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SYSTEMS AND METHODS FOR GAS
TURBINE TUNING AND CONTROL

BACKGROUND OF THE INVENTION

[0001] The present invention relates generally to gas tur-
bine engines, and more particularly, to systems and methods
for use in tuning gas turbine engines.

[0002] At least some known gas turbine engines include
controllers that monitor and control their operation. Known
controllers govern the combustion system of the gas turbine
engine and other operational aspects of the gas turbine engine
using operating parameters of the engine. At least some
known controllers receive operating parameters that indicate
the gas turbine engine’s present operating state, define opera-
tional boundaries by way of physics-based models or transfer
functions, and apply the operating parameters to the opera-
tional boundary models. Additionally, at least some known
controllers also apply the operating parameters to scheduling
algorithms, determine error terms, and control boundaries by
adjusting one or more gas turbine engine control effectors.
However, at least some operating parameters may be unmea-
sured parameters, such as parameters that may be impractical
to measure using sensors. Some of such parameters include
firing temperature (i.e., stage 1 turbine vane exit tempera-
ture), combustor exit temperature, and/or turbine stage 1
nozzle inlet temperature.

[0003] At least some known gas turbine engine control
systems indirectly control or monitor unmeasured operating
parameters using measured parameters, such as compressor
inlet pressure and temperature, compressor exit pressure and
temperature, turbine exhaust pressure and temperature, fuel
flow and temperature, ambient conditions, and/or generator
power. However, there is uncertainty in the values of indirect
parameters, and the associated gas turbine engines may need
tuning to reduce combustion dynamics and emissions.
Because of the uncertainty of unmeasured parameters, design
margins are used for gas turbine engines that include such
known control systems. Using such design margins may
reduce the performance of the gas turbine engine at many
operating conditions in an effort to protect against and accom-
modate worst-case operational boundaries. Moreover, many
of such known control systems may not accurately estimate
firing temperature or exhaust temperature of the gas turbine
engine, which may result in a less efficient engine and varia-
tion from machine-to-machine in facilities with more than
one gas turbine engine.

[0004] It has proven difficult to reduce variation in firing
temperature from machine-to-machine for industrial gas tur-
bines. For example, firing temperature is a function of many
different variables, including variations in the components of
the gas turbine and their assembly. These variations are due to
necessary tolerances in manufacturing, installation, and
assembly of the gas turbine parts. In addition, the controls and
sensors used to measure the operating parameters of the gas
turbine contain a certain amount of uncertainty in their mea-
surements. It is the uncertainty in the measurement system
used to sense the values of the measured operating parameters
and the machine component variations that necessarily result
in variation of the unmeasured operating parameters of the
gas turbine engine, such as the firing temperature. The com-
bination of these inherent inaccuracies makes it difficult to
achieve the design firing temperature of a gas turbine engine
at a known set of ambient conditions and results in firing
temperature variation from machine-to-machine.
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BRIEF DESCRIPTION OF THE INVENTION

[0005] In one aspect, a method of tuning an operating gas
turbine engine is provided. The method includes receiving a
first plurality of operating parameters as the gas turbine
engine is operated at a first operating state. Further, the
method includes operating the gas turbine engine at a second
operating state to measure a second plurality of operating
parameters at the second operating state. In addition, the
method includes operating the gas turbine engine at a third
operating state to measure a third plurality of operating
parameters at the third operating state, wherein the first, sec-
ond, and third operating states are different from each other.
Furthermore, the method includes generating a correction
factor based on the first, second, and third plurality of oper-
ating parameters. The method also includes adjusting the
operation of the gas turbine engine based on the correction
factor.

[0006] Inanother aspect, a system for adjusting combustor
temperature control during tuning of a gas turbine engine is
provided. The system includes at least one control sensor
coupled to the gas turbine engine. The at least one control
sensor is configured to transmit at least one operating param-
eter associated with the gas turbine engine to a controller. The
system also includes at least one precision sensor coupled to
said gas turbine engine. The at least one precision sensor is
configured to transmit at least one precision operating param-
eter associated with the gas turbine engine to a calibration
computing device. In addition, the system includes a control-
ler configured to control operation of the gas turbine engine
and to receive at least one operating parameter from at least
one control sensor. Furthermore, the system includes a cali-
bration computing device. The calibration computing device
is configured to receive the precision operating parameter
transmitted by the precision sensor.

[0007] Further, in another aspect, an alternative method of
tuning an operating gas turbine engine is provided. The
method includes operating the gas turbine engine at a first
operating state to measure a first plurality of operating param-
eters at the first operating state. Further, the method includes
operating the gas turbine engine at a second operating state to
measure a second plurality of operating parameters at the
second operating state, wherein the first and second operating
states are different from each other. Furthermore, the method
includes generating a correction factor based on at least the
first plurality of operating parameters and the second plurality
of operating parameters using a calibration computing
device. The method also includes adjusting the operation of
the gas turbine engine based on the correction factor includ-
ing modifying a controller coupled to the gas turbine engine
with the correction factor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a schematic illustration of an exemplary
gas turbine engine including an exemplary control system;

[0009] FIG. 2 is a schematic view of an exemplary control
architecture that may be used with the control system of FIG.
1 to control operation of the gas turbine engine shown in FIG.
1;

