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(57) A gas turbine engine 20A includes a generator 104 that is configured to be driven by a turbine section 26, an
electric motor 100 that is configured to receive at least a portion of electric power from the generator 104, a
gearbox 102 that is mechanically coupled to both the electric motor 100 and the generator 104, and a control
system 180 that has an operational amplifier (188, Fig.3) that is configured to 10 synchronize operation of the
electric motor 100 and the generator 104. The operational amplifier (188, Fig.3) electrically couples the electric
motor 100 to the generator 104 and is configured to define an electrical gain that matches a mechanical gain that is
defined by the gearbox 102. The gearbox may be an epicyclic planet gearbox system with a sun gear 106 in
meshing with a plurality of intermediate gears 110 supported in carrier 112, wherein the intermediate gears mesh
with a ring gear. The carrier may be selectively grounded to a fixed structure of the gas turbine engine. The turbine

section may be coupled to the carrier.
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GEAR AND ELECTRIC AMPLIFICATION OF GENERATOR MOTOR
COMPRESSOR AND TURBINE DRIVES

BACKGROUND

A gas turbine engine typically includes a fan section, a compressor section, a
combustor section and a turbine section. Air entering the compressor section is
compressed and delivered into the combustion section where it is mixed with fuel
and ignited to generate a high-energy exhaust gas flow. The high-energy exhaust gas
flow expands through the turbine section to drive the compressor and the fan section.
Electric generators and motors have been incorporated into engines to produce
electric energy for various engine and aircraft support systems. However, primary
power production and operation relies on conversion of the high-energy exhaust gas
flow into mechanical power. Integration of electric motors into operation of turbine
engines is of increasing interest to improve engine efficiencies.

Turbine engine manufacturers continually seek improvements to engine

performance including improvements to thermal, transfer and propulsive efficiencies.

SUMMARY

A gas turbine engine according to an exemplary embodiment of this
disclosure, among other possible things includes, a generator that is configured to be
driven by a turbine section, an electric motor that is configured to receive at least a
portion of electric power from the generator, a gearbox that is mechanically coupled
to both the electric motor and the generator, and a control system that has an
operational amplifier that is configured to synchronize operation of the electric motor
and the generator. The operational amplifier electrically couples the electric motor to
the generator and is configured to define an electrical gain that matches a mechanical
gain that is defined by the gearbox.

In a further embodiment of the foregoing, the gearbox is an epicyclic star gear
system with a sun gear. A plurality of intermediate gears are in meshing engagement
with the sun gear and a ring gear is in meshing engagement with the plurality of
intermediate gears. The mechanical gain defined by the gearbox is equal to a ratio of

a radius of the ring gear to a radius of the sun gear.
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In a further embodiment of any of the foregoing, the electrical gain is equal to
a ratio of a feedback resistance (Rf) to an input resistance (Rmw) and the electrical
gain is equal to the mechanical gain.

In a further embodiment of any of the foregoing, the plurality of intermediate
gears are supported in a carrier and the carrier is selectively grounded to a fixed
structure of the gas turbine engine.

In a further embodiment of any of the foregoing, the ring gear is coupled to
the generator and the electric motor is coupled to the sun gear.

In a further embodiment of any of the foregoing, the gearbox is an epicyclic
planet gear system with a sun gear that is in meshing engagement with a plurality of
intermediate gears that are supported in a carrier and the plurality of intermediate
gears are in meshing engagement with a ring gear. The electric motor is coupled to
the sun gear. The generator is coupled to a carrier and the mechanical gain is equal to
one plus a ratio of a diameter of the ring gear to a diameter of the sun gear.

In a further embodiment of any of the foregoing, the electrical gain is equal to
one plus a ratio of a feedback resistance (Rr) to an input resistance (Riv) and the
electrical gain is equal to the mechanical gain.

In a further embodiment of any of the foregoing, the ring gear is selectively
grounded to a fixed structure of the gas turbine engine.

In a further embodiment of any of the foregoing, the gas turbine engine
includes a fan that is configured to be driven by an output of the gearbox.

In a further embodiment of any of the foregoing, the gas turbine engine
includes a compressor with a first compressor section that is configured to be driven
by the turbine section and a second compressor section that is configured to be driven
by the electric motor.

A gas turbine engine according to an exemplary embodiment of this
disclosure, among other possible things includes, a fan that is configured for rotation
about an engine longitudinal axis, a fan drive system that is configured to drive the
fan. The fan drive system includes a turbine section, a turbine generator that is
electrically coupled to a turbine motor and a gear box. The turbine section and the
turbine motor are coupled to drive portions of the gearbox and an output of the
gearbox is configured to drive rotation of the fan. The gas turbine engine further
includes a control system that is configured to synchronize operation of the turbine

generator with the turbine motor. The control system has an operational amplifier
2
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that provides an electrical gain. The electrical gain is configured to match a
mechanical gain that is defined by the gearbox to synchronize operation of the
turbine motor with the turbine generator.

