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Methods for balancing rotating machinery, such as gas tur-
bine engines, to minimize vibrations. An optimal engine bal-
ance solution is obtained using a hybrid optimization tech-
nique based on vibration data from one or more vibration
sensors and corresponding influence coefficients which quan-
tify the change in vibration level at the vibration sensors due
to a unit increase in unbalance level at unbalance source
locations. More specifically, balance weight and angular
position are determined based on multiple optimization meth-
ods which concurrently process the vibration data, the mul-
tiple optimization methods comprising local and global opti-
mization algorithms.
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METHODS FOR OPTIMIZED ENGINE
BALANCING BASED ON FLIGHT DATA

BACKGROUND

This disclosure generally relates to systems and methods
for balancing rotating machinery to reduce or minimize
vibrations. In particular, the disclosed embodiments relate to
systems and methods for balancing gas turbine engines.

It is either impossible or nearly impossible, as a practical
matter, to build a rotating structure that is perfectly balanced
upon manufacture. Any such structure will produce a certain
amount of undesired vibration to a greater or lesser extent.
Such vibration is usually passed through bearings that sup-
port the rotating part of the structure, and can therefore mani-
fest itself as unwanted noise or vibration in adjacent struc-
tures. As is known to those skilled in the art, synchronous
vibration may be characterized by an amplitude (i.e., magni-
tude) and a phase angle (i.e., direction). Thus, the vibration of
a part may be represented as a vector or phasor.

One type of rotating machinery susceptible to undesired
vibration is the high-bypass turbofan engine used in commer-
cial aviation. Such engines have a large number of rotating
elements. These rotating elements can be grouped according
to the relative speed of rotation. Some of the rotating elements
form a low-speed rotating system and other rotating elements
form one or more high-speed rotating systems. More specifi-
cally, each rotating system of a gas turbine engine comprises
an upstream rotating multi-stage compressor connected to a
downstream multi-stage turbine by means of a shaft. The
low-pressure turbine and low-pressure compressor are con-
nected by a low-pressure shaft; the high-pressure turbine and
high-pressure compressor are connected by a high-pressure
shaft which surrounds a portion of the low-pressure shaft,
with the high-pressure compressor and turbine being dis-
posed between the low-pressure compressor and turbine. The
fan of the turbofan engine is the first stage of the low-pressure
compressor. Vibration caused by unbalances in the various
stages of a turbofan engine contributes to wear and fatigue in
engine components and surrounding structures, and
unwanted noise in the passenger cabin of the airplane.

One way of reducing structurally transmitted vibrations is
to balance the rotating systems of aircraft engines on an
individual basis. Engine balancing is well known in the air-
craft art. The manufacturers of turbofan engines have devel-
oped techniques for controlling the magnitude of unwanted
vibration by affixing balancing mass to the engine. Typically,
the fan and the last stage of the low-pressure turbine of a
turbofan engine are the only accessible locations for applying
balancing mass after the engine is manufactured or
assembled. Internal stages are inaccessible as a practical mat-
ter.

A known method for applying balancing mass involves the
selection of a combination of balancing screws from a set of
screws of different standard mass, with screws being thread-
ably inserted into respective threaded holes located around an
outer periphery of an internal turbofan engine component
(such as a fan spinner). For example, to achieve a balance, one
or more screws of the same mass or different masses can be
screwed into respective threaded holes, thereby producing a
center of gravity which is closer to the axis of rotation than
was the case without balancing. The total effect of multiple
attached balancing masses can be determined by treating each
mass and its respective location as a vector, originating at the
axis of rotation, and performing a vector sum.

The specification of the location and amount of mass to be
applied to a rotating system in order to balance it is referred to
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herein as the balance solution for the rotating system. In order
to determine balance solutions for rotating systems of turbo-
fan engines, vibration data is obtained. Vibration data is a
measure of the amount of vibration that an engine is produc-
ing at various locations as the engine is operated at various
speeds and through ranges of other parameters. Vibration data
can be gathered at an engine balancing facility located on the
ground or during flight. If accelerometers are used to capture
rotating system vibration response, synchronous vibration
data may be derived using a keyphasor index on the rotating
system. While multiple methods known to the art can be used
to capture and derive vibration data, that data should contain
a displacement as well as a phase corresponding to synchro-
nous vibration. After vibration data is obtained, the vibration
data, measured at the accelerometers, and sensitivity of the
accelerometers to unit weights applied at the balance loca-
tions are used to derive a balance solution that attempts to
minimize the vibration of the engine producing the data.

Jet engines generate vibratory loads due to inherent imbal-
ance on each stage of the rotating shafts which transfer
through bearings to propulsion stationary structures and are
transmitted through wing structures to emerge as cabin noise
and vibration. Airframe manufacturers seek to keep cabin
noise and vibration at low levels to ensure passenger and crew
ride comfort. Typically, airframe and engine manufacturers
agree on the level of engine vibration limits measured during
engine runs on a test cell at two sensors before shipment to the
airframe manufacturer for installation on an airplane. Nor-
mally, engine vibrations during airplane ground runs are close
to the levels measured on a test cell. However, engine vibra-
tions during flight can be much higher than ground-run levels,
causing excessive cabin noise and vibration. Higher engine
vibrations during flight may be caused by extra fan imbalance
due to fan blade movement during flight, especially for a new
generation of engines with wide-chord fan blades. As a result,
subsequent flight tests may be needed and engine balancing
may be performed after each one until acceptable cabin noise
and vibration levels are obtained. Each flight test costs sig-
nificant time and money to conduct.

It would be beneficial to provide a balancing approach
which reduces the number of flight tests and balancing opera-
tions caused by the foregoing issues.

