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57 ABSTRACT

A power system includes a gas turbine configured to rotate a
shaft to supply power to an electricity grid and a controller
configured to detect a change in a speed of the shaft and to
adjust a formula for controlling a fuel supplied to a combustor
of the gas turbine based on detecting a changing shaft speed.
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GAS TURBINE SYSTEM CONTROL
ADJUSTMENT FOR GAS TURBINE SHAFT
SPEED CHANGE

BACKGROUND OF THE INVENTION

[0001] The subject matter disclosed herein relates to con-
trolling a gas turbine and in particular to controlling a gas
turbine connected to an electrical grid to compensate for
changes to shaft rotation speed.

[0002] Several countries enforce grid frequency control
requirements on gas turbine operators that specity a percent-
age of standard base load output that must be maintained as
grid frequency drops. One way to meet such a requirement is
to directly control fuel by comparing the sensed gas turbine
load with the minimum required value. However, according
to a power output formula that calculates the power output
from the gas turbine based on rotation speed and acceleration
of a gas turbine shaft, the power output from the gas turbine
increases temporarily when the shaft speed decreases due to
the increased load on the electrical system. The temporary
increase in calculated power causes a gas turbine controller to
maintain or decrease fuel supplied to the gas turbine tempo-
rarily, delaying a return to the minimum required load when
the power level of the grid and the rotation speed of the gas
turbine shaft even out.

[0003] A gas turbine’s control system is designed to know
the percentage of a base load required output, which is typi-
cally defined by the country requirement as a function of grid
frequency. The control system adjusts fuel to the gas turbine
to maintain output at the required load as grid frequency drifts
bellow standard values, typically 50 Hz or 60 Hz.

[0004] The gas turbine load is a combination of power
supplied by the gas turbine’s combustion (i.e. torque times
shaft speed) system and the change in the gas turbine’s stored
kinetic energy, which is based in part on shaft speed and shaft
acceleration. However, based on this understanding, when the
shaft decelerates, the gas turbine control system’s attempts to
maintain a gas turbine load can be hampered, since the control
system detects an initial increase in power, which delays the
control system’s response to the decrease in shaft speed.

BRIEF DESCRIPTION OF THE INVENTION

[0005] According to one aspect of the invention a power
system includes a gas turbine configured to rotate a shaft to
supply power to an electricity grid and a controller configured
to detect a change in a speed of the shaft and to adjust a
formula for controlling a fuel supplied to a combustor of the
gas turbine based on detecting a changing shaft speed.
[0006] According to another aspect of the invention a
method of controlling a gas turbine connected to an electrical
grid includes detecting a change in speed of a shaft of the gas
turbine and adjusting a formula for controlling fuel supplied
to a combustor of the gas turbine based on detecting a chang-
ing shaft speed. The method also includes controlling the fuel
supplied to the combustor based on adjusting the formula for
controlling the fuel.

[0007] These and other advantages and features will
become more apparent from the following description taken
in conjunction with the drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0008] The subject matter, which is regarded as the inven-
tion, is particularly pointed out and distinctly claimed in the
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claims at the conclusion of the specification. The foregoing
and other features, and advantages of the invention are appar-
ent from the following detailed description taken in conjunc-
tion with the accompanying drawings in which:

[0009] FIG. 1 illustrates a power system according to an
embodiment of the invention;

[0010] FIG. 2 illustrates a graph of a gas turbine operation
according to an embodiment of the invention; and

[0011] FIG. 3 is a flowchart illustrating a method according
to an embodiment of the invention.

[0012] The detailed description explains embodiments of
the invention, together with advantages and features, by way
of example with reference to the drawings.

DETAILED DESCRIPTION OF THE INVENTION

[0013] Gas turbines connected to an electrical grid may be
required to maintain the gas turbine load at a predetermined
level. However, changes in the shaft speed, such as changes
imposed upon the shaft by the electrical grid, impede the
ability of a gas turbine control system to maintain the gas
turbine at the predetermined load. Embodiments ofthe inven-
tion relate to adjusting a calculation of the gas turbine power
for purposes of supplying fuel to the gas turbine.