In a further embodiment of any of the foregoing, the gearbox is an epicyclic
star gear system with a sun gear. A plurality of intermediate gears are in meshing
engagement with the sun gear and a ring gear is in meshing engagement with the
plurality of intermediate gears. The sun gear is coupled to the electric motor and the
mechanical gain of the gearbox is equal to a ratio of a radius of the ring gear to a
radius of the sun gear and the electrical gain is equal to a ratio of a feedback
resistance (Rr) to an input resistance (Rwv) and the electrical gain is equal to the
mechanical gain.

In a further embodiment of any of the foregoing, the output of the gearbox
configured to drive the fan is the ring gear. The plurality of intermediate gears are
supported in a carrier. The carrier is selectively grounded to a fixed structure of the
gas turbine engine.

In a further embodiment of any of the foregoing, the turbine section includes
a low pressure turbine and the turbine generator is coupled to the low pressure
turbine and both the low pressure turbine and the turbine generator are coupled to the
ring gear.

In a further embodiment of any of the foregoing, the gearbox is an epicyclic
planet gear system with a sun gear that is in meshing engagement with a plurality of
intermediate gears supported in a carrier. The plurality of intermediate gears are in
meshing engagement with a ring gear. The turbine motor is coupled to the sun gear.
The turbine generator is coupled to the carrier. The mechanical gain is equal to one
plus a ratio of a diameter of the ring gear to a diameter of the sun gear and the
electrical gain is equal to one plus a ratio of a feedback resistance (Rr) to an input
resistance (Rmv) and the electrical gain is equal to the mechanical gain.

In a further embodiment of any of the foregoing, the gearbox output
configured to drive the fan is the carrier and the ring gear is selectively grounded to a
fixed structure of the gas turbine engine.

In a further embodiment of any of the foregoing, the turbine section includes
a low pressure turbine and the turbine generator is coupled to the low pressure
turbine and both the low pressure turbine and the turbine generator are coupled to the

carrier.
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A gas turbine engine according to an exemplary embodiment of this
disclosure, among other possible things includes a compressor assembly that includes
a first compressor section and a second compressor section. The first compressor
section is coupled to a turbine section and a compressor generator. The second
compressor section is coupled to a compressor motor. The first compressor section
and the second compressor section are in flow communication with a combustor. The
gas turbine engine also includes a gearbox that is configured to couple the
compressor motor to the compressor generator. The gas turbine engine further
includes a control system that is configured to synchronize operation of the
compressor generator with the compressor motor. The control system has an
operational amplifier that provides an electrical gain. The electrical gain is matched
to a mechanical gain that is defined by the gearbox to synchronize operation of the
compressor motor with the compressor generator.

In a further embodiment of any of the foregoing, the gearbox is an epicyclic
star gear system with a sun gear. A plurality of intermediate gears are in meshing
engagement with the sun gear and a ring gear is in meshing engagement with the
plurality of intermediate gears. The sun gear is coupled to the compressor motor and
the mechanical gain of the gearbox is equal to a ratio of a radius of the ring gear to a
radius of the sun gear and the electrical gain is equal to a ratio of a feedback
resistance (Rr) to an input resistance (Rwv) and the electrical gain is equal to the
mechanical gain.

In a further embodiment of any of the foregoing, the plurality of intermediate
gears are supported in a carrier. The carrier is selectively grounded to a fixed
structure of the gas turbine engine.

In a further embodiment of any of the foregoing, the gearbox is an epicyclic
planet gear system with a sun gear that is in meshing engagement with a plurality of
intermediate gears that are supported in a carrier. The plurality of intermediate gears
are in meshing engagement with a ring gear. The compressor motor is coupled to the
sun gear. The compressor generator is coupled to the carrier. The mechanical gain is
equal to one plus a ratio of a diameter of the ring gear to a diameter of the sun gear
and the electrical gain is equal to one plus a ratio of a feedback resistance (Rr) to an
input resistance (Rm) and the electrical gain is equal to the mechanical gain.

In a further embodiment of any of the foregoing, the ring gear is selectively

grounded to a fixed structure of the gas turbine engine.
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A fan drive system according to an exemplary embodiment of this disclosure
includes, among other things, a fan configured for rotation about an engine
longitudinal axis, a fan drive system configured to drive the fan, the fan drive system
including a turbine section, a turbine generator electrically coupled to a turbine motor
and a gear box, wherein the turbine section and the turbine motor are coupled to
drive portions of the gearbox and an output of the gearbox is configured to drive
rotation of the fan and a control system configured to synchronize operation of the
turbine generator with the turbine motor, the control system having an operational
amplifier providing an electrical gain, wherein the electrical gain is configured to
match a mechanical gain defined by the gearbox to synchronize operation of the
turbine motor with the turbine generator.