SUMMARY

The subject matter of this disclosure is a method for bal-
ancing rotating machinery (such as turbofan engines) having
dynamic unbalance characteristics to minimize vibrations.
The method involves operation of the rotating machinery
through a representative range of operating conditions that
the balance solution is to be effective over. In the case of an
aircraft turbofan engine, this includes flying the aircraft on
which the engine of interest is installed. The representative
range of operating conditions may include operation for
extended periods of time over a broad range of shaft speeds,
power settings, and ambient conditions. An example of a set
of aircraft flight regimes that may be suitable for satisfying
the representative range of operating conditions may include
aircraft taxi, engine run-up, take-off climb, level-out, cruise,
descent, idle descent and landing.

In accordance with some embodiments, an optimal engine
balance solution is obtained using a hybrid optimization tech-
nique based on vibration data from one or more vibration
sensors and corresponding influence coefficients which quan-
tify the change in vibration level at the vibration sensors due
to a unit increase in unbalance level at unbalance source
locations. More specifically, balance weight and angular
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position are determined based on multiple optimization meth-
ods which concurrently process the vibration data, the mul-
tiple optimization methods comprising local and global opti-
mization algorithms.

The methods disclosed herein can be used by airframe
manufacturers, engine manufacturers, and airborne vibration
monitor (AVM) box developers for on-board engine balanc-
ing systems if cabin noise and vibration are deemed above
acceptable limits by pilot or crew during flight operations.
Balance weights could be placed by mechanics soon after an
airplane has landed in the time interval before the airplane’s
next flight

One aspect ofthe subject matter disclosed in detail below is
a method for obtaining a balance solution for a rotating sys-
tem (e.g., a gas turbine engine on an aircraft), comprising:
acquiring sensor data from one or more sensors attached to
non-rotating structures during operation of a rotating system;
conditioning the sensor data to obtain vibration data suitable
for use in engine balance analysis; and sending said vibration
datato acomputer system. The computer system performs the
following operations: generating a plurality of balance solu-
tions for the rotating system based, at least in part, on the
vibration data from the one or more sensors, each of the
balance solutions generated by a respective one of a plurality
of optimization methods, and each of the balance solutions
being predicted, by the respective optimization method, to
minimize vibrations in the one or more vibration sensors
during operation of the rotating system; and comparing the
plurality of balance solutions to determine an optimal balance
solution.

The step of generating the plurality of balance solutions
comprises at least the following steps: generating a first bal-
ance solution using a global optimization method and gener-
ating a second balance solution using a local optimization
method. In one implementation, said global optimization
method comprises a simulated annealing algorithm and a
pattern search algorithm that starts with a result from said
simulated annealing algorithm.

In accordance with a preferred embodiment, the step of
generating the plurality of balance solutions comprises gen-
erating a first balance solution using a first global optimiza-
tion method, generating a second balance solution using a
second global optimization method different from the first
global optimization method, and generating a third balance
solution using a local optimization method. In one implemen-
tation, the first global optimization method comprises a
genetic algorithm, a simulated annealing algorithm that starts
with a result from the genetic algorithm, and a pattern search
algorithm that starts with a result from the simulated anneal-
ing algorithm; the second global optimization method com-
prises a simulated annealing algorithm and a pattern search
algorithm that starts with a result from the simulated anneal-
ing algorithm; and the local optimization method comprises a
bounded Fminsearch algorithm.

Another aspect of the subject matter disclosed in detail
below is a method for balancing a rotating system, compris-
ing: (a) attaching one or more vibration sensors to a structure
that vibrates during operation of the rotating system; (b)
operating the rotating system for a period of time within an
operating envelope; (c) converting output from the one or
more vibration sensors into vibration data points during
operation, the vibration data points comprising amplitude and
phase data; (d) generating a plurality of balance solutions
based, at least in part, on the recorded vibration data using a
plurality of computer-based optimization methods, each of
the plurality of computer-based optimization methods gener-
ating a respective one of the plurality of balance solutions,

20

25

30

35

40

45

50

55

60

65

4

and each balance solution being configured to minimize peak
vibrations in the one or more vibration sensors during opera-
tion of the rotating system; (¢) determining an optimal bal-
ance solution from the plurality of balance solutions; and (f)
attaching to or removing from the rotating system one or more
balancing masses each having a respective weight and a
respective angular position in accordance with the optimal
balance solution.

In accordance with the disclosed embodiments, the rotat-
ing system is a gas turbine engine on an aircraft and the
operating envelope comprises varying operating conditions
which influence engine vibration response. Step (a) com-
prises attaching a first vibration sensor on a forwardmost
bearing of a low-speed shaft of the gas turbine engine and
attaching a second vibration sensor on a fan frame compres-
sor case of the gas turbine engine. Step (f) comprises attach-
ing one or more balancing masses to or removing one or more
balancing masses from a fan spinner of the gas turbine engine.
However, it should be appreciated that the methodologies
disclosed herein also have application in balancing of other
types of rotating systems and have application to one or more
balancing locations.

A further aspect of the subject matter disclosed in detail
below is a vibration analyzer for analyzing vibration data
points representing amplitude and phase of vibrations pro-
duced by a rotating system having a shaft, the analyzer com-
prising a computer system programmed to perform the fol-
lowing operations: (a) processing vibration data points
acquired during operation of the rotating system using mul-
tiple different optimization methods which each produce a
respective balance solution for minimizing peak vibrations in
one or more vibration sensors during operation of the rotating
system; and (b) determining an optimal balance solution from
the respective balance solutions produced by the multiple
different optimization methods. In one implementation,
operation (a) comprises concurrently processing the vibration
data points using a first global optimization method, process-
ing the vibration data points using a second global optimiza-
tion method different than the first global optimization
method, and processing the vibration data points using a local
optimization method; and operation (b) comprises determin-
ing which of the results of the first and second global optimi-
zation methods and the local optimization method produces
the lowest simulated peak vibrations in the one or more vibra-
tion sensors.

