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Drive Arrangement for a Mechanical Driven Equipment

Description
TECHNICAL FIELD

[0001] The present disclosure concerns a drive arrangement to drive a mechanical

driven equipment in a train system.
BACKGROUND ART

[0002] Mechanical driven equipment or loads, such as pumps or compressors, are
driven by appropriate high-power sources. Among these power sources can be men-
tioned gas turbines, steam turbines, expanders, high-power diesel and gas engines or

electric motors.

” o«

[0003] In general, there are available in the market systems, called “trains”, “train
systems” or similar, where a power source drives a load, such as one or more compres-
sors, pumps or ship propellers, through transmission equipment. More specifically, the
transmission of the power from the power source to the mechanically driven equipment
(or load) takes place through an input shaft, which the power source is connected to,
an output shaft, connected to the load L, and a gearbox to change the transmission ratio
between the speed of the input shaft (namely of the power source) and the output shaft
(namely of the load). Hereafter, for ease of reference only, a system comprising a
power source, a gearbox, and a load, e.g. a compressor, may be referred to as a “train”,

a “train system” or a “train plant”.

[0004] The gearbox can be of different types, and in particular, it can be fixed or var-

iable gear ratio type.

[0005] In general, changing the speed of driven equipment in several circumstances is
necessary. Therefore, if a fixed transmission ratio is used in a system, it is usually
required that the driver equipment, i.e. the power source, is capable of changing the
rotational speed of the transmission input shaft. In this case, the only possible drivers
or power sources can be a Variable Frequency Drive (VFD) electric motor, a double-
shaft gas turbine, a steam turbine, an expander, a diesel engine or a gas engine, for

instance. In fact, these kinds of power sources can vary the speed. However, these
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systems turn out to be complex from the technical point of view, since it is necessary
to equip the plant with large frequency converters, for electric motors, or to increase

the mechanical complexity of power sources.

[0006] Additionally, in case the driver is an electric motor with VFD, the train system
can experience sub-synchronous torsional interactions, which can be transferred to
other train systems, such as generator drive or mechanical drive trains, through net-
work disturbances. In this case the train system is not optimized in terms of CAPEX

(footprint and weight) and OPEX (efficiency).

[0007] If a variable-transmission-ratio gearbox is used, a fixed speed electric motor or
a single-shaft shaft gas turbine can be used as power source. Train systems equipped
with variable gear ratio gearbox usually comprise epicyclic type or derived gearboxes.
This type of gearboxes generally includes an annulus wheel, a plurality of star wheels,
meshed with the annulus wheel, held together by a star carrier, and a sun wheel, in its
turn meshed with the star wheels. The transmission ratio of a variable gear ratio epi-
cyclic gearbox can be varied by varying the rotational speed of the star carrier with
respect to the annulus wheel or vice versa, by varying the rotational speed of the an-
nulus wheel with respect to the star carrier, respectively assuming that the transmission
input shaft is coupled to the annulus wheel or to the star carrier. The use of a variable
gear ratio gearbox allows for greater design flexibility. As alternative to the epicyclic
type gear a layshaft gear arrangement can be used to realize a variable-transmission-
ratio gearbox, this including an input sun wheel, a plurality of star wheels, meshed
with the input sun wheel, held together by a star carrier, and an output sun wheel, in

its turn meshed with the star wheels.

[0008] In a train system that provides a gas turbine as driver, in case of direct mechan-
ical connection through a fixed speed ratio transmission to the load during the start-up
of the gas turbine, part of the torque is transferred to the transmission output shaft,
which the load is connected to. This entails the need for the gas turbine to bear a load
resistance at the start-up, which implies the impossibility to use single shaft gas tur-
bines due to their torque output limitations during the start-up. To prevent this kind of
problem, usually, one or more clutches or large starter equipment such as electric mo-
tors, steam turbines or expanders are provided, which necessarily increase the cost of

the plant, as well as efficiency losses.
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[0009] Also, in a train system that provides an electric motor as a driver, in case of
direct mechanical connection through a fixed speed ratio transmission to the load, at
the start-up phase, the electric motor bears the load resistance, given by its inertia.
Thus, it is necessary to use motors with a greater power to cope with the power peak
needed during the start-up phase. This entails an increase of the train plant cost. Also,
in this case, the only alternative to a higher power electric motor is the use of one or

more clutches in the transmission chain.

[0010] The prior art includes the US patent US6715291 B1, which covers automotive
applications to drive a load terminal. The document discloses the control of a gearbox
by speed ratio generator unit arranged such that it can control the operation of the star
wheels carrier only in one sense of rotation. Therefore, the drive arrangement can have
only one power input two power outputs, while the present disclosure concerns a drive
arrangement that can have one power input one power output, one power input two

power output and two power input one power output.

[0011] Also the prior art includes the US patent application US 2014/0378257 Al,
which discloses the control of the gear-shaft, which has the main drawback to be cum-

bersome.