In a further embodiment of the foregoing fan drive system, the gearbox is an
epicyclic star gear system with a sun gear, a plurality of intermediate gears in
meshing engagement with the sun gear and a ring gear in meshing engagement with
the plurality of intermediate gears, wherein the sun gear is coupled to the electric
motor and the mechanical gain of the gearbox is equal to a ratio of a radius of the
ring gear to a radius of the sun gear and the electrical gain is equal to a ratio of a
feedback resistance (Rr) to an input resistance (Rmv) and the electrical gain is equal to
the mechanical gain.

In a further embodiment of any of the foregoing fan drive systems, the output
of the gearbox configured to drive the fan is the ring gear, the plurality of
intermediate gears are supported in a carrier, and the carrier is selectively grounded
to a fixed structure of the gas turbine engine.

In a further embodiment of any of the foregoing fan drive systems, the turbine
section includes a low pressure turbine and the turbine generator is coupled to the
low pressure turbine and both the low pressure turbine and the turbine generator are
coupled to the ring gear.

In a further embodiment of any of the foregoing fan drive systems, the
gearbox is an epicyclic planet gear system with a sun gear in meshing engagement
with a plurality of intermediate gears supported in a carrier, the plurality of
intermediate gears are in meshing engagement with a ring gear, the turbine motor is
coupled to the sun gear, the turbine generator is coupled to the carrier, the
mechanical gain is equal to one plus a ratio of a diameter of the ring gear to a

diameter of the sun gear and the electrical gain is equal to one plus a ratio of a
S



10

15

20

25

30

feedback resistance (Rr) to an input resistance (Rmv) and the electrical gain is equal to
the mechanical gain.

In a further embodiment of any of the foregoing fan drive systems, the
gearbox output configured to drive the fan is the carrier and the ring gear is
selectively grounded to a fixed structure of the gas turbine engine.

In a further embodiment of any of the foregoing fan drive systems, the turbine
section includes a low pressure turbine and the turbine generator is coupled to the
low pressure turbine and both the low pressure turbine and the turbine generator are
coupled to the carrier.

A compressor assembly according to an exemplary embodiment of this
disclosure including, among other possible things, a first compressor section, the first
compressor section is coupled to a turbine section and a compressor generator, a
second compressor section, the second compressor section coupled to a compressor
motor, wherein the first compressor section and the second compressor section are in
flow communication with a combustor, a gearbox configured to couple the
compressor motor to the compressor generator and a control system configured to
synchronize operation of the compressor generator with the compressor motor, the
control system having an operational amplifier providing an electrical gain, wherein
the electrical gain is matched to a mechanical gain defined by the gearbox to
synchronize operation of the compressor motor with the compressor generator.

In a further embodiment of the foregoing compressor assembly, the gearbox
is an epicyclic star gear system with a sun gear, a plurality of intermediate gears in
meshing engagement with the sun gear and a ring gear in meshing engagement with
the plurality of intermediate gears, wherein the sun gear is coupled to the compressor
motor and the mechanical gain of the gearbox is equal to a ratio of a radius of the
ring gear to a radius of the sun gear and the electrical gain is equal to a ratio of a
feedback resistance (Rr) to an input resistance (Riv) and the electrical gain is equal to
the mechanical gain.

In a further embodiment of any of the foregoing compressor assemblies, the
plurality of intermediate gears are supported in a carrier, and the carrier is selectively
grounded to a fixed structure of the gas turbine engine.

In a further embodiment of any of the foregoing compressor assemblies, the
gearbox is an epicyclic planet gear system with a sun gear in meshing engagement

with a plurality of intermediate gears supported in a carrier, the plurality of
6



10

15

20

25

30

intermediate gears are in meshing engagement with a ring gear, the compressor
motor is coupled to the sun gear, the compressor generator is coupled to the carrier,
the mechanical gain is equal to one plus a ratio of a diameter of the ring gear to a
diameter of the sun gear and the electrical gain is equal to one plus a ratio of a
feedback resistance (Rr) to an input resistance (Riv) and the electrical gain is equal to
the mechanical gain.

In a further embodiment of any of the foregoing compressor assemblies, the
ring gear is selectively grounded to a fixed structure of the gas turbine engine.

Although the different examples have the specific components shown in the
illustrations, embodiments of this invention are not limited to those combinations. It
is possible to use some of the components or features from one of the examples in
combination with features or components from another one of the examples.

These and other features disclosed herein can be best understood from the

following specification and drawings, the following of which is a brief description.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic view of an example Electro-Aero-Thermal Turbine
engine embodiment.

Figure 2 is a schematic view of a control system for a compressor assembly
of the Electro-Aero-Thermal Turbine engine embodiment.

Figure 3 is a schematic view of a control system for a fan drive system of the
Electro-Aero-Thermal Turbine engine embodiment.