[0010] FIG. 3 is a graph that shows a probabilistic simula-
tion of the operating states of a statistically significant num-
ber of the gas turbine engine of FIG. 1 using the model of the
gas turbine engine used by the control system of FIG. 1;
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[0011] FIG. 4 is a flow chart of an exemplary method that
may be implemented to adjust combustor temperature control
during tuning of the gas turbine engine shown in FIG. 1;
[0012] FIG. 5 is a graph of the probabilistic simulation of
FIG. 3 illustrating how firing temperature variation is reduced
by running the gas turbine engine shown in FIG. 1 to a
nominal power output;

[0013] FIG. 6 shows nominal power output line located
between the boundary lines shown in FIG. 5 sectioned into
four quadrants;

[0014] FIG. 7 is a schematic illustration of an alternative
embodiment of the gas turbine engine shown in FIG. 1 includ-
ing a calibration computing device;

[0015] FIG. 8is a block diagram of the calibration comput-
ing device of FIG. 7 that may be used to perform monitoring
of any piece of equipment, system, and process, such as,
without limitation, monitoring of the operating parameters of
the gas turbine engine of FIG. 1; and

[0016] FIG. 9 is a flow chart of an alternative method that
may be implemented to adjust combustor temperature control
during tuning of gas turbine engine shown in FIG. 1.

DETAILED DESCRIPTION OF THE INVENTION

[0017] FIG. 1 is a schematic illustration of an exemplary
gas turbine engine 10 including an exemplary control system
18. In the exemplary embodiment, gas turbine engine 10
includes a compressor 12, a combustor 14, a turbine 16 driv-
ingly coupled to compressor 12, and a computer control sys-
tem, or controller 18. An inlet duct 20 to compressor 12
channels ambient air and, in some instances, injected water to
compressor 12. Duct 20 may include ducts, filters, screens, or
sound absorbing devices that contribute to a pressure loss of
ambient air flowing through inlet duct 20 and into inlet guide
vanes (IGV) 21 of compressor 12. Combustion gasses from
gas turbine engine 10 are directed through exhaust duct 22.
Exhaust duct 22 may include sound adsorbing materials and
emission control devices that induce a backpressure to gas
turbine engine 10. An amount of inlet pressure losses and
backpressure may vary over time due to the addition of com-
ponents to inlet duct 20 and exhaust duct 22, and/or as a result
of dust or dirt clogging inlet duct 20 and exhaust duct 22,
respectively. In the exemplary embodiment, gas turbine
engine 10 drives a generator 24 that produces electrical
power.

[0018] Inthe exemplary embodiment, a plurality of control
sensors 26 detect various operating conditions of gas turbine
engine 10, generator 24, and/or the ambient environment
during operation of gas turbine engine 10. In many instances,
multiple redundant control sensors 26 may measure the same
operating condition. For example, groups of redundant tem-
perature control sensors 26 may monitor ambient tempera-
ture, compressor discharge temperature, turbine exhaust gas
temperature, and/or other operating temperatures the gas
stream (not shown) through gas turbine engine 10. Similarly,
groups of other redundant pressure control sensors 26 may
monitor ambient pressure, static and dynamic pressure levels
atcompressor 12, turbine 16 exhaust, and/or other parameters
in gas turbine engine 10. Control sensors 26 may include,
without limitation, flow sensors, speed sensors, flame detec-
tor sensors, valve position sensors, guide vane angle sensors,
and/or any other device that may be used to sense various
operating parameters during operation of gas turbine engine
10.
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[0019] As used herein, the term “parameter” refers to char-
acteristics that can be used to define the operating conditions
of gas turbine engine 10, such as temperatures, pressures,
and/or gas flows at defined locations within gas turbine
engine 10. Some parameters are measured, i.e., are sensed
and are directly known, while other parameters are calculated
by a model and are thus estimated and indirectly known.
Some parameters may be initially input by a user to controller
18. The measured, estimated, or user input parameters repre-
sent a given operating state of gas turbine engine 10.

[0020] A fuel control system 28 regulates an amount of fuel
flow from a fuel supply (not shown) to combustor 14, an
amount split between primary and secondary fuel nozzles
(not shown), and an amount mixed with secondary air flowing
into combustor 14. Fuel control system 28 may also select a
type of fuel for use in combustor 14. Fuel control system 28
may be a separate unit or may be a component of controller
18.

[0021] Controller 18 may be a computer system that
includes at least one processor (not shown) and at least one
memory device (not shown) that executes operations to con-
trol the operation of gas turbine engine 10 based at least
partially on control sensor 26 inputs and on instructions from
human operators. The controller may include, for example, a
model of gas turbine engine 10. Operations executed by con-
troller 18 may include sensing or modeling operating param-
eters, modeling operational boundaries, applying operational
boundary models, or applying scheduling algorithms that
control operation of gas turbine engine 10, such as by regu-
lating a fuel flow to combustor 14. Controller 18 compares
operating parameters of gas turbine engine 10 to operational
boundary models, or scheduling algorithms used by gas tur-
bine engine 10 to generate control outputs, such as, without
limitation, a firing temperature. Commands generated by
controller 18 may cause a fuel actuator 27 on gas turbine
engine 10 to selectively regulate fuel flow, fuel splits, and/or
a type of fuel channeled between the fuel supply and com-
bustors 14. Other commands may be generated to cause
actuators 29 to adjust a relative position of IGVs 21, adjust
inlet bleed heat, or activate other control settings on gas
turbine engine 10.