[0012] On the basis of the above, an improved variable speed ratio transmission, com-
pact in size and, at the same time, able to disconnect the driven equipment from the
driver during the driver start-up sequences, to realize no-load starts-up, and then able
to synchronize the driven equipment speed from stand-still to the driver, which is al-
ready at its nominal speed, would be welcomed in the industry, to allow train arrange-
ment flexibility and, at the same time, capable to control the driven equipment speed

to cover any operating condition.
SUMMARY

[0013] In one aspect, the subject matter disclosed herein is directed to a layshaft gear
arrangement, which can be a speed reducer or a speed increaser, with two sun wheel
shafts, three or more compound star wheel shafts, and a star wheels carrier. The star
carrier speed is controlled by a motor-generator unit (also called speed ratio motor-
generator unit - MGU), which acts as a continuous controlled variable torque system

(CCVT). By changing the star carrier speed, the gear input/output speed ratio can be
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continuously changed.

[0014] An additional motor-generator unit (called power balance motor-generator unit
- MGU) can be present or not, to hold the gear output shaft and thus allow the speed
ratio motor-generator unit to start-up a power source, such as a single-shaft gas turbine,
a synchronous electric motor, a diesel and gas engine, or to keep the power sources
running to cover transient operating conditions like idle, crank, online water wash,

cooldown.

[0015] The mentioned power balance motor-generator unit will allow to keep the
power sources, like single and double shaft gas turbines or steam turbines or diesel and
gas engines, running at their maximum efficiency conditions, thus enabling gas/elec-
tric or steam/electric or diesel/electric power balance based on energy availability and
cost, thus for instance covering gas turbines power surplus/deficit based on ambient
conditions (winter/summer or night/day ambient temperature variation), thus enabling

electric energy storage in battery systems to build spinning reserve.

[0016] The speed ratio motor-generator unit includes stator winding, stator core, per-
manent magnet rotor core to be radially installed on the star carrier, while the Power
Electronic includes an active front-end variable frequency drive in low voltage, and a
system control logic, in order to take or deliver energy to the grid or to a battery system.
This is commercially relevant being enabled for energy-saving and storage in applica-

tions with gas turbines.

[0017] The power balance motor-generator unit includes stator winding, stator core,
permanent magnet rotor core to be radially installed on the gear output shaft, while the
Power Electronic includes an active front-end variable frequency drive in low voltage,
and a system control logic, in order to take or deliver energy to the grid or to a battery
system. This is commercially relevant being enabled for energy-saving and storage in

applications with gas turbines.

[0018] In an aspect, the subject matter disclosed herein concerns a drive arrangement
connected between a power source and an equipment or load to be driven. The drive
arrangement comprises a hybrid gearbox, having a layshaft gearbox comprising a star

carrier, configured to adjust the transmission speed ratio between the power source and
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the driven equipment. The hybrid gearbox also comprises a speed ratio motor-genera-
tor unit, configured to control the rotation of the star carrier, which, the motor-gener-
ator unit, is arranged around the star carrier. In other words, the motor-generator unit
is arranged annularly around the star carrier. It may be a brushless permanent magnet

annunarly arranged , and installed directly on the start carrier outer diameter.

[0019] In another aspect, disclosed herein is a star carrier having a body with an out-
side diametral surface, where the rotor of the speed ratio motor-generator unit is in-
stalled. The rotor may comprise a plurality of permanent magnets installed on the out-

side diametral surface of the star carrier.

[0020] A further aspect of the present disclosure is drawn to a method for operating a
train system with a power source, a drive arrangement and a load (driven equipment).
It comprises the steps of operating the speed ratio motor-generator unit to adjust the
rotational speed of a star carrier, to set the transmission speed ratio of the layshaft
gearbox so as to adjust the speed and the torque at the output shaft of the drive arrange-

ment.

[0021] In another aspect, disclosed herein is a train system having a single-shaft gas
turbine as power source, wherein the speed ratio motor-generator unit rotates the star
carrier to set the transmission ratio such that the speed rotation of the output shaft is

zero at the start-up phase of the power source.

[0022] In another aspect, disclosed herein is a train system having a power source, like
single and double shaft gas turbine or steam turbine or diesel engine or gas engine,
wherein part of the power transmitted to the driven equipment is recovered and trans-
formed in electric energy to be injected in an electricity grid or battery packs by a
power balance motor-generator unit, thus keeping the power sources running at max
efficiency, enabling to minimize the CO> production per equivalent overall output and

enabling to build spinning reserve.

[0023] In another aspect, disclosed herein is a train system having a power source, like
single and double shaft gas turbines, wherein a power balance motor-generator unit is
able to compensate gas turbines power surplus/deficit based on ambient conditions

(winter/summer or night/day ambient temperature variation), thus enabling to build or
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use spinning reserve.

[0024] In another aspect, disclosed herein is a train system having a power source, like
diesel and gas engines, wherein a power balance motor-generator unit is able to com-
pensate diesel and gas engines power surplus/deficit based on ambient conditions
(winter/summer or night/day ambient temperature variation), thus enabling to build or

use spinning reserve.
BRIEF DESCRIPTION OF THE DRAWINGS

[0025] A more complete appreciation of the disclosed embodiments of the invention
and many of the attendant advantages thereof will be readily obtained as the same
becomes better understood by reference to the following detailed description when

considered in connection with the accompanying drawings, wherein:

Fig. 1 illustrates a schematic of a scheme of a drive arrangement according to a
first embodiment;

Fig. 2 illustrates a perspective view of a layshaft gearbox according to the present
disclosure;

Fig. 3 illustrates a longitudinal sectional view of the layshaft gearbox of Fig. 2;

Fig. 4 illustrates an embodiment of a schematic of a control logic unit;