Yet another aspect is a system onboard an aircraft for
processing data from one or more vibration sensors that
detect vibrations produced by a turbine engine during flight,
comprising a computer system programmed to perform the
following operations: (a) converting output from the one or
more vibration sensors into vibration data points during
operation of the turbine engine, the vibration data points
comprising amplitude and phase data; (b) processing the
vibration data points using multiple different optimization
methods which each produce a respective balance solution for
minimizing peak vibrations in the one or more vibration
sensors during operation of the turbine engine; and (c) deter-
mining an optimal balance solution from the respective bal-
ance solutions produced by the multiple different optimiza-
tion methods.

The preferred method disclosed below has the following
advantages: (1) automatic selection of all flight data required
to cover airplane flight operations; (2) reduction of vibrations
at two vibration sensors; (3) use of multiple different optimi-
zation methods to arrive at an optimal balance solution based
on hybrid optimization approaches, combining global and
local search methods, and parallel processing to achieve
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faster convergence to a robust global optimum; and (4) an
expected reduction in repeat flight tests caused by unbalanced
engines, which will save aircraft operators significant time
and cost.

Other aspects of engine balancing methods are disclosed
and claimed below.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments will be described hereinafter with
reference to the drawings.

FIG. 1 is a diagram showing an isometric view of one
example of an aircraft having gas turbine engines.

FIG. 2 is a diagram showing an isometric view of idealized
rotating components of a turbojet engine.

FIG. 3 is a vector diagram representing vibrations gener-
ated during rotation of the rotating components depicted in
idealized form in FIG. 2.

FIG. 4 is a is a side cut-away pictorial diagram of a typical
high-bypass jet engine of the type used to power commercial
aircraft.

FIG. 5 is a graph of a function F(,) showing local minima
or optima of the function which can be found using local
search techniques and a global minimum or optimum of the
function which can be found using global search techniques.

FIG. 6 is a flowchart showing steps of a method for obtain-
ing an optimal balance solution for the fan of a turbofan
engine based on vibration data from vibration sensors
attached to the forwardmost bearing and the fan frame com-
pressor case.

FIG. 7 is a flowchart showing steps of a hybrid optimiza-
tion method for balancing a rotating system (such as a turbo-
fan engine) in accordance in one embodiment.

FIG. 8 is a block diagram showing components of a system
for monitoring and analyzing engine vibrations during flight
and then downloading the balance solution to maintenance
personnel in accordance with a further embodiment.

FIG. 9 is a diagram showing an example of how an engine
balancing equation can be used by a hybrid optimization
program.

Reference will hereinafter be made to the drawings in
which similar elements in different drawings bear the same
reference numerals.

DETAILED DESCRIPTION

Various embodiments of methods for balancing gas turbine
engines having dynamic unbalance characteristics will be
described in this section. A person skilled in the art will
appreciate that various steps of the below-disclosed methods
also have application in procedures for balancing other types
of rotating machinery (such as steam turbines, power trains,
gas compressors, etc.).

FIG. 1 shows an aircraft 10 having a pair of gas turbine
engines 12. Although the engines may be turbojet engines or
turbofan engines, FIG. 2 is an idealized depiction of some
rotating components of a turbojet engine. In particular, FIG. 2
shows a compressor rotor 14, a shaft 16, and a turbine rotor
18, both rotors being mounted on the shaft 16. This is just one
example of a type of rotating machinery which can be bal-
anced using the methodology disclosed hereinafter.

Due to many factors, such as manufacturing and assembly
tolerances, distortion over time, and/or wear, it is unlikely that
the center of mass of the compressor rotor 14 and/or turbine
rotor 18 will perfectly match a geometric axis of rotation 20 of
the assembly. Therefore, an attachment point 22 may be
included on compressor rotor 14 and/or an attachment point
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24 may be included on turbine rotor 18. Balancing masses
may be added at the attachment points to balance the assem-
bly about its axis of rotation 20. A balancing mass is intended
to alter the center of mass of the rotating assembly to better
align or coincide with the axis of rotation 20, thereby reduc-
ing if not minimizing vibrations.

FIG. 3 is a vector diagram depicting the forces exerted on
a gas turbine engine due to vibrations of the compressor and
turbine rotors. The shaft 16 is shown rotating at a speed m,,
between a forward unbalance plane 26 and an aft unbalance
plane 28. The aft unbalance plane 28 corresponds to the
location where a turbine rotor is located (toward the aft end of
the engine) and where the vibration induced by the turbine
rotor acts on the engine. For a particular instant in time, an
unbalanced condition T of the turbine rotor is depicted as a
vector 32. Likewise, the forward unbalance plane 26 corre-
sponds to the location where a compressor rotor (or a fan) is
located (toward the forward end of the engine) and where the
vibration induced by the compressor rotor (or fan) acts on the
engine. For the same particular instant in time, an unbalanced
condition C of the compressor rotor is depicted as a vector 30.

The vector 30 has a magnitude and a phase angle o, (rela-
tive to axis 34) at the rotational speed w,. Similarly, the
unbalanced displacement vector 32 has a magnitude and a
phase angle f3,, (relative to axis 36) at the rotational speed w,,.
The magnitudes and phase angles of vectors 30 and 32 can be
determined using any suitable technique known in the art, for
example, an influence coefficient method of balancing can be
employed. The use of influence coefficients to balance air-
craft engines is well known. These influence coefficients are
arranged to form a sensitivity matrix that quantifies the
change in vibration level at the engine vibration sensors due
to a unit increase in unbalance level at unbalance source
locations (e.g., at the fan).