[0022] Operating parameters generally indicate the operat-
ing conditions of gas turbine engine 10, such as temperatures,
pressures, and gas flows, at defined locations in gas turbine
engine 10 and at given operating states. Some operating
parameters are measured, i.e., sensed and are directly known,
while other operating parameters are estimated by a model
and are indirectly known. Operating parameters that are esti-
mated or modeled, may also be referred to as estimated oper-
ating parameters, and may include for example, without limi-
tation, firing temperature and/or exhaust temperature.
Operational boundary models may be defined by one or more
physical boundaries of gas turbine engine 10, and thus may be
representative of optimal conditions of gas turbine engine 10
at each boundary. Further, operational boundary models may
be independent of any other boundaries or operating condi-
tions. Scheduling algorithms may be used to determine set-
tings for the turbine control actuators 27, 29 to cause gas
turbine engine 10 to operate within predetermined limits.
Typically, scheduling algorithms protect against worst-case
scenarios and have built-in assumptions based on certain
operating states. Boundary control is a process by which a
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controller, such as controller 18, is able to adjust turbine
control actuators 27, 29 to cause gas turbine engine 10 to
operate at a preferred state.

[0023] FIG. 2 is a schematic view of an exemplary control
architecture 200 that may be used with controller 18 (shown
in FIG. 1) to control operation of gas turbine engine 10
(shown in FIG. 1). More specifically, in the exemplary
embodiment, control architecture 200 is implemented in con-
troller 18 and includes a model-based control (MBC) module
56. MBC module 56 is a robust, high fidelity, physics-based
model of gas turbine engine 10. MBC module 56 receives
measured conditions as input operating parameters 48. Such
parameters 48 may include, without limitation, ambient pres-
sure and temperature, fuel flows and temperature, inlet bleed
heat, and/or generator power losses. MBC module 56 applies
input operating parameters 48 to the gas turbine model to
determine a nominal firing temperature 50 (or nominal oper-
ating state 428). MBC module 56 may be implemented in any
platform that enables operation of control architecture 200
and gas turbine engine 10 as described herein.

[0024] Further, in the exemplary embodiment, control
architecture 200 includes an adaptive real-time engine simu-
lation (ARES) module 58 that estimates certain operating
parameters of gas turbine engine 10. For example, in one
embodiment, ARES module 58 estimates operational param-
eters that are not directly sensed such as those generated by
control sensors 26 for use in control algorithms. ARES mod-
ule 58 also estimates operational parameters that are mea-
sured such that the estimated and measured conditions can be
compared. The comparison is used to automatically tune
ARES module 58 without disrupting operation of gas turbine
engine 10.

[0025] ARES module 58 receives input operating param-
eters 48 such as, without limitation, ambient pressure and
temperature, compressor inlet guide vane position, fuel flow,
inlet bleed heat flow, generator power losses, inlet and
exhaust duct pressure losses, and/or compressor inlet tem-
perature. ARES module 58 then generates estimated operat-
ing parameters 60, such as, without limitation, exhaust gas
temperature 62, compressor discharge pressure, and/or com-
pressor discharge temperature. In the exemplary embodi-
ment, ARES module 58 uses estimated operating parameters
60 in combination with input operating parameters 48 as
inputs to the gas turbine model to generate outputs, such as,
for example, a calculated firing temperature 64.

[0026] In the exemplary embodiment, controller 18
receives as an input, a calculated firing temperature 52. Con-
troller 18 uses a comparator 70 to compare calculated firing
temperature 52 to nominal firing temperature 50 to generate a
correction factor 54. Correction factor 54 is used to adjust
nominal firing temperature 50 in MBC module 56 to generate
a corrected firing temperature 66. Controller 18 uses a com-
parator 74 to compare the control outputs from ARES module
58 and the control outputs from MBC module 56 to generate
a difference value. This difference value is then input into a
Kalman filter gain matrix (not shown) to generate normalized
correction factors that are supplied to controller 18 for use in
continually tuning the control model of ARES module 58 thus
facilitating enhanced control of gas turbine engine 10. In an
alternative embodiment, controller 18 receives as an input
exhaust temperature correction factor 68. Exhaust tempera-
ture correction factor 68 may be used to adjust exhaust tem-
perature 62 in ARES module 58.
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[0027] FIG. 3 is a graph that shows a probabilistic simula-
tion of the operating states of a statistically significant num-
ber of the gas turbine engine 10 of FIG. 1 using the model of
gas turbine engine used by controller 18. The graph repre-
sents power output versus firing temperature of gas turbine
engine 10. Line 300 is the linear regression model for the
plurality of data points 308. Lines 302 represent the 99%
prediction interval corresponding to data points 308. Further,
line 304 represents the nominal or design firing temperature
50 for gas turbine engine 10, and line 306 represents a nomi-
nal or design power output for gas turbine engine 10. In the
exemplary embodiment, the probabilistic simulation shown
in FIG. 2 shows an approximate variance in firing temperature
of'80 units. This variance may be attributed to the component
tolerances of gas turbine engine 10, and the measurement
uncertainty of controller 18 and control sensors 26.

[0028] Described herein is a method for tuning gas turbine
engine 10 that facilitates reducing variation in the actual gas
turbine engine 10 operating state, e.g., firing temperature
and/or exhaust temperature, which facilitates reducing varia-
tion in power output, emissions, and life of gas turbine engine
10. The method may be implemented as either a discrete
process to tune gas turbine engine 10 during installation and
at various periods, or may be implemented within controller
18 to run periodically at a predetermined interval and/or
continuously during operation of gas turbine engine 10. This
method does not measure gas turbine firing temperature
directly because firing temperature is an estimated parameter,
as previously discussed. This method, however, yields
directly measured parameters that are strong indicators of the
firing temperature of the gas turbine engine 10.