Fig. 5 illustrates a flowchart of the method for operating a train system according
to the present disclosure;

Fig. 6 illustrates a flowchart of the method for operating a train system including
a single-shaft power turbine;

Fig. 7 illustrates a flowchart of the method for operating a train system including
a double-shaft power turbine; and

Fig. 8 illustrates a further flowchart of the method for operating a train system

including a double-shaft power turbine.
DETAILED DESCRIPTION OF EMBODIMENTS

[0026] In mechanically driven equipment, a power source, such as a gas turbine, an
electric motor, a diesel engine, a gas engine and the like, has to be connected to a load.
The connection takes place by a transmission system, which can vary its transmission

speed ratio, to vary the driven equipment speed, according to any possible operating
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circumstances. The transmission system comprises a variable transmission gearbox.
The transmission speed ratio of the variable speed gearbox is adjusted by a motor-
generator unit, arranged around, or in an annular way, the star carrier of the variable
speed gearbox, which can be operated either as a motor or as a generator, to adjust the

speed ratio of the gearbox.

[0027] Referring now to the drawings, Fig. 1 shows a train system T according to a

first embodiment, wholly indicated with reference number 1.

[0028] In particular, train system T comprises a power source 2, a drive arrangement
1, connected through an input shaft 3 to the power source 2, and a load L, in its turn
connected to the drive arrangement 1 through an output shaft 5. Also, the drive ar-
rangement 1 comprises a hybrid gearbox 4, configured to transmit the torque from the

input shaft 3 to the output shaft 5.

[0029] The drive arrangement 1 also comprises a control unit 7, which is a computer,
and a power balance motor-generator unit 6, which is associated with the output shaft
5. The control unit 7 is operatively connected to the hybrid gearbox 4, and to the second
motor-generator unit 6, to adjust the power transmitted to the load L, in terms of torque
C, and rotational speed w,. Furthermore, the control unit 7 is connectable to an elec-

tricity grid or battery packs N, as better explained below.

[0030] The power source 2 can be of any type used in the field of mechanically driven
equipment. In particular, it can be a gas turbine, of double-shaft type, thus capable of
varying its rotation speed, or single-shaft type, thus operating at a fixed speed. Alter-
natively, the power source 2 can also be an electric motor, a steam turbine, an ex-
pander, a diesel engine or a gas engine. The power source 2 is capable of delivering a

torque, indicated with C; to rotate the input shaft 3 at a rotational speed w;.

[0031] The hybrid gearbox 4 comprises a layshaft gearbox 41 and a speed ratio motor-
generator unit 42. The structure of the layshaft gearbox 41 is described in the following
Then how the speed ratio motor-generator unit 42 is associated with the layshaft gear-

box 41 and operates it is also disclosed.

[0032] Referring also to Fig. 2 and Fig. 3, it is observed that the layshaft gearbox 41

comprises an input sun wheel 411, connected to the input shaft 3, and two or more
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(usually three) compound star wheel shafts 412, each one having a first gear stage
4121, meshed with the input sun wheel 411, and a second gear stage 4122. The layshaft
gearbox 41 also comprises a star carrier 413, having a body 4131, on which an outside
diametral surface 4132 is obtained, which function will be better explained in the fol-

lowing.

[0033] The body 4131 of the star carrier 413 houses the input sun wheel 411 and the
compound star wheel shafts 412. Each compound star wheel shaft 412 is pivoted about

the body 4131 of the star carrier 413.

[0034] The layshaft gearbox 41 comprises also an output sun wheel 414, connected to
the output shaft 5, and meshed with the second gear stage 4122 of each compound star
wheel shafts 412. The output sun wheel 414 is also housed within the body 4131 of

the star carrier 413.

[0035] The speed ratio motor-generator unit 42 is a perimetral low voltage electric
machine, arranged on whole the outside diametral surface 4132 of the body 413 of the
layshaft gearbox 41. In particular, the speed ratio motor-generator unit 42 is annularly
arranged around the body 413 of the layshaft gearbox 41, covering the whole perime-
ter. Referring also to Fig. 3, the speed ratio motor-generator unit 42 comprises a rotor
421, arranged on the outside diametral surface 4132 of the body 413 of the layshaft
gearbox 41, and a stator 422, arranged around the rotor 421, and therefore around the

outside diametral surface 4132 of the body 413 of the layshaft gearbox 41.

[0036] In the embodiment illustrated in Fig. 3, the rotor 421 comprises or is constituted
of a plurality of permanent magnets 4211, installed on the outside diametral surface

4132. In other embodiments, the rotor 421 may be realized by windings.

[0037] Also, in the embodiment illustrated in Fig. 3 the stator 422 comprises a stator
core 4221 and a winding 4222. As can be seen from the longitudinal section of Fig. 3,

the stator 422 surrounds the rotor 421.

[0038] The annular or perimetral arrangement of the speed ratio motor-generator unit
42 on the outside diametral surface 4132 of the star carrier 413 allows a compact ar-

rangement of the hybrid gearbox 4. In addition, in view of the high power to be trans-
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mitted involved, in view of the fact that the power source 2 to which the drive arrange-
ment 1 is intended to be connected, such as single shaft gas turbines, double shaft gas
turbines, steam turbines, expanders, electric motors, diesel engines, etc., the compact
structure described, in particular the annular position of the speed ratio motor-genera-
tor unit 42 all around (annularly) the star carrier 413 allows an improved power trans-
mission, reducing any risk of failure of operating blocking of the hybrid gearbox 4,

and therefore of the drive arrangement 1.