In the case of a high-bypass turbofan engine, a known
balancing method takes into account the effects of plane
unbalances at the fan and the last stage of the low-pressure
turbine, and other plane unbalances caused by stages that lack
means for mounting balancing weights. The as-built vibration
at any location in an engine is at least in part due to such
unbalances, although some stages typically affect the overall
unbalance more than others. The influences of unbalances in
all of the stages of the rotating system can be related to the
accessible stages using influence coefficients, which can be
derived from the vibrational responses when different balanc-
ing mass are installed and the system is operated. These
vibrational responses are measured at various shaft speeds
using sensor pickups (e.g., accelerometers). In practice, any
engine that has unacceptably high unbalances after manufac-
ture can be first run on the ground to measure its as-built
vibration via sensor pickups. These measurements can be
taken over the engine operating range of speeds (measured in
rpms). Such data may be recorded when the engine is oper-
ating at a specific shaft speed. Measurements while the engine
is on the ground do not take into account certain kinds of
dynamic response now identified in aircraft engines. Such
dynamic responses may be obtained from vibration data col-
lected during a variety of conditions. In the case of aircraft
engines, the majority of their service life will be spent in the
air, rendering data taken only from test cell or ground condi-
tions of limited value for achieving adequate balancing.

Influence coefficients determined for a particular location
are representative of a response at a balancing plane or plane
ofinterest. Influence coefficients may be expressed as a mag-
nitude and a phase shift having units of displacement and
angle per mass-length respectively. One set of magnitude
units typically used is mils double amplitude per gram-cen-
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timeter. One known method of calculating influence coeffi-
cients for such planes or stages is to use measured data from
a representative baseline engine ground run, and two trial
runs, where data from each trial run is obtained from sensor
pickups after placing trial masses on one or both balancing
planes (e.g., fan and last stage of the low-pressure turbine).
Trials may be conducted for the engine operating envelope.
Thus, the influence coefficients can be calculated since the
actual corrective masses added during any trial run are
known, and the resultant change in vibration is also known
because it can be measured at the sensor pickups.

In theory, the influence coefficients for a given engine, or
from one engine to another of the same type or model, should
be nearly identical. However, due to nonlinearity factors,
manufacturing tolerances, measurement errors, wear, distor-
tion over time, and other factors, it has been found that a
single set of influence coefficients cannot be relied on. It is
known in the prior art to implement a balancing method by a
simple averaging of influence coefficients calculated for a
number of engines, to obtain so-called generic influence coef-
ficients usable for most engines with some level of confi-
dence, or more exact influence coefficients can be calculated
for each engine in the above-described manner. In accordance
with a known balancing procedure, a history of an engine’s
characteristics, including predetermined influence coeffi-
cients for trim balancing, can be updated and stored for ref-
erence when performing the balancing procedure. These
influence coefficients relate vibration data amplitude and
phase at specific locations and shaft speeds to the mass unbal-
ance at a reference position.

As previously noted, in order to determine balance solu-
tions for the rotating systems of aircraft engines, vibration
data is obtained. In the balancing methods disclosed herein,
vibration data is gathered during flight and, optionally, from
non-flight conditions. In one embodiment of an improved
balancing method, the engine is operated for a period of time
under different flight regimes such as take-off, climb, level-
off, cruise, descent, idle descent, etc. Operation in the differ-
ent flight regimes exposes the engine to different power set-
tings, altitudes, ambient temperatures, fan blade movement,
and so forth. Such varying operating parameters influence the
engine vibration characteristics, resulting in variation which
can be measured for the full range of dynamic responses of
interest by acquiring vibration data. The operational envelope
of an engine may include time at elevated power settings,
thermal loading, altitude variation, changes to rotational iner-
tia as well as the full engine operating range for different
flight regimes. For example, vibration data may be acquired
for each engine throughout an entire flight of the aircraft,
including takeoff, climb, cruise, descent and landing. The
improved method subjects the engine to different operating
conditions. For a particular speed of interest, there is typically
a different vibration or accelerometer response associated
with each operating condition. Multiple responses or data
points are acquired for each speed or speed range of interest.
The multitude of responses is more representative of in-ser-
vice use or subsequent flights. The multitude of responses can
be used advantageously to determine and apply a balance
solution. The applied balance solution may have advantages
over balance solutions that are based on single response, from
a single operating condition, for each speed or speed range of
interest.

Prior to describing the presently preferred embodiment of
the invention, a brief description of a high-bypass jet engine
of the type commonly used to power modern commercial
aircraft is described followed by a brief description of elec-
tronic circuitry suitable for converting the signals produced
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by accelerometers mounted on an aircraft engine to detect
engine vibration into displacement signals.

FIG. 4 is a side cut-away pictorial diagram of a typical
high-bypass jet engine 11 of the type used to power commer-
cial aircraft. The high-bypass jet engine 11 includes a low-
speed rotating system comprising a low-speed shaft 13, a fan
15, a fan balance ring 17, a low-pressure compressor 19, and
a low-pressure turbine 21. The engine 11 also includes a
high-speed rotating system, which is not shown. Because the
fan 15, fan balance ring 17, low-pressure compressor 19, and
low-pressure turbine 21 are all connected to the low-speed
shaft 13, all of these components rotate at the same speed as
the low-speed shaft 13.

The fan balance ring 17 is disposed near the forwardmost
portion of the low-speed shaft 13 and is affixed thereto. The
fanbalance ring 17 is circular and includes a plurality ofholes
(not shown) distributed at equal angular intervals near its
circumference. The holes form receptacles for receiving bal-
ance weights. Thus, the function of the fan balance ring 17 is
to receive balance weights that aid in balancing the low-speed
rotating system of the engine 11.