[0029] FIG. 4 is a flow chart of an exemplary method 400
that may be implemented to adjust combustor temperature
control during tuning of gas turbine engine 10 (shown in FIG.
1). To facilitate the tuning process, in the exemplary embodi-
ment, controller 18 controls gas turbine engine 10 and com-
mands it to run to a first operating state 420, e.g., the nominal
or design firing temperature 50 or the nominal or design
exhaust temperature 62 for the current set of ambient condi-
tions that are measured by controller 18. Due to the compo-
nent tolerances of gas turbine engine 10, and the measure-
ment uncertainty of controller 18 and control sensors 26, first
operating state 420, e.g., the operating firing temperature, of
gas turbine engine 10 is unknown; however, the probabilistic
simulation data shown in FIG. 2 is representative, with a 99%
probability, of the firing temperature variation of gas turbine
engine 10. As described above, firing temperature is not a
directly measurable quantity; however, turbine power output
and turbine emissions are directly measurable quantities with
reasonable accuracy, and are correlated to firing temperature.
After commanding gas turbine engine 10 to run to first oper-
ating state 420, or nominal firing temperature 50, controller
18 receives 402 input operating parameters 48, including,
without limitation, turbine power output and turbine emis-
sions, using control sensors 26. Alternatively, the process of
having controller 18 command gas turbine engine 10 to run to
first operating state 420 and receive input operating param-
eters 48 may be repeated more than one time. The received
plurality of input operating parameters 48 may then be sta-
tistically analyzed to facilitate reducing the uncertainty asso-
ciated with the input operating parameters 48 due to the
component tolerances of gas turbine engine 10, and the mea-
surement uncertainty of controller 18 and control sensors 26.
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[0030] In the exemplary embodiment, the directly measur-
able input operating parameters 48, e.g., the turbine power
output and turbine emissions, received by controller 18 are
correlated to the firing temperature of gas turbine engine 10.
However, the single data point results in significant uncer-
tainty as to whether or not gas turbine engine 10 is operating
at the desired temperature level. To facilitate accurately tun-
ing gas turbine engine 10 further, in the exemplary embodi-
ment, as shown in FIG. 4, controller 18 commands 404 gas
turbine engine 10 to run to a second operating state 422, e.g.,
the nominal or design power output 306. Controller 18
receives input operating parameters 48, including, without
limitation, turbine emissions, using control sensors 26, and
estimated operating parameters 60, including, without limi-
tation, an estimated firing temperature. Alternatively, as dis-
cussed above with respect to the first process, the second
process of having controller 18 command gas turbine engine
10 to run to second operating state 422 and receive input
operating parameters 48 and estimated operating parameters
60 may be repeated more than one time. The received plural-
ity of input operating parameters 48 and estimated operating
parameters 60 may then be statistically analyzed to facilitate
reducing the uncertainty associated with the input operating
parameters 48 and the estimated operating parameters 60.
FIG. 5 is a graph of the probabilistic simulation of FIG. 3
illustrating how firing temperature variation is reduced by
running gas turbine engine 10 to second operating state 422,
or the nominal power output 306. In the exemplary embodi-
ment, data points 502 and 504 represent a specific gas turbine
engine 10. For example, a gas turbine engine 10 represented
by data point 502 has more power output than nominal power
output 306. A gas turbine engine 10 represented by data point
504 has less power output than nominal power output 306.
When controller 18 commands gas turbine engine 10 (which
may correspond to any of data points 308) to run to nominal
power output 306, the operating condition, e.g., the firing
temperature of gas turbine engine 10, changes as illustrated
by the arrows for data points 502 and 504. In other words, the
firing temperature of gas turbine engine 10 will change, fol-
lowing a line parallel to line 300. When all data points 308 are
adjusted to nominal power output 306 as described, all data
points 308 will be located on the nominal power output 306
line between lines 506 and 508. As shown in FIG. 5, the firing
temperature variation for all data points 308 is reduced by
about two, so the variation in emissions and turbine life is
reduced.

[0031] While the input operating parameters 48 and 60
received by controller 18 corresponding with a gas turbine
engine 10 running at first operating state 420, i.e., nominal
firing temperature 50, and second operating state 422, i.e.,
nominal power output 306, can be used to facilitate reducing
actual firing temperature variation, the values cannot be used
to locate a specific gas turbine engine 10 along nominal power
output 306 line between lines 506 and 508. To further reduce
firing temperature variation, it is necessary to locate a specific
gas turbine engine 10 along nominal power output 306 line
between lines 506 and 508. To facilitate locating a specific gas
turbine engine 10 along nominal power output 306 line, a
third variable that is correlated to firing temperature is
needed.

[0032] In the exemplary embodiment, emissions levels in
the exhaust of gas turbine engine 10 can be measured with
confidence. These emissions levels are correlated to the gas
turbine engine 10 firing temperature. Alternatively, any input
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operating parameter 48 of gas turbine engine 10 that is cor-
related to firing temperature can be used to further facilitate
reducing firing temperature variation of gas turbine engine
10. In the exemplary embodiment, referring to FIG. 4, con-
troller 18 commands 406 gas turbine engine 10 to run to a
third operating state 424, e.g., a nominal or deign emissions
level at a specific fuel split. Controller 18 then receives input
operating parameters 48 and 60, including, without limita-
tion, an estimated firing temperature and turbine power out-
put. Alternatively, the process of having controller 18 com-
mand gas turbine engine 10 to run to third operating state 424
and receive input operating parameters 48 and 60 may be
repeated more than one time. The received plurality of input
operating parameters 48 and 60 may then be statistically
analyzed to facilitate reducing the uncertainty associated with
the input operating parameters 48 and 60 due to the compo-
nent tolerances of gas turbine engine 10 and the measurement
uncertainty of controller 18 and control sensors 26.