[0014] FIG. 1 illustrates a power system 100 according to
an embodiment of the invention. The system 100 includes a
gas turbine system 110, including a compressor 111, com-
bustor 112, turbine stage 113 and shaft 114. During operation,
air is supplied to the compressor 111 and from the compressor
to the combustor 112. Fuel is supplied to the combustor 112
from the fuel supply 115, and the controller 116 controls the
flow of fuel and the operation of the combustor 112. The
combustor 112 combusts the fuel with the air from the com-
pressor 111, and the combustion product (or burned gas) is
passed over the turbine 113 to rotate the shaft 114.

[0015] When the gas turbine system 110 is connected to the
electricity grid 120, the rotational speed w of the shaft 114
corresponds to the frequency of the electricity grid 120. The
electricity grid 120 is made up of power sources, including
gas turbines and other power generation structures, as well as
power consumption structures, including homes and com-
mercial facilities. When power drops on the electricity grid
120, the electricity grid 120 causes the shaft 114 to decrease
in rotation speed w, even when the fuel input from the fuel
supply 115 to the combustor 112 has not changed.

[0016] The change in power output of the gas turbine 110
due to a changing rotational speed can be estimated by the
formula:

Change in Power Output=-Ioa (€8]

[0017] where w is a rotation speed of the shaft 114, I is a
moment of inertia of the shaft 114, and « is the shaft 114
acceleration.

[0018] During operation of the gas turbine system 110, the
gas turbine system 110 operates at a base load temperature
that corresponds to a certain gas turbine output when the shaft
speed is at its nominal value (typically 50/60 Hz). If the
frequency of the electricity grid 120 drops, then the steady-
state power output from the gas turbine system 110 also drops
over time if the fuel flow is maintained, or if the fuel flow is
reduced to keep temperatures below the base load tempera-
ture. However, the gas turbine system 110 may need to be run
above the base load temperature. For example, regulations
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may require the gas turbine system 110 to maintain gas tur-
bine output at a level requiring an overall increase in fuel
and/or temperature.

[0019] Based on the change in power output equation (1),
when the shaft 114 decelerates, and the shaft 114 acceleration
a is negative, the gas turbine power output increases tempo-
rarily around a time that the shaft 114 first begins to deceler-
ate. The increase in the power output level causes the control-
ler 116 to maintain or decrease a fuel supplied to the
combustor 112, since the controller 116 detects that the power
output level to the grid is above the base power output level.
Although the power output level is technically above the
required power output level, a decrease in fuel supplied to the
combustor 112 results in a decrease in the gas turbine torque,
such that when the frequency of the electricity grid 120 sta-
bilizes and the acceleration o of the shaft 114 returns to zero,
the gas turbine system 110 generates an output less than the
power output level required to satisfy grid code requirements.
[0020] FIG. 2 is a graph illustrating an operation of a gas
turbine, such as the gas turbine system 110 of FIG. 1 accord-
ing to an embodiment of the invention. Line 201 represents a
rotation speed w of a turbine shaft. Line 202 represents an
uncompensated gas turbine power output and line 203 repre-
sents a target power output or base load power output level of
the gas turbine. Prior to point A, the power output of the gas
turbine is approximately the same as the target power output
203. At point A in time, the shaft begins to decelerate and the
rotation speed w slopes downward as illustrated by line 201.
As discussed above, according to the change in power output
equation (1), when the shaft decelerates, the gas turbine
power output initially increases suddenly, as illustrated by the
line 202. A controller of the turbine may interpret the sudden
increase in gas turbine output as the turbine providing more
power than necessary, and may decrease fuel to a combustor.
[0021] Over time, as the rotation rate w of the shaft contin-
ues to decrease, the gas turbine output power decreases as
indicated by the line 202, eventually to a point below the
target output power 203. When the rotation speed w of the
shaft stabilizes at point B, as shown by line 201 leveling out,
the gas turbine power output represented by the line 202
decreases suddenly and begins to slowly increase as the con-
troller increases a fuel supplied to a combustor of the gas
turbine to increase the torque of the gas turbine shaft. In other
words, when the uncompensated power signal is relied upon
during the deceleration of the shaft, the controller does not
immediately begin to take steps to address the decrease in
shaft rotation rate » since the uncompensated power signal
indicates the output power as being above a target output
power 203 for a time after the shaft begins decelerating.
Accordingly, by the time B that the shaft speed w levels out,
the gas turbine is no longer receiving sufficient fuel to gener-
ate the torque on the shaft necessary to maintain power output
at the target output power 203.