[0039] In operation, by the speed ratio motor-generator unit 42 is possible rotating (or
controlling the rotation) of the star carrier 413, with respect to the input sun wheel 411
and the output sun wheel 414, thus, adjusting the rotation speed w, and the torque C,

of the output shaft 5, which is connected, as said above, to the output sun wheel 414.

[0040] It is noted that the star carrier 413 speed can be controlled in both sense of
rotation by the speed ratio motor-generator unit 42. This allows drive assembly to be
easily adapted, to be connected to any kind of power source 2 and extending the speed

ratio adjustable range.

[0041] Since the speed ratio motor-generator unit 42 is arranged directly around the
star carrier 413, namely, as better specified above, in an annular way, thus all around
the annularly arranged around the body 413, high compactness of the assembly is ob-
tained, as said above. Furthermore, as can be seen, the layshaft gearbox 41 is not
blocked, but its movement is controlled, namely, the relative rotation with respect to
the input 3 or the output 5 shaft, by means of the speed ratio motor-generator unit 42.
Furthermore, since the layshaft gearbox 41, or more precisely the star carrier 413, is
not blocked, it is possible not to transmit the torque to the output shaft 5 when the
speed ratio motor-generator unit 42 is switched-off, so that the power source 2 does
not encounter any resistant torque of the load L. As will be seen below, this aspect

avoids the insertion of clutches in the kinematic chain and allows high design freedom.

[0042] The speed ratio motor-generator unit 42 is a low voltage motor-generator unit
that can operate both as an electric motor and as a generator, as disclosed above, to
control the rotation of the star carrier 413. When the speed ratio motor-generator unit

42 is in generator mode, the drive arrangement 1 is delivering electric current to a grid
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N or battery systems recovering part of the driver output power, according to the fol-

lowing balance equation
Ciw; = C.w, + Cow,

Where C, and w, are the torque and the rotation speed respectively, and their product

is the power delivered to the grid N or the battery pack.

[0043] When the speed ratio motor-generator unit 42 is in motor mode, the drive ar-
rangement 1 is absorbing electric current from a grid or battery systems superimposing

its power to the driver output power, according to the following equation:
Cw; +C.w, = Cow,

[0044] The control unit 7 is connected to the speed ratio motor-generator unit 42 and
controls and adjusts its rotation. In particular, as will be better described below, by
adjusting the rotation of the star carrier 413 by means of the speed ratio motor-gener-

ator unit 42, the torque and speed transmitted to the load L can be adjusted accordingly.

[0045] The drive arrangement 1 includes, as mentioned above, the power balance mo-
tor-generator unit 6, which is an electric machine, integrated to the output shaft 5, to
adjust its torque demand . Being the power balance motor-generator unit 6 integrated
to the output shaft 5, as the former is annularly arranged as on the second, allows a
compact structure and more reliable system due to the absence of any transmission
chain, like belts or gears. The power balance motor-generator unit 6 can be of various
types. In some embodiments, the power balance motor-generator unit 6 comprises or
is constituted of a plurality of permanent magnets 4211, installed on the outside diam-
etral surface of the output shaft 5, or it can be of the same speed ratio motor-generator
unit 42 technology, thus also in this case achieving an overall reduced size as well as

reducing the risks of any failure of the system.

[0046] As mentioned above, the power balance motor-generator unit 6 is integrated to
the output shaft 5. More specifically referring to Fig. 1, the power balance motor-gen-
erator unit (6) comprises a rotor 61, which is installed on the outside diametral surface
output shaft 5, and a stator 62 arranged around the rotor 61. The stator 62 comprises
also a stator core 621 and a winding 622. As can be seen in the figure the stator 62

surrounds the rotor 61.
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[0047] In some embodiments the rotor 61 comprises also a plurality of permanent
magnets 611 installed on the outside diametral surface of the output shaft 5. In some
other embodiments the rotor 61 comprises instead a plurality of windings arranged on

the outside diametral surface of the output shaft 5.

[0048] In addition, the arrangement of the power balance motor-generator unit 6 all
around the output shaft 5 has the effect to dampen the oscillations of the shaft, possibly
caused by disturbing harmonics, or even to dampen any other undesired vibrations

over the output shaft 5.

[0049] Also, the power balance motor-generator unit 6 is a low voltage motor-gener-
ator machine capable of operating either as an electric motor, thus acting on the move-
ment of the output shaft 5, or as a generator, thus absorbing (at least part of) the power
on the input shaft 3, thus generating electric current. The operation shift from electric
motor or generator of the power balance motor-generator unit 6 is controlled by the

control unit 7, as better defined below.

[0050] To describe the operation of the drive arrangement 1, the operation of the hy-
brid gearbox 4 of Fig. 1, Fig. 2, and Fig. 3 will be described, and the whole operation

of the drive arrangement 1 will be described in different design configurations.