[0033] In the exemplary embodiment, controller 18 com-
bines the received input operating parameters 48 and 60 from
the first 420, second 422, and third 424 operating states to
determine calculated firing temperature 52 (or calculated
operating state 426) of gas turbine engine 10. Controller 18
uses a comparator 70 to determine a difference value between
nominal firing temperature 50 and calculated firing tempera-
ture 52 of gas turbine engine 10 to generate 408 a firing
temperature correction factor 54. Firing temperature correc-
tion factor 54 is indicative of an error associated with con-
troller 18 and control sensors 26. Controller 18 is modified
410 with firing temperature correction factor 54 to generate
corrected firing temperature 66. In an alternative embodi-
ment, calibration computing device 30 compares nominal
exhaust temperature 62 to corrected exhaust temperature 66
to calculate a difference value, or exhaust temperature cor-
rection factor 68.

[0034] FIG. 6 shows nominal power output line 306 located
between lines 506 and 508 of FIG. 5 sectioned into four
quadrants. An operating firing temperature of a gas turbine
engine 10 that is located in Quadrant A will have measurably
lower emissions levels than a gas turbine engine 10 located in
one in the other three quadrants, i.e. Quadrants B, C, and D.
As such, a gas turbine engine 10 located in Quadrant A can
have its operating firing temperature adjusted upward such
that the gas turbine engine moves into either Quadrant B or
Quadrant C. The emissions level from a gas turbine engine 10
located in Quadrant D will be measurably higher than those in
Quadrants A, B, and C, and can therefore have its operating
firing temperature adjusted downward such that the gas tur-
bine engine 10 moves into either Quadrant C or Quadrant B.
As shown in FIG. 6, the firing temperature variation for all
data points 308 is further reduced by about two. Thus, using
the described method of tuning gas turbine engine 10, firing
temperature variation can be reduced overall by a factor of
about 4. Using the operating parameter 48 data measured
from the plurality of operating conditions just described sig-
nificantly reduces the uncertainty in understanding the true
operating point of gas turbine 10, and this point can be used to
anchor the baseline operating condition of gas turbine engine
10. Thus, referring back to FIG. 4, controller 18 is modified
410 to adjust the commanded or nominal firing temperature
50 based on firing temperature correction factor 54.

[0035] In the exemplary embodiment, the preferred execu-
tion of method 400 is to progress from start to finish through
the plurality of operating states and subsequent determination
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and application of correction factor 54 to controller 18 with-
out user intervention once method 400 is initiated. However,
the execution of exemplary method 400 does not preclude
user intervention. As previously discussed, some input oper-
ating parameters 48 and 60 may be input by a user into
controller 18. These input operating parameters 48 and 60
may be input by a user at any point during execution of
method 400, including replacement of the input operating
parameters 48 and 60 received by controller 18 at one of the
operating states of gas turbine engine 10. Additionally, the
execution of method 400 does not preclude a user from inter-
vening to provide additional directions to controller 18, such
as requesting controller 18 to repeat a step of method 400
already completed. During user intervention, controller 18
preserves the input operating parameters 48 and 60 received
from control sensors 26 at the various operating states of gas
turbine engine 10. Controller 18 continues executing method
400 after executing the intervening user request.

[0036] As described previously, the exemplary method 400
to adjust combustor temperature control during tuning of gas
turbine engine 10 may be implemented as either a discrete
process to tune gas turbine engine 10 during installation and
at various periods determined by an operator, or method 400
may be implemented as an automatic process within control-
ler 18 to run predetermined periods and/or continuously dur-
ing operation of gas turbine engine 10. One an advantage of
automating and continuously running method 400 during
operation of gas turbine engine 10 is that correction factor 54
can be continuously adjusted to facilitate accurately tuning
gas turbine engine 10 as the components and control sensors
26 deteriorate over time. However, as described above, the
automated execution of exemplary method 400 does not pre-
clude user intervention. Just as with the discrete execution of
method 400, some input operating parameters 48 and 60 may
be input by a user into controller 18. These input operating
parameters 48 and 60 may be input by a user at any point
during automated execution of method 400, including
replacement of the input operating parameters 48 and 60
received by controller 18 at one of the operating states of gas
turbine engine 10. Additionally, the automated execution of
method 400 does not preclude a user from intervening to
provide additional directions to controller 18, such as request-
ing controller 18 to repeat a step of method 400 already
completed. During user intervention, controller 18 preserves
the input operating parameters 48 and 60 received from con-
trol sensors 26 at the various operating states of gas turbine
engine 10. Controller 18 continues the automated execution
of method 400 after executing the intervening user request.

[0037] FIG. 7 is a schematic illustration of an alternative
embodiment of gas turbine engine 10 of FIG. 1 including a
calibration computing device 30. In the exemplary embodi-
ment, calibration computing device 30 may monitor the
operation of gas turbine engine 10 during initial installation
and as gas turbine engine 10 is tuned using precision sensors
32 that detect various observable conditions of gas turbine
engine 10, of generator 24, and of the ambient environment as
precision operating parameters 33. Sensors 32 may include,
without limitation, flow sensors, speed sensors, flame detec-
tor sensors, valve position sensors, guide vane angle sensors,
or any other device that may be used to sense various operat-
ing parameters pertinent to the adjustment operation of gas
turbine engine 10. Sensors 32 are generally significantly more
accurate than control sensors 26 used with controller 18.