Figure 4 is a schematic view of another example Electro-Aero-Thermal
Turbine engine embodiment.

Figure 5 is a schematic view of another control system for a compressor
assembly of the Electro-Aero-Thermal Turbine engine embodiment.

Figure 6 is a schematic view of yet another example Electro-Aero-Thermal
Turbine engine embodiment.

Figure 7 is a schematic view of another control system for a fan drive system
of the Electro-Aero-Thermal Turbine engine embodiment.

Figure 8 is a schematic view of still another example Electro-Aero-Thermal
Turbine engine embodiment.

Figure 9 is a schematic view of another control system for another fan drive

system of the Electro-Aero-Thermal Turbine engine embodiment.
7



10

15

20

25

30

Figure 10 is a schematic view of yet another example Electro-Aero-Thermal
Turbine engine embodiment.
Figure 11 is a schematic view of another control system for a fan drive

system of the Electro-Aero-Thermal Turbine engine embodiment.

DETAILED DESCRIPTION

Disclosed examples of an Electro-Aero-Thermal Turbine Engine and control
scheme provides for mixing and matching of different flow capacity compressors and
turbines. In the example turbine engines, fuel and electricity are converted to
mechanical power to increase kinetic energy of flows through the engine.
Conversion of fuel to mechanical power is accomplished by combining the fuel with
high pressure air and igniting the mixture to produce a high energy gas flow. The
high energy gas flow is converted to mechanical energy as it expands through the
turbine section. Electro-chemical potential energy stored in a battery is converted to
mechanical power by electric motors to increase kinetic energy of engine flows.
Conversion of fuel to mechanical power is not as efficient as the conversion of
electro-chemical potential energy to mechanical power. The disclosed example
engines integrate fuel and electro-chemical power to improve overall engine
efficiencies.

Referring to Figure 1, a disclosed integrated engine architecture is
schematically indicated at 20A. The engine 20A is a ducted fan turbine engine with
fan blades 42 of a fan section 28 directing airflow 36 through a bypass flow path 38
defined through a nacelle 40. The engine 20A includes a compressor section 22, a
combustor section 24, a turbine section 26 and the fan section 28 arranged serially
along an engine longitudinal axis A. The fan section 28 is disposed axially aft of the
turbine section 26. It should be appreciated that the arrangement of the compressor,
combustor, turbine and fan section are disclosed by way of example and that other
serial arrangements are within the scope and contemplation of this disclosure. For
example, the fan section maybe disposed at a forward most location.

The engine 20A includes integrated electric machines in the compressor
section 22 and the turbine section 26 to supplement power produced from fuel with
electric power. In this disclosure, the term electric machine is utilized to describe a

device that converts electric-chemical energy into mechanical power or mechanical



10

15

20

25

30

power into electro-chemical energy, such as for example, a generator or an electric
motor.

The example compressor section 22 includes a compressor electric motor 54
that is electrically coupled to a compressor generator 56. The example turbine
section 26 includes a turbine electric motor 100 that is coupled to a gearbox 102 to
supplement mechanical power driving the fan section 28. A turbine generator 104
driven by a portion of the turbine section 26 provides at least a portion of electric
power to the turbine electric motor 100. Electric power for each of the compressor
motor 54 and the turbine motor 100 may be from a propulsion battery 86 or directly
from the corresponding one of the compressor generator 56 and turbine generator
104.

The compressor section 22 receives airflow through inlet 50 and supplies
compressed air to the combustor 64. Fuel is combined with compressed air from the
compressor section 22 and ignited in the combustor 64 to generate a high energy
exhaust gas flow 34. The high energy exhaust gas flow 34 expands through the
turbine section 26 to drive rotation of the turbine section 26.

The compressor section 22 includes a low pressure compressor section 48 that
is axially forward of a high pressure compressor assembly 52A. The terms “low” and
“high” relate to relative operating pressures between the low pressure compressor
section 48 and the high pressure compressor section 52A. The inlet airflow is initially
compressed by the low pressure compressor 48 and communicated aft to the high
pressure compressor assembly 52.

The high pressure compressor assembly 52A includes a first compressor
section 44 and a second compressor section 46 that operate independent of each other
to provide compressed airflow to the combustor 64. Airflow exiting the low pressure
compressor 48 is split into a first core airflow 32A and a second core airflow 32B.
The first core airflow 32A is communicated through an inner duct 70 to the first
compressor section 44. The second core airflow 32B is communicated through an
outer duct 72 to the second compressor section 46. The inner duct 70 is radially
inward and axially forward of the outer duct 72. The inner duct 70 and outer duct 72
maybe disposed annularly about the axis A.

