
value for smaller frequency variation and be reduced only at higher frequency
decreases. The change of voltage amplitude with respect to frequency does
not have to be linear. The rotational speed reference and voltage amplitude
reference are provided separately to the generator - prime mover combination.
Although the references are independent from each other, a certain relation
between the references can be provided. Further, when the relation between
the frequency and the amplitude of the voltage is set, the amplitude reference
can be read from a table or similar when a rotational speed reference is given.

According to an embodiment, the reference value for amplitude of
the multiphase voltage is adapted to be changed to decrease the change of
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the magnitude of magnetic flux such that maximal increase of the magnitude of
magnetic flux is limited to approximately 5% of a rated magnitude of magnetic
flux.

The slight adjustment of voltage with respect to frequency is espe-
cially suitable for retrofit applications where an existing installation is turned
into variable frequency system without changing all the components. In such
connection, the magnetic design of the existing magnetic components is ana-
lysed and the frequency-voltage characteristics are defined to comply with the
system components. In connection with new installations the slight lowering of
the amplitude of the voltage gives possibilities in design of the magnetic prop-
erties of the system components. When the amplitude of the voltage is low-
ered, the magnetic cores can be made somewhat smaller. However, when the
amplitude of the voltage is reduced, the power available to single consumers is
reduced and the optimization of the operation of the system is somewhat re-
duced.

In the above, the system is described in connection with a ship or a
vessel. The system can also be used as a separate micro-grid in which electri-
cal energy is produced using generators rotated with prime movers.

It will be obvious to a person skilled in the art that, as the technology
advances, the inventive concept can be implemented in various ways. The in-
vention and its embodiments are not limited to the examples described above
but may vary within the scope of the claims.



10

15

20

25

30

MCSLLP
17

CLAIMS

1. An electric power generation system of a ship comprising one or more
generators (1, 2, 3, 4) for producing electrical energy, each generator (1, 2, 3, 4)
being driven with a corresponding prime mover, wherein

the generators are multiphase AC generators adapted to generate
multiphase voltage and

the phase outputs of the generators are connectable to a common
multiphase bus (5) for distributing the electrical energy generated by the AC
generators, the generated multiphase voltage having a frequency, wherein

the system further comprises means adapted to provide an adjustable
frequency reference for the generated multiphase voltage and the frequency of
the generated voltage is adapted to follow the adjustable frequency reference,
characterized in that,

the electric power generation system comprises means adapted to

optimize a property relating to the prime movers by adjusting the adjustable
frequency reference of the multiphase voltage, wherein the means adapted to
optimize a property relating to the prime movers comprise

a readable database indicating the optimized property as a function of
rotational speed of the prime movers and loading level of the prime movers, and

means adapted to read the database on the basis of a known loading
level of the prime movers and adapted to output a rotational speed optimizing

the property relating to the prime movers.

2. An electric power generation system according to claim 1, wherein the
means adapted to optimize a property relating to the prime movers comprise
means adapted to receive values of the optimized property during the use of the
prime movers, and

means adapted to store the received values of the optimized property
together with respective loading level and rotational speed in a readable

database.
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3. An electric power generation system according to claim 1 or 2, wherein
the means adapted to optimize the property relating to prime movers are
incorporated in an upper level control system, such as power management

system.

4. An electric power generation system according to any one of the
previous claims 1 to 3, wherein the means adapted to optimize the property
relating to prime movers comprise further an lower limit value for the frequency
reference of the generated multiphase voltage, which is preferably 60% of the

nominal frequency of the one or more generators.

5. An electric power generation system according to any one of the
previous claims, wherein the one or more AC generators (1, 2, 3, 4) are three-

phase generators.

6. An electric power generation system according to any one of the
previous claims, wherein a converter device is connected to the common

multiphase bus for producing a voltage having a fixed frequency.

7. An electric power generation system according to any one of the
previous claims, wherein the means adapted to optimize the property relating to
the prime movers are operated after the load level of the generators has been in

a substantially constant level for a set period of time.

8. An electric power generation system according to any one of the
previous claims 1 to 7, wherein the property relating to the prime movers is fuel

consumption of the prime movers.

9. An electric power generation system according to any one of the
previous claims 1 to 7, wherein the property relating to the prime movers is

emission level of the prime movers.
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10. An electric power generation system according to any one of the
previous claims 1 to 7, wherein the property relating to the prime movers is

noise level of the prime movers.

11.  An electric power generation system according to claim 1, wherein the

frequency reference of the multiphase voltage is adjusted to a fixed value.

12. A method in an electric power generation system of a ship comprising
one or more generators (1, 2, 3, 4) for producing electrical energy, each
generator (1, 2, 3, 4) being driven with a corresponding prime mover, wherein
the method comprises

generating multiphase voltage with multiphase AC generators,

providing an adjustable frequency reference for the generated
multiphase voltage,

connecting the phase outputs of the generators to a common multiphase
bus (5) for distributing the electrical energy generated by the AC generators, the
generated multiphase voltage having a frequency which follows the adjustable
frequency reference,

characterized in that, the method further comprises

adjusting the adjustable frequency reference of the multiphase voltage
to optimize a property relating to the prime movers,

providing a readable database indicating the optimized property as a
function of rotational speed of the prime movers and loading level of the prime
movers, and

reading the database on the basis of a known loading level of the prime
movers and outputting a rotational speed optimizing the property relating to the

prime movers.