[0051] The operation of the hybrid gearbox 4 is as follows. Referring to Fig. 1 or Fig.
3, if the star carrier 413 is held still, the speed ratio motor-generator unit 42, when the
input shaft rotates in one direction, such as the direction indicated with the arrow A,
the first gear stage 4121 and the second gear stage 4122 of the compound star wheel
shafts 412 rotate in the opposite direction indicated with the arrow B. Accordingly, the
output shaft 5 rotates in the direction indicated with the arrow C, which is the same
direction of arrow A. The rotation speed w, of the output shaft 5 is a function of the
rotation speed w; of the input shaft 3, depending on the transmission ratio of the com-
pound star wheel shafts 412, namely on the radiuses of the first gear stage 4121, the
second gear stage 4122, the input sun wheel 411, and the output star wheel 414. If the
star carrier 413 rotates according to the direction indicated with the arrow D, namely,
according to the same direction of the input shaft 3 of arrow A, the rotation speed w,
of the output shaft 5 is increased. Instead, if the star carrier 413 rotates in the opposite

direction of the arrow D, namely according to the direction E, then the rotation speed
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w, of the output shaft 5 is decreased. More specifically, over a rotation speed threshold

the output shaft 5 can be zeroed and no torque transmitted to the load L.

[0052] Accordingly, if the output shaft 5 is blocked while the input shaft 3 rotates at a
certain rotation speed w;, the star carrier 413 will rotate in the direction according to

arrow E.

[0053] The operation of the drive assembly 1 is coordinated by the control unit 7,
which can be configured as Active Front-End Variable Frequency Drive. In some em-
bodiments, the control unit 7 may be realized or implemented as a cloud computing
system, a computer network, or other installations capable of processing data by run-

ning appropriate computer programs.

[0054] In some embodiments, and particularly referring to Fig. 4, the control unit 7
may comprise a processor 71, a bus 72, to which the processor 71 is connected to, a
database 73, connected to the bus 72, so as to be accessed and controlled by the pro-
cessor 71, a computer-readable memory 74, also connected to the bus 72, so as to be
accessed and controlled by the processor 71, a receiving-transmitting module 75, con-
nected to the bus 72, configured to receive the signals from the speed ratio motor-
generator unit 42 and the power balance motor-generator unit 6, concerning their op-
eration, and transmit control signals to the speed ratio motor-generator unit 42 and
from the power balance motor-generator unit 6, for operating the same e coordinate
the operation of the drive assembly 1 according to the possible different embodiments

the drive assembly 1 can operate.

[0055] Based of the above, in order to better disclose the advantage of the compact
sizes of the hybrid gearbox 4 and the fact that the star carrier 413 speed can be con-
trolled in both sense of rotation, the operation of the drive assembly 1 is now described
in different configurations, in order to better appreciate the performance of the same.
More specifically, the configuration of the drive assembly 1 according to Fig. 1 can be
adapted to any type of power source 2, regardless of whether it is capable of varying
its speed, or not. This result is achieved by the control unit 7, which is configured to

adapt the behavior of the hybrid gearbox 4 to the different circumstances.

[0056] The drive assembly 1 is capable of operating both with single-shaft gas turbines

or with any other fixed speed driver, like synchronous or induction electric motors, as
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power source 2, which, as known, cannot change the rotation speed, as well as with
double-shaft gas turbines, steam turbines, expanders, VFD electric motors, diesel en-
gines and gas engines as power source 2. The operation of the drive assembly 1 is
described in case of the power source 2 is a single-shaft gas turbine, and in case of the
power source 2 is a double-shaft gas turbine or any variable speed driver, discussing

the technical and design advantages in any of the cases.

[0057] If the power source 2 is a single-shaft gas turbine, the drive assembly 1 will
start-up the gas turbine from stand-still condition, up to its crank speed, and disconnect
the load L during the gas turbine 2 acceleration phase from its crank speed to the gas
turbine nominal speed (thus decoupling the load L from the power sources), then it
will rump-up the load L to bring the driven equipment to its operating speed and finally

regulate the driven equipment speed within its operative speed range.

[0058] By means of the drive assembly 1, and referring again to Fig. 1, during the
start-up phase of a single-shaft gas turbine 2, the speed ratio motor-generator unit 42
acts first as a motor to rotate the star carrier 413 in the direction according to arrow E,

and therefore, to bring, as said above, the gas turbine 2 to its crank speed.

[0059] Then the speed ratio motor-generator unit 42 is switched-off, so that the single-
shaft gas turbine 2 can accelerate to reach its nominal speed without any resistant
torque coming from the load L. In this phase the output shaft 5 is decoupled from the
input shaft 3 (and then from the power source 2) so that the star carrier 413 is left free
to spin (usually called “free spinning mode”) and the torque transmitted to the load L

is virtually zero.

[0060] In some embodiments, the output drive shaft 5 can be also blocked by means
of the power balance motor-generator unit 6, which, as said, is controlled by the control
unit 7. In this way, during the acceleration of the gas turbine 2, it is ensured that it is
only the layshaft gearbox 41, and in particular, the rotation of the star carrier 413, able
to compensate the speed increase of the gas turbine 2 and of the input shaft 3. In this
configuration, the power balance motor-generator unit 6 allows the total control of

torque transmission by the rotation of the star carrier 413.