Sep. 18,2014

[0038] Calibration computing device 30 may be a computer
system that includes at least one processor that executes
operations to operate gas turbine engine 10 based at least
partially on inputs from precision sensors 32. Calibration
computing device 30 may include, for example, a model of
gas turbine engine 10. The operating parameters sensed by
calibration computing device 30 may include, without limi-
tations, compressor inlet pressure and temperature, compres-
sor exit pressure and temperature, turbine exhaust pressure
and temperature, fuel flow and temperature, ambient condi-
tions, and/or generator power. Calibration computing device
30 may apply gas turbine engine 10 operating parameters to
operational boundary models or to at least one scheduling
algorithm to facilitate generating control outputs, such as,
without limitation, firing temperature.

[0039] FIG. 8 is a block diagram of calibration computing
device 30 (shown in FIG. 7) that may be used to perform
monitoring of any piece of equipment, system, and process,
such as, without limitation, monitoring of operating param-
eters of gas turbine engine 10. In the exemplary embodiment,
calibration computing device 30 includes a memory device
34 and a processor 36 that is coupled to memory device 34.
Processor 36 may include one or more processing units, such
as, without limitation, a multi-core configuration. In some
embodiments, executable instructions are stored in memory
device 34. Calibration computing device 30 is configurable to
perform one or more operations described herein by program-
ming processor 36. For example, processor 36 may be pro-
grammed by encoding an operation as one or more executable
instructions and providing the executable instructions in
memory device 34. In the exemplary embodiment, memory
device 34 is one or more devices that enable storage and
retrieval of information such as executable instructions or
other data. Memory device 34 may include one or more
computer readable media, such as, without limitation, ran-
dom access memory (RAM), dynamic RAM, static RAM, a
solid-state disk, a hard disk, read-only memory (ROM), eras-
able programmable ROM, electrically erasable program-
mable ROM, or non-volatile RAM memory. The above
memory types are exemplary only, and are thus not limiting as
to the types of memory usable for storage of a computer
program.

[0040] As used herein, the term “computer” and related
terms, such as, “computing device”, are not limited to inte-
grated circuits referred to in the art as a computer, but rather
broadly refers to a microcontroller, a microcomputer, a pro-
grammable logic controller (PLC), an application specific
integrated circuit, and other programmable circuits, and these
terms are used interchangeably herein.

[0041] Memory device 34 may be configured to store
operational parameters including, without limitation, real-
time and historical operational parameter values, or any other
type of data. In some embodiments, processor 36 removes or
“purges” data from memory device 34 based on the age of the
data. For example, processor 36 may overwrite previously
recorded and stored data associated with a subsequent time or
event. In addition, or alternatively, processor 36 may remove
data that exceeds a predetermined time interval. In addition,
memory device 34 includes, without limitation, sufficient
data, algorithms, and commands to facilitate monitoring and
control of the components within a gas turbine engine includ-
ing, without limitation, precision sensors 32.

[0042] As used herein, the term “real-time” refers to at least
one of the time of occurrence of the associated events, the
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time of measurement and collection of predetermined data,
the time to process the data, and the time of a system response
to the events and the environment. In the embodiments
described herein, these activities and events occur substan-
tially instantaneously.

[0043] In some embodiments, calibration computing
device 30 includes a presentation interface 38 coupled to
processor 36. Presentation interface 38 presents information,
such as a user interface, to a user 40. In one embodiment,
presentation interface 38 includes a display adapter (not
shown) that is coupled to a display device (not shown), such
as a cathode ray tube (CRT), a liquid crystal display (LCD),
an organic LED (OLED) display, or an “electronic ink™ dis-
play. In some embodiments, presentation interface 38
includes one or more display devices. In addition, or alterna-
tively, presentation interface 38 includes an audio output
device (not shown), for example, without limitation, an audio
adapter, a speaker, or a printer (not shown).

[0044] In some embodiments, calibration computing
device 30 includes a user input interface 42. In the exemplary
embodiment, user input interface 42 is coupled to processor
36 and receives input from user 40. User input interface 42
may include, for example, without limitation, a keyboard, a
pointing device, a mouse, a stylus, a touch sensitive panel,
such as, without limitation, a touch pad or a touch screen,
and/or an audio input interface, such as, without limitation, a
microphone. A single component, such as a touch screen, may
function as both a display device of presentation interface 38
and user input interface 42.

[0045] In the exemplary embodiment, a communication
interface 44 is coupled to processor 36 and is configured to be
coupled in communication with one or more other devices,
such as precision sensors 32, and to perform input and output
operations with respect to such devices while performing as
an input channel. For example, communication interface 44
may include, without limitation, a wired network adapter, a
wireless network adapter, a mobile telecommunications
adapter, a serial communication adapter, or a parallel com-
munication adapter. Communication interface 44 may
receive a data signal from or transmit a data signal to one or
more remote devices. For example, in an alternative embodi-
ment, communication interface 44 of calibration computing
device 30 may transmit/receive a data signal to/from control-
ler 18.

[0046] Presentation interface 38 and communication inter-
face 44 are both capable of providing information suitable for
use with the methods described herein, such as, providing
information to user 40 or processor 36. Accordingly, presen-
tation interface 38 and communication interface 44 may be
referred to as output devices. Similarly, user input interface
42 and communication interface 44 are capable of receiving
information suitable for use with the methods described
herein and may be referred to as input devices.