The fan 15 ofthe engine 11 is disposed immediately behind
the fan balance ring 17 and is comprised of a plurality of
substantially identical blades that radiate outwardly from the
low-speed shaft 13 at equal angular intervals. The individual
blades that comprise the fan 15 are fixedly secured to the
low-speed shaft 13. Disposed behind the fan 15 is the low-
pressure compressor 19. The low-pressure compressor 19
consists of a plurality of compressor blades disposed adjacent
one another and radially inwardly fixedly connected to the
low-speed shaft 13 and radially outwardly contained within
the fan frame compressor case 27. A first engine vibration
sensor 31 is attached to the engine 11 at a first location (e.g.,
on the fan frame compressor case 27). A second engine vibra-
tion sensor 29 is attached to the engine 11 at a second location
(e.g., on the forwardmost bearing, also referred to herein as
“Bearing No. 17, which bearing rotatably supports the for-
ward end of the low-speed shaft 13). In some examples, the
first and second engine vibration sensors are accelerometers.

An engine casing 23 of generally tubular shape is disposed
circumferentially about the low-pressure shaft 13, extending
from the low-pressure compressor 19 backward, past the
low-pressure turbine 21. The engine casing 23 surrounds that
portion of the engine that lies behind the fan 15. An engine
nacelle 25 of generally tubular shape is disposed circumfer-
entially about the fan 15 and a forward portion of the engine
casing 23, extending from the fan 15 backward nearly to the
point where the low-pressure turbine 21 is positioned. In
some examples, the engine nacelle 25 may extend along some
or the full length of the engine casing 23. Disposed at the
forward portion of the engine casing 23 is arotor speed sensor
(not shown) that provides a signal indicative of the rotational
speed of the low-speed shaft 13.

High-bypass jet engines of the type pictorially illustrated in
FIG. 4 are well known in the aircraft art. Originally, the
accelerometers included in aircraft engines were primarily
used to provide signals to warning devices. In recent years,
the signals produced by engine accelerometers have been
provided to the Engine Indicator and Crew Alerting System
(EICAS) of commercial jet aircraft. The EICAS alerts the
crew of an engine malfunction if excessive vibration is
detected. More recently, the accelerometer signals provided
to the EICAS have also been utilized to provide information
for use in engine balancing systems. More specifically, the
accelerometer signals and electronic conditioning circuitry
have been used to provide airborne vibration monitors
(AVMs). AVMs produce signals that, when suitably analyzed,
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provide data regarding the angular position and amount of
weight to be applied to the jet engines of an aircraft to balance
the rotating systems of the engine. The angular position and
amount of weight required to balance the rotating systems of
an aircraft engine is commonly called the balance solution.
The purpose of the balance solution is to reduce cabin noise as
well as increase the efficiency of the engine, increase engine
life, and decrease engine maintenance cost.

One example of circuitry designed to convert accelerom-
eter outputs into signals suitable for engine balance analysis
is described in U.S. Pat. No. 7,243,023. The accelerometers
are connected to signal conditioning circuitry having respec-
tive channels. Each channel comprises an amplifier, a charge
converter, and in most cases a pair of integrators. Typically, an
accelerometer is used to measure jet engine vibrations. Accel-
erometers such as those found in the GE90, PW4084, and
Trent 800 engines provide an acceleration signal in the form
of'an electric charge. The level of electric charge is indicative
of the amount of acceleration the accelerometer is undergo-
ing. Thus, the amplifiers amplify electric charges. The charge
converters convert the electric charge into voltage signals.
Since the front and rear accelerometers provide signals that
are indicative of acceleration, in order to obtain displacement
information, it is necessary to integrate the acceleration sig-
nals twice. This is accomplished by the integrators. Thus, the
signals exiting from the second integrator include displace-
ment data that is indicative of the positional displacement of
the associated accelerometer. Although the use of displace-
ment signals derived from accelerometers is typical, as will be
understood by those skilled in the technology, velocity or
acceleration could also be used.

In accordance with some embodiments of the enhanced
engine balancing methodology disclosed herein, an optimal
engine balance solution is obtained using a hybrid optimiza-
tion technique based on vibration data from one or more
vibration sensors and corresponding influence coefficients
which quantify the change in vibration level at the vibration
sensors due to a unit increase in unbalance level at unbalance
source locations. More specifically, balance weight and angu-
lar position are determined based on multiple optimization
methods which concurrently process the vibration data, the
multiple optimization methods comprising local and global
optimization algorithms.

Local search methods can be used to find a best design
within a portion of a design space, usually a convex space
(neighborhood). These methods include almost all of the
traditional numerical and derivative-based techniques. Local
search methods tend to get stuck in valleys of the design
space. In contrast, global search methods can be used to find
a best design within the entire design space. Global search
methods tend to be robust but inefficient and expensive to run.

FIG. 5 is a graph of a function F(x) showing local minima
or optima of the function which can be found using local
search techniques and a global minimum or optimum of the
function which can be found using global search techniques.
As can be seen in this graph, if only a local search technique
were used to find a local optimum (in this case, a local mini-
mum), the search result might be a local optimum which is not
the global optimum (i.e., the global minimum). In accordance
with the methodology disclosed herein, this problem is
avoided by using local search techniques in combination with
global search techniques.