[0061] The torque is then gradually transmitted to the load L by means of said control

unit 7, which allows the rotation of the output shaft 5 by means of the speed ratio
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motor-generator unit 42. The speed ratio motor-generator unit 42 acts as generator and
slow-down the star carrier 413 from its “free spinning mode”. With the power source
2 at its nominal running speed any reduction of star carrier 413 speed from its “free
spinning mode” will results in an increase of the output shaft 5 speed from stand-still
condition (the power balance motor-generator unit 6 will be switched-off to keep the
output shaft 5 free to rotate or act as an helper if requested). The star carrier 413 speed
will be further reduced from its “free spinning mode” up to zero speed by the action
of the speed ratio motor-generator unit 42, which continue to act as generator, and then
the star carrier 413 speed will be increased in opposite rotation direction (in the direc-
tion according to arrow D of Fig. 1) by the action of the speed ratio motor-generator
unit 42, which now act as motor, resulting this in a further increase of the output shaft

5 speed.

[0062] The layshaft gearbox 41 will be cinematically designed in order to bring the
driven equipment to an operating point inside its operative speed range when the star
carrier 413 speed is zero, so that the speed ratio motor-generator unit 42 will be able
to regulate the driven equipment speed within its operative speed range, alternatively
acting as generator, up to a maximum speed of the star carrier 413 in the direction
according to arrow E, which will correspond to the driven equipment at minimum op-
erative speed (MOS); or acting as motor up to a maximum speed in the direction ac-
cording to arrow D, which will correspond to the driven equipment at maximum con-

tinuous speed (MCS).

[0063] Referring to Fig. 5, a flowchart summarizing the method 8 for operating the
train system T with a general power source 2 is shown. In particular, the method 8
comprises the steps of generating 81 power by a power source 2, thus rotating the input
shaft 3, transmitting 82 the power generated by the power source 2 by the drive ar-
rangement 1, and driving 83 the equipment L connected to the output shaft 5. The
method 8 further comprises the step 84 of operating the speed ratio motor-generator
unit 42, to adjust the rotation of the star carrier 413 to set the transmission ratio of the

layshaft gearbox 41, to adjust the speed w, and the torque C, at the output shaft 5.

[0064] Referring to Fig. 6, the operating method 8 is shown in case of the power source
is a single-shaft gas turbine 2. The operating step 84 as already defined above, com-

prising the sub-steps of operating 841 the speed ratio motor generator unit 42 as a
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motor to bring the gas turbine 2 to its crank speed and then switching-off 842 the speed
ratio motor generator unit 42 to decouple the single-shaft gas turbine 2 to accelerate
and to reach its nominal speed, so that the star carrier 413 is free to spin. Then the
speed ratio motor generator unit 42 is operated according to the sub-step 843as genera-
tor and slow-down the star carrier 413, to increase the output shaft 5 speed from stand-

still condition.

[0065] Also, the method 8 for operating the train system T further comprises the sub
step of operating 844 the speed ratio motor-generator unit 42 as motor, to increase the
speed of star carrier 413 in an opposite direction then the step 843, so as to further

increase the speed of the output shaft 5.

[0066] Finally, a blocking step 85 of the output shaft 5 during the start-up phase of the
power source 2 by a power balance motor-generator unit 6 associated to the output

shaft 5 can be included.

[0067] The drive assembly 1 disclosed herein is capable of adapting its operation also
in case of a double-shaft gas turbine as power source 2. In particular, in this case, a
double-shaft gas turbine optimizes its efficiency when operates at the maximum power
and speed. In this case, in fact, the corresponding pollution (in particular the emitted
COy) is proportionally minimized per kilowatt (kW) generated. Therefore, operating
the double-shaft gas turbine to the maximum power and speed, the rotational speed w;
of the input shaft 3 is fixed. The output shaft 5 rotational speed w, can be adjusted by

the star carrier 413 by means of the speed ratio motor-generator unit 42.

[0068] The power balance motor-generator unit 6 adjusts, by means of the control unit
7, the power absorbed by the load L, if operated as a generator, absorbing part of the
torque transmitted to the output shaft 5. Therefore, part of the power generated by the
power source 2 can be recovered by the power balance motor-generator unit 6 and
transformed in electrical energy. The electrical energy generated by the power balance
motor-generator unit 6 can be then either injected into the electricity grid N or injected
into a battery system for future use, thus balancing the power to be transmitted to the
load L and, at the same time, recovering the energy produced in excess by the power

source 2.
[0069] Further, in case, for example, the load L requires additional power at different
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operating speed, the control unit 7 can either increase the output shaft 5 rotational
speed w, by adjusting the rotation of the star carrier 413, and/or reduce the torque (and

therefore the power) absorbed by the power balance motor-generator unit 6.

[0070] Further, in case, for example, the load L requires a different power at constant
operating speed, the control unit 7 can adjust the torque (and therefore the power) ab-

sorbed by the power balance motor-generator unit 6.

[0071] Referring to Fig. 7, a flowchart summarizing the method 8 for operating the
train system T with a double-shaft gas turbine 2 as power source is shown. The method
8, in addition to the above mentioned steps illustrated in Fig. 5 of generating 81 power
by the gas turbine 2, transmitting 82 the power generated by the power source 2 by the
drive arrangement 1, driving 83 the equipment L connected to the output shaft 5, and
the step 84 of operating the speed ratio motor-generator unit 42, to adjust the rotation
of the star carrier 413 to set the transmission ratio of the layshaft gearbox 41, also
comprises the step of recovering 86 part of the power transmitted to the output shaft 5
and transforming it in electrical energy to be injected in an electricity grid or battery
packs N the power balance motor-generator unit 6, operable as generator. In this way,
as mentioned, the double shaft gas turbine 2 can operate at the maximum power and
speed, namely at the maximum efficiency, enabling to minimize the CO: production
per equivalent overall output and enabling to build spinning reserve by recovering part

of the energy in excess from power source 2.