The first compressor section 44 is coupled to the compressor motor 54 by
motor shaft 58. The low pressure compressor 48 is also driven by a forward shaft 45

coupled to the compressor motor 54. The second compressor section 46 is aft of the
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first compressor section 44 and is coupled to a high pressure turbine 62 by shaft 60.
The first compressor section 44 and the second compressor section 46 may therefore
operate and rotate independent of each other. The high pressure turbine 62 drives the
compressor generator 56 that is also coupled to the shaft 60. The compressor
generator 56 creates electric power that provides at least a portion of the electric
power utilized to drive the compressor motor 54.

In this example, the first compressor section 44 and the second compressor
section 46 are configured such that they provide an airflow at a common pressure and
volume to the combustor 64 through passages 66, 68. The compressor electric motor
54 drives the first compressor section 44 to match operation of the second
compressor section 46 that is driven by the high pressure turbine 62. The first
compressor section 44 does not induce a load on the high pressure turbine section 62,
but still provides a portion of the compressed air utilized in the combustor 64 to
generate the high energy gas flow 34.

Because the first compressor section 44 is powered by the compressor electric
motor 54, the first compressor section 44 does not induce a load on the high pressure
turbine 62. Reducing the load on the high pressure turbine 62 provides structural
changes that can improve engine efficiency. The reduced load on the high pressure
turbine 62 can improve reaction changes between engine operating conditions and
improve engine efficiency. Moreover, the overall capacity of the high pressure
compressor 52 can be tailored to operational needs by controlling operation of the
first compressor section 44 driven by the electric motor 54. The first compressor
section 44 can be run at a lower capacity compared to the second compressor section
46 to match airflow to the combustor 64 with engine operation.

A compressor gearbox 200 is coupled between the compressor motor 54 and
the compressor generator 56. The compressor gearbox 200 is an epicyclic gearbox
with a sun gear 202 disposed about the axis A and in meshing engagement to a
plurality of intermediate gears 204 supported in a carrier 208. The intermediate gears
204 are circumscribed by a ring gear 206. The sun gear 202 is coupled to the
compressor motor 54 and the ring gear 206 is coupled to the compressor generator
56.

The disclosed turbine section 26 includes the high pressure turbine 62, an
intermediate pressure turbine 92 and a low pressure turbine 96. The designations,

“high”, “intermediate” and “low” indicated relative operating pressures. The turbine
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sections 62, 92 and 96 are serially arranged from the combustor section 24 to the fan
section 28. The high energy exhaust gas flow 34 expands axially aft through the
turbine sections 62, 92 and 96 and exhausts through a core nozzle 25.

The disclosed example engine 20A is arranged to include first, second and
third spools 116, 118 and 115. The first spool 116 that includes the high pressure
turbine 62, the second high pressure compressor section 46 and the compressor
generator 56 all coupled together by shaft 60. The second spool 118 includes the
intermediate turbine 92 that is coupled to the electric motor 100 through shaft 94.
The third spool 115 includes the low pressure turbine 96 that is coupled to a portion
of a turbine gearbox 102. The turbine gearbox 102 is part of a fan drive system 30
provided for rotating the fan blades 42.

The turbine gearbox 102 is configured to receive inputs from one of the
turbine sections and the motor to drive the fan 28 through a gearbox output. The
example turbine gearbox 102 is an epicyclic star gearbox with a sun gear 106 in
meshing engagement with a plurality of intermediate gears 110 supported in a carrier
112. A ring gear 114 circumscribes the plurality of intermediate gears 110. The
turbine motor 100 is coupled to the sun gear 106 and the turbine generator 104 is
coupled to the ring gear 114. In this disclosed example, the gearbox output is through
the ring gear 114. Accordingly, the fan 28 is coupled to and driven by the ring gear
114.

Control and synchronization of the compressor and turbine motors 54,100
with the compressor and turbine generators 56, 104 is provided by a control system
180. The control system 180 includes a compressor drive control C 78 and a turbine
drive control T 80. The control system 180 provides an electrical system that couples
each of the generators 56, 104 to the corresponding motors 54, 100. The electric
system may include DC BUS 88 and DC BUS 90 to communicate electric power and
control signals to the various electric machines. The control system 180 is in
communication with the engine FADEC 82 and an aircraft computer 84. Electric
power to operate the compressor and turbine motors 54,100 may be supplemented by
a propulsion battery 86.

Referring to Figure 2, with continued reference to Figure 1, a compressor
drive control system 210A is augmented and controlled by adding an operational
amplifier 212 providing an electrical coupling between the compressor motor 54 and

compressor generator 56. The operational amplifier 212 is an electric analog to the
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mechanical epicyclic star gearbox 200. The motor 54, the generator 56 and the
operational amplifier 212 match the mechanical gain of the gearbox 200 to bridge
and connect the electric motor powered first compressor section 44 with the turbine
driven second compressor section 46.