[0022] Line 204 represents an adjustment to the sensed
power based upon the change in power output equation (1)
according to an embodiment of the invention. At point A,
when the gas turbine controller detects a deceleration of the
shaft, represented by line 201, the controller adjusts the
sensed gas turbine power to omit or cancel out an acceleration
factor a. Accordingly, the adjusted power output value
detected by the controller tracks the rotation speed w of the
shaft from point A to point B, and the controller begins
adjusting the fuel supplied to the combustor immediately at
point A.
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[0023] Whileline 204 is illustrated in FIG. 2 for purposes of
describing an adjustment based upon equation (1) along an
entire span of deceleration of the turbine shaft between point
A and point B, in embodiments of the invention, the control-
ler’s rapid response to the deceleration of the turbine shaft at
point A would allow the power output of the gas turbine to
track closer to the target power output line 203 and not the line
204. In other words, since the controller detects an immediate
decrease in an adjusted power output value corresponding to
line 204 at point A instead of the increase suddenly repre-
sented by line 202, the controller is able to immediately
control the gas turbine to compensate for the decrease in the
adjusted power calculation. The controller may control fuel
supplied to a combustor of the gas turbine to maintain power
output, based on the adjusted power output calculation, at or
above the target power output 203 between points A and B.
When the shaft speed levels out at point B, the power output
level may be maintained at the target power output 203.
[0024] In one embodiment of the invention, the adjusted
power equation cancelling the variable representing shaft
acceleration « is utilized only when a decrease in shaft speed
o is detected. When an increase in shaft speed w is detected,
or when the shaft acceleration a is positive, the controller may
continue to use the unadjusted power which includes the
effects of shaft acceleration c.. In an alternative embodiment,
when an increase in shaft speed w is detected, the controller
may maintain constant a fuel flow to the gas turbine for the
duration of the shaft speed w increase.

[0025] FIG. 3 illustrates a flow diagram of a method
according to embodiments of the invention. In block 301, a
gas turbine is driven at a target power output level. The target
power level may correspond to a power level required by an
electrical grid operator, such as a government entity, by a
customer or by the gas turbine operator. In block 302, a
change in turbine shaft speed is detected. In particular, a
controller may detect a deceleration in the shaft speed. The
shaft speed may be detected by speed sensors connected to the
gas turbine, such as optical sensors, accelerometers, or any
other type of sensor capable of measuring the rotation speed
of a turbine shaft.

[0026] Inblock 303, an algorithm that calculates power for
the purpose of controlling fuel flow to a combustor of the gas
turbine is adjusted based on detecting the change in the tur-
bine shaft speed. In one embodiment, during normal opera-
tion in which the turbine shaft speed is constant, no adjust-
ment is made to the turbine output power. The non-adjusted
turbine power output may also be used when an increase in
shaft speed is detected. However, when it is determined that
the turbine shaft is decelerating, an equation to adjust the gas
turbine power output is used to control fuel flow to the gas
turbine. In embodiments of'the invention, this equation omits
or cancels out a variable corresponding to the acceleration of
the turbine shaft.

[0027] Inblock 304, the fuel supplied to the gas turbine is
controlled based on the adjusted gas turbine power. Accord-
ingly, the gas turbine is controlled in such a way to rapidly
react to a change in turbine shaft speed, and no increase
suddenly in turbine power is detected when the shaft begins to
decelerate.

[0028] According to embodiments of the invention, an
adjustable power output of a gas turbine is used to control fuel
flow to the gas turbine. The power output estimation does not
adjust for acceleration of the turbine shaft when the turbine
shaft is at a constant speed or accelerating, but the estimated
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power output is adjusted to omit a variable corresponding to
turbine shaft acceleration when the turbine shaft is deceler-
ating. Accordingly, a turbine controller rapidly responds to
deceleration of a turbine shaft by increasing a fuel flow to the
turbine shaft based on the adjusted equation as the turbine
shaft begins to decelerate.