[0072] Referring to Fig. 8, a flowchart summarizing the method 8 for operating the
train system T with a double-shaft gas turbine 2 as power source is also shown. The
method 8, in addition to the above mentioned steps illustrated in Fig. 5 of generating
81 power by the gas turbine 2, transmitting 82 the power generated by the power source
2 by the drive arrangement 1, driving 83 the equipment L connected to the output shaft
5, and the step 84 of operating the speed ratio motor-generator unit 42, to adjust the
rotation of the star carrier 413 to set the transmission speed ratio of the layshaft gear-
box 41, also comprises the step of gas/electric power balance 87 by the use of power
balance motor-generator unit 6, as motor or generator connected to an electric grid,
respectively delivering power to the output shaft 5 or absorbing part of the power
transmitted to the output shaft 5 by the power source 2, based on energy availability

and cost or to cover gas turbines power surplus/deficit based on ambient conditions
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(winter/summer or night/day ambient temperature variation).

[0073] Referring to Fig. 9, a flowchart summarizing the method 8 for operating the
train system T with a double-shaft gas turbine 2 as power source is shown. The method
8, in addition to the above mentioned steps illustrated in Fig. 5 of generating 81 power
by the gas turbine 2, transmitting 82 the power generated by the power source 2 by the
drive arrangement 1, driving 83 the equipment L connected to the output shaft 5, and
the step 84 of operating the speed ratio motor-generator unit 42, to adjust the rotation
of the star carrier 413 to set the transmission speed ratio of the layshaft gearbox 41,
also comprises the step of Gas/Electric power balance 87 by the use of power balance
motor-generator unit 6, as motor or generator, connected to a battery system, respec-
tively delivering power to the output shaft 5 or absorbing part of the power transmitted
to the output shaft 5 by the power source 2, thus enabling electric energy storage in
battery systems to build spinning reserve and cover gas turbines power surplus/deficit
based on ambient conditions (winter/summer or night/day ambient temperature varia-

tion).

[0074] In case of the drive source 2 is an electric motor, synchronous or induction
electric motor, at the start it is necessary provide a peak power to overcome the inertia
of the load L. This requires that the electric motor is oversized in terms of power, just
to compensate for this power need in the start-up phase. This causes an increase in the

cost of the component.

[0075] In case of the drive source 2 is a synchronous electric motor, its pulsating
torque at the start-up will cross the train TNF’s (typically the first and second train
torsional frequencies), thus resulting in a heavy torque response, in resonance, which

can limit the number of start-ups due to fatigue phenomena.

[0076] The hybrid gearbox 4, will be able to start-up the electric motor through the
operation of the speed ratio motor-generator unit 42 decoupling the load L thus avoid-
ing to oversize the electric motor as power source 2 and at the same time avoiding the
torsional interaction with train torsional natural frequencies. In fact, exciting the train
torsional natural frequencies results in dangerous torque responses at the torque trans-

mission devices, such as couplings and shafts.
[0077] The same method steps can be applied for starting up a reciprocating engine,
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namely a gas engine or a diesel engine, avoiding installing a dedicated starting device.

[0078] While aspects of the invention have been described in terms of various specific
embodiments, it will be apparent to those of ordinary skill in the art that many modi-
fications, changes, and omissions are possible without departing form the spirt and
scope of the claims. In addition, unless specified otherwise herein, the order or se-
quence of any process or method steps may be varied or re-sequenced according to

alternative embodiments.

[0079] Reference has been made in detail to embodiments of the disclosure, one or
more examples of which are illustrated in the drawings. Each example is provided by
way of explanation of the disclosure, not limitation of the disclosure. In fact, it will be
apparent to those skilled in the art that various modifications and variations can be
made in the present disclosure without departing from the scope or spirit of the disclo-
sure. Reference throughout the specification to "one embodiment" or "an embodiment"
or “some embodiments” means that the particular feature, structure or characteristic
described in connection with an embodiment is included in at least one embodiment
of the subject matter disclosed. Thus, the appearance of the phrase "in one embodi-
ment" or "in an embodiment" or "in some embodiments" in various places throughout
the specification is not necessarily referring to the same embodiment(s). Further, the
particular features, structures or characteristics may be combined in any suitable man-

ner in one or more embodiments.

>

[0080] When elements of various embodiments are introduced, the articles “a”, “an”,
“the”, and “said” are intended to mean that there are one or more of the elements. The

terms “comprising”, “including”, and “having” are intended to be inclusive and mean

that there may be additional elements other than the listed elements.
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CLAIMS
1. A drive arrangement (1) to drive a mechanical driven equipment (L),
wherein a power source (2) can be coupled to the drive arrangement (1), and
the equipment (L) to be driven can be coupled to the drive arrangement (1), compris-
ing:
an input shaft (3), that can be coupled to the power source (2);
an output shaft (5), that can be coupled to the equipment (L),
a hybrid gearbox (4), comprising
layshaft gearbox (41), connected to the input shaft (3) and the output
shaft (5), and comprising a star carrier (413), configured to adjust the trans-
mission speed ratio of the layshaft gearbox (41) between the input shaft (3)
and the output shaft (5), wherein the star carrier (413) comprises a body
(4131) with an outside diametral surface (4132), and
a speed ratio motor-generator unit (42), configured to control the ro-
tational speed of the star carrier (413);
wherein the speed ratio motor-generator unit (42) is arranged on the outside
diametral surface (4132) of the body (4132) of the star carrier (413) in a perimetral
annular way, wherein the output shaft (5) comprises a power balance motor-generator

unit (6), configured to control the output torque.