The compressor drive control system 210A provides for coordinating
operation between the motor driven first compressor section 44 and the turbine
driven second compressor section 46. The first compressor section 44 is driven by
rotating structures such as the shaft 45 that generate an inertia schematically
indicated at 228. The second compressor section 46 is part of the first spool 116
driven by the high pressure turbine 62 with a different inertia 226. Resistances of the
drive control and electrical machines’ fields and armatures are indicated at R11, R13,
and R14. A capacitance C11 is adjusted to coordinate a speed response of the
electric driven first compressor section 44 because inertia of the rotating structures
228 are different from inertial generated by the structures of the first spool 116. The
resistance of each of the resistors R11, R13, R14 and the capacitance of the capacitor
C11 of the motor 54 and generator 56 are sized to coordinate operation of two
compressors 44, 46. Operation of the compressor sections 44, 46 provided by the
control system 210A compensates for differences in flow capacity and rotational
speeds to provide substantially the same airflow and pressure at the combustor 64.
The control system 210A provides this operation over DC bus circuits 88, 90.

The operational amplifier input resistance Riv 216 is matched to the generator
56 armature resistance. The feedback resistance, Rr 214, is set so that the gain of the
inverting operational amplifier matches the compressor gearbox speed ratio. In this
example, the compressor gearbox 200 is a star gear system with the carrier 208
selectively fixed to a fixed structure 224 of the gas turbine engine 20A through a
clutch 222. The mechanical gain of the compressor gearbox 200 is equal to a ratio of
a radius the ring gear 220 to a radius of the sun gear 218 (Radius (ring)/Radius
(sun)). The inverting gain provided by the operational amplifier 212 is set to match
the mechanical gain reflected in the ratio of the ring gear radius to the sun gear
radius.

Accordingly, the electrical or inverting gain provided by the operational
amplifier is equal to the ratio of the feedback resistance Rr 214 to the input resistance
Rmv 216 (Rr/ Riv). Therefore, the ratio of the ring gear radius to the sun gear radius

is equal to the ratio of the feedback resistance to the input resistance
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(Radiusring/Radiussun) = (Re/ Rmv). The compressor control system 210 provides
control of an electrical coupling of the compressor generator 56 and the compressor
motor 54 to provide matched operation of the first compressor section 44 and the
second compressor section 46.

The operational amplifier provides the electric gain with selection of an input
resistance provided by resistor Riw 216 and an output resistance provided by resistor
Rr 214. Matching is provided by selection of stator field windings, R11, and R14,
and motor 54 armature resistance, R13. A capacitance, C11, improves the transient
speed response of the electric compressor for compatibility with the fuel driven
compressor. The clutch 222 can modify the gain of the system by selective
engagement with the engine static structure 224 to limit movement of the carrier 208.

Referring to Figure 3 with continued reference to Figure 1, turbine drive and
control system 182 is schematically shown and is augmented and controlled by an
operational amplifier 188 providing an electrical coupling between the turbine motor
100 and turbine generator 104. The operational amplifier 188 is an electric analog to
the mechanical epicyclic star gearbox 102. The motor 100, the generator 104 and the
operational amplifier 188 match the mechanical gain of the gearbox 102 to bridge
and coordinate the input of power to drive the fan section 28.

The turbine drive and control system 182A provides for coordination between
the electric motor assisted third spool 115 and the second spool 118. As appreciated,
the example drive and control system 182A is applicable to other drive
configurations where power to one spool is supplemented by an electric motor. In
this example, the intermediate turbine 92 drives the turbine electric motor 100 and
other rotating structures such as the shaft 94 that combine to generate an inertia
schematically indicated at 184. The third spool 115 includes the low pressure turbine
96 that is coupled to the gearbox 102 and the generator 104. The third spool 115
includes rotating structures such as the shaft 98 and portions of the gearbox 102 that
combine to generate inertia 186. The example drive and control system 182
compensates for the differences in speeds and inertias 184, 186 to coordinate
operation.

The resistances R21, R22, R23, and R24 of the drive control and electrical
machines’ fields and armatures along with the capacitance C21 is utilized to match
and coordinate the speed response of the electric supplemented turbine 96 caused by

differences in inertias. In this example, the inertia 186 can include portions of the
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gearbox 102, the fan and other fan structures. The inertia 184 is generated by
intermediate pressure turbine 92 and load incurred by the turbine motor 100. The
resistors R21, R22, R23, R24 and the capacitance C21 are the control parameters that
are sized to coordinate operation between the two turbines 92, 96.

The motor 100, generator 104 and the operation amplifier 188 together bridge
and coordinate operation of the LPT 96 and IPT 92. The operational amplifier input
resistance Riv 194 is matched to the generator armature resistance R22. The feedback
resistance 196, Rr, is set so that the electrical gain of the inverting operational
amplifier matches the mechanical gain defined by the gearbox speed ratio. The
example gearbox 102 is a star epicyclic gear system with the carrier 112 selectively
coupled to a fixed structure of the gas turbine by a planet clutch 198. The
mechanical gain is therefore equal to a ratio of a radius of the ring gear 190 to a
radius of the sun gear 192 (Radius (ring)/Radius (sun). The electrical gain is equal to
the ratio of the electric gain that is equal to ratio of the feedback resistance Rr 196 to
the input resistance Riv 194 that is the same as the inverting gain (Rr /R22). The
clutched planet carrier 112 can be disengaged so that all elements are free to rotate,
but the operational amplifier gain is coincident with the gear ratio and so, governs the
gearbox element speeds.