[0047] FIG. 9 is a flow chart of an alternative method 900
that may be implemented to adjust combustor temperature
control during tuning of gas turbine engine 10 (shown in FIG.
1). To facilitate the tuning process, controller 18 controls gas
turbine engine 10 and commands it 902 to run to first operat-
ing state 420, e.g., the nominal or design firing temperature 50
for the current set of ambient conditions that are measured by
controller 18. Due to the component tolerances of gas turbine
engine 10, and the measurement uncertainty of precision
sensors 32, the actual operating state, e.g., the operating firing
temperature, of gas turbine engine 10 is unknown; however,
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the probabilistic simulation data shown in FIG. 2 is represen-
tative, with a 99% probability, of the firing temperature varia-
tion of gas turbine engine 10. As described above, firing
temperature is not a directly measurable quantity; however,
turbine power output and turbine emissions are directly mea-
surable quantities with reasonable accuracy. After controller
18 commands gas turbine engine 10 to run to nominal firing
temperature 50, calibration computing device 30 receives
input operating parameters 48, including, without limitation,
turbine power output and turbine emissions, using precision
sensors 32. Alternatively, the process of having controller 18
command gas turbine engine 10 to run to first operating state
420 and receive input operating parameters 48 may be
repeated more than one time. The received plurality of input
operating parameters 48 may then be statistically analyzed to
facilitate reducing the uncertainty associated with the input
operating parameters 48 due to the component tolerances of
gas turbine engine 10, and the measurement uncertainty of
controller 18 and precision sensors 32.

[0048] As shown in FIG. 9, controller 18 then commands
904 gas turbine engine 10 to run to second operating state 422,
e.g., nominal or design power output 306. After controller 18
commands gas turbine engine 10 to run to nominal power
output 306, calibration computing device 30 receives input
operating parameters 48, including, without limitation, tur-
bine emissions, using precision sensors 32, and estimated
operating parameters 60, including, without limitation, an
estimated firing temperature. Alternatively, as discussed
above with respect to the first process, the second process of
having controller 18 command gas turbine engine 10 to run to
second operating state 422 and receive input operating
parameters 48 and estimated operating parameters 60 may be
repeated more than one time. The received plurality of input
operating parameters 48 and estimated operating parameters
60 may then be statistically analyzed to facilitate reducing the
uncertainty associated with the input operating parameters 48
and the estimated operating parameters 60.

[0049] Further, controller 18 may command gas turbine
engine 10 to run to third operating state 424, e.g., a nominal
emissions level. Calibration computing device 30 may then
receive input operating parameters 48 and 60, including,
without limitation, an estimated firing temperature and tur-
bine power output. Alternatively, the process of having con-
troller 18 command gas turbine engine 10 to run to third
operating state 424 and receive input operating parameters 48
and 60 may be repeated more than one time. The received
plurality of input operating parameters 48 and 60 may then be
statistically analyzed to facilitate reducing the uncertainty
associated with the input operating parameters 48 and 60 due
to the component tolerances of gas turbine engine 10 and the
measurement uncertainty of controller 18 and precision sen-
sors 32. Calibration computing device 30 then combines the
received input operating parameters 48 and 60 from at least
the commanded first 420 and second 422 operating states to
determine an operating firing temperature of gas turbine
engine 10. Alternatively, Calibration computing device 30
may combine input operating parameters 48 and 60 received
atthird operating state 424 with the parameters received at the
first 420 and second 422 operating states. Calibration com-
puting device 30 determines a difference value between
nominal firing temperature 50 and the determined operating
firing temperature of gas turbine engine 10 to generate 906
firing temperature correction factor 54 for use in modifying
controller 18 to adjust 908 the nominal firing temperature 50.
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Calibration computing device 30 facilitates further reducing
firing temperature variation in gas turbine engine 10 by use of
precision sensors 32, which are generally significantly more
accurate than control sensors 26 used with controller 18.
[0050] The systems and methods as described herein facili-
tate reducing the variation in the firing temperature or the
exhaust temperature of a gas turbine engine due to controller
sensor error and component manufacturing tolerances. Spe-
cifically, a high fidelity, physics-based model of a gas turbine
engine and associated precision equipment and processes are
programmed into a processor to create a gas turbine engine
controller that automatically adjusts for firing temperature
and/or exhaust temperature error. Therefore, in contrast to
known controllers that do not adjust for these errors, the
systems and methods described herein facilitate reducing the
error in firing temperature and exhaust temperature of a gas
turbine engine and facilitate reducing the variation from
machine-to-machine in settings with multiple gas turbine
engines.

[0051] An exemplary technical effect of the methods and
systems described herein includes at least one of: (a) receiv-
ing the operating parameters of a gas turbine engine to deter-
mine accurate firing temperatures; (b) determining a correc-
tion factor for the gas turbine engine firing temperature; and
(c) adjusting the operation of a gas turbine engine by modi-
fying the gas turbine engine controller based on the correction
factor.