2. The drive arrangement (1) of claim 1,

wherein the speed ratio motor-generator unit (42) comprises:

a rotor (421), installed on the outside diametral surface (4132) of the body
(4132) of the star carrier (413); and

a stator (422) arranged around the rotor (421), wherein the stator (422) com-
prises a stator core (4221) and a winding (4222), and wherein the stator (422) sur-
rounds the rotor (421).

3. The drive arrangement (1) of claim 2, wherein the rotor (421) comprises a
plurality of permanent magnets (4211) installed on the outside diametral surface

(4132) of the star carrier (413).

4. The drive arrangement (1) of claim 2, wherein the rotor (421) comprises a

-19-



WO 2022/042883 PCT/EP2021/025319

10

15

20

25

30

plurality of windings arranged on the outside diametral surface (4132) of the star car-
rier (413).

5. The drive arrangement (1) of claim 1, wherein layshaft gearbox (41) com-
prises:

an input sun wheel (411), connected to the input shaft (3);

two or more compound star wheel shafts (412), each one having a first gear
stage (4121), meshed with the input sun wheel (411), and a second gear stage (4122);
and

an output star wheel (414), connected to the output shaft (5), and meshed with
the second gear stage (4122) of each compound star wheel shafts (412);

wherein the body (4131) of the star carrier (413) houses within the input sun
wheel (411), the compound star wheel shafts (412), and the output star wheel (414);
and

wherein each compound star wheel shaft (412) is pivoted about the housing
(4131) of the star carrier (413).

6. The drive arrangement (1) of claim 1, comprising a control unit (7) opera-
tively connected to the speed ratio motor-generator unit (42) and configured to control
the operation of the speed ratio motor-generator unit (42) to adjust the transmission
speed ratio of the layshaft gearbox (41),

wherein the control unit (7) is implemented as an active front-end variable
frequency drive in low voltage, including a computer and/or a cloud computing system
and/or a computer network or other installations capable of processing data by running

appropriate computer programs.

7. The drive arrangement (1) of claim 1, wherein the control unit (7) com-

prises:

a processor (71);

a bus (72), to which the processor (71) is connected to;

a database (73), connected to the bus (72), so as to be accessed and controlled
by the processor (71);

a computer-readable memory (74), connected to the bus (72), so as to be ac-
cessed and controlled by the processor (71); and

a receiving-transmitting module (75), connected to the bus (72), configured
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to receive the signals from the speed ratio motor-generator unit (42) and from the
power balance motor-generator unit (6), and transmit control signals to the speed ratio
motor-generator unit (42) and from the power balance motor-generator unit (6), for

operating the same e coordinate the operation of the drive assembly (1).

8. The drive arrangement (1) of claim 6,

wherein the control unit (7) is connected to an electricity grid (N) or battery
packs, and

wherein the speed ratio motor-generator unit (42) is configured to operate as
electric generator or electric motor, to adjust the speed of the star carrier (413), thus to
absorb at least part of the power transmitted to the star carrier (413), to generate an
electric current to be injected into the electricity grid (N) or battery packs, or to absorb
electric power from the electricity grid (N) or battery packs to deliver power to the star

carrier (413) of the layshaft gearbox (41).

9. The drive arrangement (1) of claim 6, comprising a power balance motor-
generator unit (6), operatively associated with the output shaft (5), and connected to
the control unit (7),

wherein the power balance motor-generator unit (6) is configured to keep the
power sources (2) running at their maximum efficiency conditions, thus enabling
power balance based on energy availability and cost, and enabling electric energy stor-

age in battery systems to build spinning reserve.

10. The drive arrangement (1) of claim 9, wherein the power balance motor-
generator unit (6) comprises:

a rotor (61), installed on the outside diametral surface output shaft (5); and

a stator (62) arranged around the rotor (61), wherein the stator (62) comprises

a stator core (621) and a winding (622), and wherein the stator (62) surrounds the rotor

(61).
11. The drive arrangement (1) of claim 10, wherein the rotor (61) comprises

a plurality of permanent magnets (611) installed on the outside diametral surface of

the output shaft (5).
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12. The drive arrangement (1) of claim 10, wherein the rotor (61) comprises

a plurality of windings arranged on the outside diametral surface of the output shaft

(5).

13. A train system (T) comprising:

a drive arrangement (1) according to any one of claims 1-9;

a power source (2) connected to the input shaft (3) of the drive arrangement
(1); and

a load (L) connected to the output shaft (5) of the drive arrangement (1).

14. The train system (T) of claim 13, wherein the load (L) is a compressor, a

pump or a ship propeller.
15. The train system (T) of claim 13, wherein the power source (2) is a single

shaft gas turbine, and/or a double shaft gas turbine, and/or a steam turbine, and/or an

expander, and/or an electric motor, and/or a diesel engine, and/or a gas engine.
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