In accordance with one embodiment of a hybrid optimiza-
tion technique, initial flight test data and generic sensitivity
data (i.e., influence coefficients) are used to obtain an opti-
mum fan solution using two vibration sensors (e.g., acceler-
ometers) located on the forwardmost bearing of the low-
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speed shaft and on the fan frame compressor case. As used
herein, the term “fan solution” means the weight to be added
to the fan balance ring using balance weights. These weights
are added by screwing them into screw hole locations around
the perimeter of the fan balance ring. The fan solution repre-
sents the mass and the angular position of the weight to be
added. This is a resultant balance weight vector and existing
codes could be used to partition this vector into several bal-
ance weights based on the available weight sizes, angular
installation positions, and limits on the number of weights
desired. The algorithms used to determine the resultant bal-
ance weight vector, or fan solution, will be described in detail
below with reference to FIG. 7.

During flight, samples of vibration data are acquired from
each vibration sensor. A data recorder, such as a digital flight
data recorder (DFDR) or an airborne vibration monitor
(AVM) box, receives vibration data samples (amplitude and
phase) from each vibration sensor in the sensor set along with
shaft speed data from a tachometer. The sensor outputs can
take the form of variable voltage or other signals, which can
be converted to amplitude and phase by the AVM box (or
flight data recorder).

After vibration data has been collected for the operational
envelope of the engines, the data inside the AVM box or
DFDR can be processed by a vibration data analyzer located
onboard the aircraft (optionally, nearly in real-time) or on the
ground. The analytical process disclosed herein is for a plane
ofunbalance of an engine to be balanced. This process can be
duplicated for each accessible plane of unbalance of the
engine to be balanced.

In the present context, which particular influence coeffi-
cients are selected for use will, among other factors, be a
function of the engine shaft speed and which plane of unbal-
ance needs to be balanced. For example, for a particular
engine model, respective influence coefficients can be pro-
vided corresponding to respective shaft speed ranges. For
each vibration data point acquired while the engine shaft
speed was in a particular speed range, the respective influence
coefficients will be those associated with that particular speed
range or an interpolation of such influence coefficients. Influ-
ence coefficients may be expressed in vector form. An unbal-
ance state may be determined based on a vector product of a
vibration data point and a respective influence coefficient.
The unbalance state can also be represented by a vector, the
tip location of which can be plotted in polar coordinates.

FIG. 6 is a flowchart showing steps of a method for obtain-
ing an optimal balance solution for the fan of a turbofan
engine in accordance with one embodiment. The method uses
vibration data measured by a pair of vibration sensors (see
block 40) respectively attached to the forwardmost bearing
(hereinafter “Bearing No. 1 sensor”) and the fan frame com-
pressor case (hereinafter “FFCC sensor”) and generic influ-
ence coefficients (see block 44). In one implementation, the
optimized balance solution is based on vibration data
acquired when the aircraft is flying from low to high altitudes
at speeds greater than 80.7% N1. The influence coefficients
may be developed based on previous flight tests. The flight
test data and associated influence coefficients are read into a
computer which is programmed to apply multiple optimiza-
tion methods concurrently to obtain an optimal fan solution
that minimizes vibrations of both sensors (step 42). This fan
solution may then be implemented by adding one or more
balancing weights, which weights are expected to minimize
the vibrations at the Bearing No. 1 and FFCC sensors. This
fan solution may optionally be validated analytically and/or
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by flight test (step 48). The predicted vibrations can be com-
puted using the following equation:

Vib_predicted=Vib_{flight+[Influence Coefficients]*
[Balancing Weights]

Typically, the units of the influence coefficients are [mils
DA]/[gm-cm]. The predicted vibrations at the Bearing No. 1
and FFCC sensors are computed using separate equations
since they each have their own unique set of initial vibrations
from the previous testing and a unique set of sensitivities to
change in fan balance weight. The optimization method dis-
closed in detail below does not discriminate between the
vibration data from the Bearing No. 1 and FFCC sensors
when the objective is set to minimize the maximum vibrations
across both sensors, which is the typical desired use case. This
means that each optimization method considers vibrations at
both sensors to be equally important with no preference given
to one or the other.

This hybrid optimization method is flexible with regard to
how the objective function is defined and has the capability to
balance based on one engine vibration sensor only (i.e., either
the Bearing No. 1 sensor 29 seen in FIG. 4 or the FFCC sensor
31) or both engine vibration sensors, which is a typical
desired use case. In alternative embodiments, the vibration
data obtained during flight testing may include vibration data
from both the Bearing No. 1 and FFCC sensors and/or any
other sensors used as ride comfort indicators, such as cabin
microphones, seat accelerations, etc.

FIG. 7 is a flowchart showing steps of a hybrid optimiza-
tion method for balancing a rotating system (such as a turbo-
fan engine) in accordance in one embodiment. Vibration data
points from one or more vibration sensors can be concur-
rently processed using two different global optimization
methods and a local optimization method. Then the results of
the first and second global optimization methods and the local
optimization method are compared to determine which result
produces the lowest simulated peak vibrations in one or more
vibration sensors.

Concurrently two distinct global optimization methods 50
are applied, each which starts at a random search point 52 and
produces respective best results 60 and 66 that minimizes
peak vibrations at the locations of the vibration sensors.

In one global optimization method, the design space is
searched using a genetic algorithm 54 starting at a random
search point 52. The best result from genetic algorithm 54 is
used as the initial balancing weight starting point for a simu-
lated annealing algorithm 56. The best result from simulated
annealing algorithm 56 is then used as the initial balancing
weight starting point for a pattern search 58, which produces
a best result 60 (first balance solution). The pattern search 58
is a local search technique which refines the best result pro-
duced by the simulated annealing algorithm 56, which is a
global search technique.