[0029] While the invention has been described in detail in
connection with only a limited number of embodiments, it
should be readily understood that the invention is not limited
to such disclosed embodiments. Rather, the invention can be
modified to incorporate any number of variations, alterations,
substitutions or equivalent arrangements not heretofore
described, but which are commensurate with the spirit and
scope of the invention. Additionally, while various embodi-
ments of the invention have been described, it is to be under-
stood that aspects of the invention may include only some of
the described embodiments. Accordingly, the invention is not
to be seen as limited by the foregoing description, but is only
limited by the scope of the appended claims.

What is claimed is:

1. A power system, comprising:

a gas turbine configured to rotate a shaft to supply power to

an electricity grid; and

a controller configured to detect a change in a speed of the

shaft and to adjust a formula for controlling a fuel sup-
plied to a combustor of the gas turbine based on detect-
ing a changing shaft speed.

2. The power system of claim 1, wherein the controller is
configured to adjust the formula by omitting from the formula
a variable corresponding to shaft acceleration based on
detecting the changing shaft speed.

3. The power system of claim 2, wherein the controller is
configured to omit from the formula the variable correspond-
ing to the shaft acceleration based on detecting a decreasing
shaft speed.

4. The power system of claim 3, wherein the controller is
configured to include in the formula the variable correspond-
ing to the shaft acceleration based on detecting an increasing
shaft speed.

5. The power system of claim 3, wherein the formula for
controlling the fuel supplied to the combustor is based on a
change in power output equation:

Change in gas turbine power output=—Iwa,

wherein o is a speed of the shaft, I is an moment of inertia
of the shaft, and « is the variable corresponding to the
shaft acceleration.

6. The power system of claim 2, wherein the controller is
configured to maintain steady a supply of fuel to the gas
turbine based on detecting an increasing shaft speed.

7. A method of controlling a gas turbine connected to an
electrical grid, comprising:

detecting a change in speed of a shaft of the gas turbine;

adjusting a formula for controlling fuel supplied to a com-

bustor of the gas turbine based on detecting a changing
shaft speed; and
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controlling the fuel supplied to the combustor based on the

adjusting the formula for controlling the fuel.

8. The method of claim 7, wherein adjusting the formula
includes omitting from the formula a variable corresponding
to shaft acceleration based on detecting the changing shaft
speed.

9. The method of claim 8, wherein adjusting the formula
includes omitting from the formula the variable correspond-
ing to the shaft acceleration based on detecting a decreasing
shaft speed.

10. The method of claim 9, further comprising:

including in the formula the variable corresponding to the

shaft acceleration based on detecting an increasing shaft
speed.

11. The method of claim 9, wherein the formula for con-
trolling the fuel supplied to the combustor is based on a power
output equation:

Change in gas turbine power output=—Iwa,

wherein o is a speed of the shaft, I is an moment of inertia
of the shaft, and a is the variable corresponding to the
shaft acceleration.

12. The method of claim 8, further comprising:

maintaining steady a supply of fuel to a combustor of the

gas turbine based on detecting an increasing shaft speed.

13. A gas turbine controller, comprising:

memory configured to store a formula for controlling a fuel

supplied to a combustor of a gas turbine, the formula
based on power output from the gas turbine; and

a processor configured to detect a change in a speed of a

shaft of the gas turbine and to adjust the formula for
controlling the fuel supplied to the combustor of the gas
turbine based on detecting a changing shaft speed.

14. The gas turbine controller of claim 13, wherein the gas
turbine controller is configured to adjust the formula by omit-
ting from the formula a variable corresponding to shaft accel-
eration based on detecting the changing shaft speed.

15. The gas turbine controller of claim 14, wherein the gas
turbine controller is configured to omit from the formula the
variable corresponding to the shaft acceleration based on
detecting a decreasing shaft speed.

16. The gas turbine controller of claim 15, wherein the
formula for controlling the fuel supplied to the combustor is
based on a power output equation:

Change in gas turbine power output=—Iwa,

wherein o is a speed of the shaft, I is an moment of inertia
of the shaft, and « is the variable corresponding to the
shaft acceleration.

17. The gas turbine controller of claim 14, wherein the gas
turbine controller is configured to maintain steady a supply of
fuel to the gas turbine based on detecting an increasing shaft
speed.