[0052] The methods and systems described herein are not
limited to the specific embodiments described herein. For
example, components of each system and/or steps of each
method may be used and/or practiced independently and
separately from other components and/or steps described
herein. In addition, each component and/or step may also be
used and/or practiced with other assemblies and methods.
[0053] Some embodiments involve the use of one or more
electronic or computing devices. Such devices typically
include a processor or controller, such as a general purpose
central processing unit (CPU), a graphics processing unit
(GPU), a microcontroller, a reduced instruction set computer
(RISC) processor, an application specific integrated circuit
(ASIC), a programmable logic circuit (PLC), and/or any
other circuit or processor capable of executing the functions
described herein. The methods described herein may be
encoded as executable instructions embodied in a computer
readable medium, including, without limitation, a storage
device, and/or a memory device. Such instructions, when
executed by a processor, cause the processor to perform at
least a portion of the methods described herein. The above
examples are exemplary only, and thus are not intended to
limit in any way the definition and/or meaning of the term
processor.
[0054] While the invention has been described in terms of
various specific embodiments, those skilled in the art will
recognize that the invention can be practiced with modifica-
tion within the spirit and scope of the claims.

What is claimed is:

1. A method of tuning a gas turbine engine, said method
comprising:

(a) receiving a first plurality of operating parameters as the

gas turbine engine is operated at a first operating state;

(b) operating the gas turbine engine at a second operating
state to measure a second plurality of operating param-
eters at the second operating state;
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(c) operating the gas turbine engine at a third operating
state to measure a third plurality of operating parameters
at the third operating state, wherein the first, second, and
third operating states are different from each other;

(d) generating a correction factor based on the first, second,
and third plurality of operating parameters; and

(e) adjusting the operation of the gas turbine engine based
on the correction factor.

2. The method in accordance with claim 1, wherein receiv-
ing the first plurality of operating parameters includes receiv-
ing the first plurality of operating parameters from at least one
control sensor coupled to the gas turbine engine.

3. The method in accordance with claim 1, wherein receiv-
ing a first plurality of operating parameters as the gas turbine
engine is operated at a first operating state includes receiving
a first plurality of operating parameters as the gas turbine
engine is operated at one of a nominal firing temperature, a
nominal exhaust temperature, a nominal power output, and a
nominal emissions level.

4. The method in accordance with claim 1, wherein gener-
ating a correction factor comprises applying the first, second,
and third plurality of operating parameters to at least one of an
operational boundary model and scheduling algorithm
executed by a controller.

5. The method in accordance with claim 1, further com-
prising determining a calculated operating state of the gas
turbine engine based on the first, second, and third plurality of
operating parameters.

6. The method in accordance with claim 5, wherein gener-
ating a correction factor comprises comparing a nominal
operating state to the calculated operating state to calculate a
difference value.

7. The method in accordance with claim 6, wherein com-
paring the nominal operating state to the calculated operating
state includes comparing the nominal operating state to the
calculated operating state using a controller coupled to the gas
turbine engine.

8. The method in accordance with claim 1, wherein adjust-
ing operation of the gas turbine engine comprises modifying
a controller coupled to the gas turbine engine with the cor-
rection factor.

9. The method in accordance with claim 1, further com-
prising:

generating a plurality of correction factors; and

selecting at least one of the plurality of correction factors
for use in controlling the gas turbine engine.

10. The method in accordance with claim 1, wherein steps
(a) to (e) are repeated periodically during operation of the gas
turbine engine.

11. The method in accordance with claim 1, wherein at
least one of steps (a), (b), and (c) are repeated.

12. The method in accordance with claim 1, wherein steps
(a)to (e) are automatically executed by a controller coupled to
the gas turbine engine.

13. The method in accordance with claim 1, wherein
adjusting the operation of the gas turbine engine comprises
adjusting a nominal operating state based on the correction
factor.

14. A system for adjusting combustor temperature control
during tuning of a gas turbine engine, said system compris-
ing:

at least one control sensor coupled to the gas turbine
engine, said at least one control sensor configured to
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transmit at least one operating parameter associated with
the gas turbine engine to a controller;

at least one precision sensor coupled to the gas turbine

engine, said at least one precision sensor configured to
transmit at least one precision operating parameter asso-
ciated with the gas turbine engine to a calibration com-
puting device;

a controller configured to:

control operation of the gas turbine engine; and
receive said at least one operating parameter from said at
least one control sensor; and

a calibration computing device configured to receive said

at least one precision operating parameter from said at
least one precision sensor.

15. The system in accordance with claim 14, wherein said
calibration computing device comprises a communication
interface configured to transmit a signal to said controller.

16. The system in accordance with claim 14, wherein said
controller is further configured to control operation of the gas
turbine engine at a first operating state comprising one of a
nominal firing temperature and a nominal exhaust tempera-
ture, said first operating state based on said at least one oper-
ating parameter.

17. A method of tuning a gas turbine engine, said method
comprising:

operating the gas turbine engine at a first operating state to

measure a first plurality of operating parameters at the
first operating state;
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operating the gas turbine engine at a second operating state
to measure a second plurality of operating parameters at
the second operating state, wherein the first and second
operating states are different from each other;

generating a correction factor based on at least the first
plurality of operating parameters and the second plural-
ity of operating parameters using a calibration comput-
ing device; and

adjusting the operation of the gas turbine engine based on
the correction factor including modifying a controller
coupled to the gas turbine engine with the correction
factor.

18. The method in accordance with claim 17, wherein
operating the gas turbine engine at a first operating state
includes operating the gas turbine engine at one of a nominal
firing temperature, a nominal exhaust gas temperature, a
nominal power output, and a nominal emissions level.

19. The method in accordance with claim 17, further com-
prising determining a calculated operating state of the gas
turbine engine based on at least the first plurality of operating
parameters and the second plurality of operating parameters.

20. The method in accordance with claim 19, wherein
generating a correction factor comprises comparing a nomi-
nal operating state to the calculated operating state to calcu-
late a difference value.
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