Referring to Figures 4 and 5, another disclosed integrated engine architecture
is schematically indicated at 20B. The engine 20B includes a compressor 52B and
compressor drive control system 210B. The compressor 52B includes an epicyclic
planet gearbox 201 with the clutch 222 selectively grounding the ring gear 206 to the
engine static structure 224. All other features of the engine 20B are common with the
engine 20A described and disclosed above.

The mechanical gain for a planetary gearbox as provided between the
compressor generator 56 and the compressor motor 54 in this embodiment is equal to
one plus the ratio of the ring gear radius to the sun gear radius, [1+[Radius
(ring)/Radius (sun)]]. Accordingly, the control system 210B is configured such that
the electric gain is equal to the mechanical gain of the planetary compressor gearbox
201. The electric gain is therefore equal to one plus the ratio of the feedback
resistance Rr 214 to the input resistance Riv 216, [1+ (Rr / Riv)]. The compressor
control system 210 provides control of an electrical coupling of the compressor
generator 56 and the compressor motor 54 to provide matched operation of the first

compressor section 44 and the second compressor section 46.
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Referring to Figures 6 and 7, another disclosed integrated engine architecture
is schematically indicated at 20C. The engine 20C includes a fan drive system 30C
and turbine drive control system 182C. The compressor 52 is as disclosed and
described in Figure 1. The fan drive system 30 C includes a gearbox 102 with a ring
gear 114 coupled to the shaft 98 and along with the generator 104 and the low
pressure turbine 96. The fan blades 42 are coupled to the shaft 94 through a
connection 230. The turbine control system 182C includes the operational amplifier
188 to match the mechanical gain defined by the gearbox 102. The addition of the
fan coupled to the shaft 94 generates an increased inertia 186C. The example drive
and control system 182C therefore compensates for the different inertia 186C due to
the addition of the fan 28 being coupled to the shaft 94.

The mechanical gain is coupled to the shaft 98 and along with the generator
104 and the low pressure turbine 96. The fan blades 42 are coupled to the shaft 94
through a connection 230. The turbine control system 182C includes the operational
amplifier 188 to match the mechanical gain defined by the gearbox 102. The addition
of the fan coupled to the shaft 94 generates an increased inertia 186C. The example
drive and control system 182C therefore compensates for the different inertia 186C
due to the addition of the fan 28 being coupled to the shaft 98.

Referring to Figures 8 and 9, another disclosed integrated engine architecture
is schematically indicated at 20D. The engine 20D includes a fan drive system 30D
and turbine drive control system 182D. The compressor 52 is as disclosed and
described in Figure 1. The fan drive system 30D includes an epicyclic planet gearbox
102D with a carrier 112 coupled to the shaft 98 and thereby to the generator 104 and
the low pressure turbine 96. The fan 28 is also coupled to be driven by the carrier
112. The ring gear 114 is selectively coupled to an engine static structure 224
through a clutch 198.

The mechanical gain for the planetary gearbox 102D is equal to one plus the
ratio of the ring gear radius to the sun gear radius, [1+ [Radius (ring)/Radius (sun)]].
Accordingly, the control system 182D is configured such that the electric gain is
equal to the mechanical gain of the planetary compressor gearbox 102D. The electric
gain is therefore equal to one plus the ratio of the feedback resistance Rr, 196 to the
input resistance Ry, 194, [1+ (RF / Rm)]. The turbine control system 182D provides
control of an electrical coupling of the turbine generator 104 and the turbine motor

100 to provide matched operation and accommodate the inertias 184, 186.
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Referring to Figures 10 and 11, another disclosed integrated engine
architecture is schematically indicated at 20E. The engine 20E includes a fan drive
system 30E and turbine drive control system 182E. The compressor 52 is as
disclosed and described in Figure 1. The fan drive system 30E includes an epicyclic
planet gearbox 102E with the carrier 112 coupled to the shaft 98 and thereby to the
generator 104 and the low pressure turbine 96. The fan 28 is also coupled to be
driven by the carrier 112. The ring gear 114 is selectively coupled to an engine static
structure 224 through a clutch 198.

It is within the contemplation of this disclosure that each of the disclosed
compressor system embodiments can be combined and operate with any of the fan
drive system embodiments to provide increased overall engine propulsive efficiency.

Separately or in combinations, the disclosed engines 20A-E integrate electric
machines into the compressor and fan drive systems to increase overall engine
efficiency. The operational amplifier control systems provide matching between gas
and electric powered systems improved compatibility with the turbine engine.