Inthe other global optimization method, the design space is
searched using a simulated annealing algorithm 62 starting at
a random search point 52. The best result from simulated
annealing algorithm 62 is then used as the initial balancing
weight starting point for a pattern search 64, which produces
a best result 66 (second balance solution). The pattern search
64 refines the best result produced by the simulated annealing
algorithm 56.

The local optimization method 70 starts at a specified
single search point 72 and uses the fminsearchbnd algorithm
74 to find a best result 76 (third balance solution) that mini-
mizes peak vibrations at the locations of the vibration sensors.

The best results 60, 66 and 76 from the respective optimi-
zation methods are then compared and a global minimum 78
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(i.e., the optimum balance solution that minimizes peak
vibrations at the locations of the vibration sensors) is deter-
mined. The global minimum 78 represents the single best
balance solution.

Although the individual algorithms named in FIG. 7 are
well known in the art of generating solutions to optimization
problems, further explanation of each algorithm is in the
Appendix for the sake of completeness.

The optimization setup disclosed above is flexible and has
balancing options including: balancing at the fan only or at
both the fan and the low-pressure turbine; minimizing one or
more engine and other airplane responses indicative of ride
comfort, such as cabin microphones and seat accelerations;
biasing the balance solution toward one engine speed; and
user-specified speed and altitude ranges for balancing.

It has been demonstrated analytically that the foregoing
different optimization methods will vary with respect to
which one produces the best result depending on the input
flight data and initial balance weight start points. By choosing
the best solution across all optimization methods, the prob-
ability of finding the lowest peak vibrations during flight is
maximized.

Each of the foregoing optimization techniques uses the
following fundamental engine balancing equation (all quan-
tities are in complex form):

Ve=Vordd

The individual variables appearing in this equation are
explained in the following table, which also includes matrix
and vector dimensions, wherein n,, is the number of speeds at
which the engine is tested, n is the number of engine sensors
recording vibrations, and n,, is the number of engine balanc-
ing planes:

Description

Variable (in context of engine balancing optimization) Dimensions

Residual engine vibration vector (n,, X ;) rows x 1

v
d Unknown quantity. For engine balancing column

optimization, the objective is minimizing
the max value of this vector
(predicted peak vibration)

Vo Baseline engine vibration vector (n,, X ;) rows x 1
Known quantity. From previous engine test ~ column
(flight or on-ground)

A Influence Coefficient (Sensitivity) Matrix (1,, X ;) TOWS X I,
Known quantity. This represents how much ~ columns
the vibration will change at each sensor
when a unit balance weight is added at each
balance plane

T  Balance weight vector 1 rows X 1
Unknown quantity. For engine balancing column

optimization, this is the design variable
vector

FIG. 9 shows an example of how the engine balancing
equation is used by the hybrid optimization program. Ficti-
tious numbers are used to populate the “known” quantities
and optimization code was run to solve for the unknown
quantities. In this example, n,,=2 (two tested speeds), n =2
(two engine vibration sensors) and n,=1 (one balance plane,
i.e., the fan). As shown in FIG. 9, the predicted peak vibration
was reduced from 1.0 units to 0.5880 units by applying opti-
mal fan balance weight.

In accordance with an alternative embodiment, a system
for processing data from one or more vibration sensors that
detect vibrations produced by an engine during flight is pro-
vided onboard the aircraft. This system comprises a computer
system, programmed to accept inputs 40 and 44, perform
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operation 42, and produce the balancing solution 46 depicted
in FIG. 6. This system may take the form of an AVM box or
DFDR that incorporates a vibration data analyzer. This would
enable the vibration data analysis to be performed onboard
the aircraft during flight.

FIG. 8 shows components of one embodiment of a system
for monitoring and analyzing engine vibrations during flight
and then downloading the balance solution to maintenance
personnel. For the sake of illustration, the monitoring and
analysis of vibrations produced by a turbofan engine 12 on an
aircraft will be described. At least one vibration sensor 2 is
attached to a non-rotating structure of the engine to detect
vibrations produced by rotating engine components. An AVM
box 4, incorporating a computer system programmed to per-
form the steps depicted in FIG. 6, receives the output from
vibration sensor 2 (and other vibration sensors) during the
flight.

It is known to provide an aircraft with a central mainte-
nance computer function (CMCF). The CMCF encompasses
major avionics, electrical, and mechanical systems installed
onthe aircraft. The CMCEF collects, stores, and displays main-
tenance information generated by line commandable units.
The CMCF also provides a centralized location to initiate
system tests. The CMCF has operator interface display and
input devices (i.e. multi-purpose control display units
(MCDU)). In the embodiment depicted in FIG. 8, the output
ofthe AVM box 4 is stored in a location accessible to a CMCF
6.

The prior art provides airline mechanics with an electronic
maintenance terminal display that displays real-time CMCF
data screens via MCDU emulation. A maintenance terminal 8
is typically a laptop PC comprising a cursor control device, a
keyboard, an internal hard drive, a floppy diskette drive, a
CD-ROM drive, and a graphical output printer bus. Using
such a maintenance terminal, authorized personnel are able to
access maintenance applications that supervise the aircraft’s
health status. The onboard network of the airplane is acces-
sible from maintenance terminal 8 via either a wireline or
wireless communication pathway. In the embodiment shown
in FIG. 8, the output of the AVM box 4 can be retrieved by the
CMCF 6 and downloaded to the maintenance terminal 8,
where it can be viewed on a display screen.