Although an example embodiment has been disclosed, a worker of ordinary
skill in this art would recognize that certain modifications would come within the
scope of this disclosure. For that reason, the following claims should be studied to

determine the scope and content of this disclosure.
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CLAIMS:

1. A gas turbine engine comprising:

a generator configured to be driven by a turbine section,;

an electric motor configured to receive at least a portion of electric power
from the generator;

a gearbox mechanically coupled to both the electric motor and the generator;
and

a control system having an operational amplifier configured to synchronize
operation of the electric motor and the generator, the operational amplifier
electrically coupling the electric motor to the generator and configured to define an

electrical gain matching a mechanical gain defined by the gearbox.

2. The gas turbine engine as recited in claim 1, wherein the gearbox is an
epicyclic planet gear system with a sun gear in meshing engagement with a plurality
of intermediate gears supported in a carrier and the plurality of intermediate gears are
in meshing engagement with a ring gear, the electric motor is coupled to the sun gear,
the generator is coupled to a carrier and the mechanical gain is equal to one plus a

ratio of a diameter of the ring gear to a diameter of the sun gear.

3. The gas turbine engine as recited in claim 2, wherein the electrical gain is
equal to one plus a ratio of a feedback resistance (Rr) to an input resistance (Rmw) and

the electrical gain is equal to the mechanical gain.

4. The gas turbine engine as recited in claim 2 or 3, wherein the ring gear is

selectively grounded to a fixed structure of the gas turbine engine.

5. The gas turbine engine as recited in any preceding claim, including a fan

configured to be driven by an output of the gearbox.

6. The gas turbine engine as recited in any preceding claim, including a
compressor with a first compressor section configured to be driven by the turbine
section and a second compressor section configured to be driven by the electric

motor.
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7. A gas turbine engine comprising:

a fan configured for rotation about an engine longitudinal axis;

a fan drive system configured to drive the fan, the fan drive system including
a turbine section, a turbine generator electrically coupled to a turbine motor and a
gearbox, wherein the turbine section and the turbine motor are coupled to drive
portions of the gearbox and an output of the gearbox is configured to drive rotation of
the fan; and

a control system configured to synchronize operation of the turbine generator
with the turbine motor, the control system having an operational amplifier providing
an electrical gain, wherein the electrical gain is configured to match a mechanical
gain defined by the gearbox to synchronize operation of the turbine motor with the

turbine generator.

8. The gas turbine engine as recited in claim 7, wherein the gearbox is an
epicyclic planet gear system with a sun gear in meshing engagement with a plurality
of intermediate gears supported in a carrier, the plurality of intermediate gears are in
meshing engagement with a ring gear, the turbine motor is coupled to the sun gear,
the turbine generator is coupled to the carrier, the mechanical gain is equal to one
plus a ratio of a diameter of the ring gear to a diameter of the sun gear and the
electrical gain is equal to one plus a ratio of a feedback resistance (Rr) to an input

resistance (Rmv) and the electrical gain is equal to the mechanical gain.

0. The gas turbine engine as recited in claim 8, wherein the gearbox output
configured to drive the fan is the carrier and the ring gear is selectively grounded to a

fixed structure of the gas turbine engine.

10.  The gas turbine engine as recited in claim 8 or 9, wherein the turbine section
includes a low pressure turbine and the turbine generator is coupled to the low
pressure turbine and both the low pressure turbine and the turbine generator are

coupled to the carrier.

1. A gas turbine engine comprising:
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a compressor assembly including a first compressor section and a second
compressor section, the first compressor section is coupled to a turbine section and a
compressor generator, the second compressor section coupled to a compressor motor,
wherein the first compressor section and the second compressor section are in flow
communication with a combustor;

a gearbox configured to couple the compressor motor to the compressor
generator; and

a control system configured to synchronize operation of the compressor
generator with the compressor motor, the control system having an operational
amplifier providing an electrical gain, wherein the electrical gain is matched to a
mechanical gain defined by the gearbox to synchronize operation of the compressor

motor with the compressor generator.

12.  The gas turbine engine as recited in claim 11, wherein the gearbox is an
epicyclic planet gear system with a sun gear in meshing engagement with a plurality
of intermediate gears supported in a carrier, the plurality of intermediate gears are in
meshing engagement with a ring gear, the compressor motor is coupled to the sun
gear, the compressor generator is coupled to the carrier, the mechanical gain is equal
to one plus a ratio of a diameter of the ring gear to a diameter of the sun gear and the
electrical gain is equal to one plus a ratio of a feedback resistance (Rr) to an input

resistance (Rmv) and the electrical gain is equal to the mechanical gain.

13.  The gas turbine engine as recited in claim 12, wherein the ring gear is

selectively grounded to a fixed structure of the gas turbine engine.
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