The engine balancing analysis system may comprise a
vibration analyzer for analyzing vibration data points repre-
senting amplitude and phase of vibrations produced by a
rotating system having a shaft, the analyzer comprising a
computer system programmed to perform the following
operations: (a) processing vibration data points acquired dur-
ing operation of the rotating system using multiple different
optimization methods which each produce a respective bal-
ance solution for minimizing peak vibrations in one or more
vibration sensors during operation of the rotating system; and
(b) determining an optimal balance solution from the respec-
tive balance solutions produced by the multiple different opti-
mization methods. In one implementation, operation (a) com-
prises concurrently processing the vibration data points using
a first global optimization method, processing the vibration
data points using a second global optimization method dif-
ferent than the first global optimization method, and process-
ing the vibration data points using a local optimization
method; and operation (b) comprises determining which of
the results of the first and second global optimization methods
and the local optimization method produces the lowest simu-
lated peak vibrations in the one or more vibration sensors.

The balancing method disclosed herein can be used to
determine where and how many balancing masses should be
added to an engine or can be used to determine how existing

20

25

30

35

40

45

50

55

60

65

14

balancing masses are to be adjusted, for example, by adding
mass, by moving one or more attached masses to different
locations, or by removing one or more attached masses and
substituting one or more different masses at the same or
different locations.

The above-described balancing methodology can be used
to minimize engine vibrations across multiple vibration sen-
sors. In the case of an airplane, this reduction in engine
vibration results in decreased transmitted cabin noise and
vibration levels along with decreased (cyclical) stress in the
support structures. Thus, this balancing method provides an
aircraft which operates more quietly and which is subject to
less fatigue. Therefore, sound insulation and structural
weight may be reduced. The disclosed balancing method also
eliminates the cost associated with re-working aircraft
engines and verification re-flights.

While various embodiments have been described, it will be
understood by those skilled in the art that various changes
may be made and equivalents may be substituted for elements
thereof without departing from the scope of the teachings
herein. For example, suitable algorithms other than those
explicitly identified in FIG. 7 can be used. In addition, many
modifications may be made to adapt a particular situation to
those teachings without departing from the scope thereof.
Therefore it is intended that scope of the claims set forth
hereinafter not be limited to the disclosed embodiments.

As used in the claims, the term “computer system” should
be construed broadly to encompass a system having at least
one computer or processor, and which may have multiple
computers or processors that communicate through a network
or bus. As used in the preceding sentence, the terms “com-
puter” and “processor” both refer to devices having a process-
ing unit (e.g., a central processing unit) and some form of
memory (i.e., computer-readable medium) for storing a pro-
gram which is readable by the processing unit.

The method claims set forth hereinafter should not be
construed to require that the steps recited therein be per-
formed in alphabetical order (alphabetical ordering in the
claims is used solely for the purpose of referencing previously
recited steps) or in the order in which they are recited. Nor
should they be construed to exclude two or more steps or
portions thereof being performed concurrently or to exclude
any portions of two or more steps being performed alternat-

ingly.
APPENDIX

A genetic algorithm is a method for solving both con-
strained and unconstrained optimization problems based on a
natural selection process that mimics biological evolution.
The algorithm repeatedly modifies a population of candidate
solutions. At each step, the genetic algorithm randomly
selects candidate solutions from a current population and uses
them as parents to produce children for a next generation.
Over successive generations, the population of candidate
solutions evolves toward an optimal solution.

In the genetic algorithm used in the process disclosed
herein, a population of candidate balance solutions to an
engine balancing optimization problem is evolved toward
better solutions. The evolution starts from an initial popula-
tion of candidate balance solutions and is an iterative process,
with the population in each iteration being called a genera-
tion. In each generation, the fitness of every balance solution
in the population, as measured by the value of the residual
engine vibration vector (see engine balancing equation
above), is evaluated. The objective is minimizing the maxi-
mum value of the residual engine vibration vector (i.e., the
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predicted peak vibration of one or more vibration sensors).
The more fit candidate balance solutions are stochastically
selected from the current population, and each candidate bal-
ance solution’s properties are modified (recombined and pos-
sibly randomly mutated) to form a new generation. The
genetic algorithm uses three main types of rules at each step
to create the next generation from the current population: (1)
selection rules select the candidate balance solutions, called
parents, that contribute to the population at the next genera-
tion; (2) crossover rules combine two parents to form children
for the next generation; and (3) mutation rules apply random
changes to individual parents to form children. The new gen-
eration of candidate balance solutions is then used in the next
iteration of the algorithm. The genetic algorithm terminates
when a satisfactory fitness level has been reached for the
population.

Simulated annealing is a related global optimization tech-
nique that traverses the search space by testing random muta-
tions on an individual solution. The simulated annealing algo-
rithm can be used to locate a good approximation to a global
optimum of a given function in a large search space. The
method models the physical process of heating a material and
then slowly lowering the temperature to decrease defects,
thus minimizing the system energy. This is implemented in
the simulated annealing algorithm as a slow decrease in the
probability of accepting worse solutions as it explores the
solution space. A mutation that lowers fitness is accepted
probabilistically based on the difference in fitness and a
decreasing temperature parameter. An annealing schedule is
selected to systematically decrease the temperature as the
simulated annealing algorithm proceeds. As the temperature
decreases, the algorithm reduces the extent of its search to
converge to a global minimum.

More specifically, at each iteration of the simulated anneal-
ing algorithm, a new candidate state (i.e., solution) is ran-
domly generated by mutation. The distance of the new can-
didate state from the current candidate state, or the extent of
the search, is based on a probability distribution. More spe-
cifically, the probability of making the transition from the
current candidate state s to a new candidate state s' is specified
by an acceptance probability function P(e.e',T), that depends
on the energies e=E(s) and e'=E(s') of the two states, and on a
global time-varying parameter T called the temperature.
States with a smaller energy are better than those with a
greater energy.

In the context of the engine balance optimization disclosed
herein, at each step the simulated annealing algorithm con-

siders some neighboring balance weight vector u', of the
current balance weight vector W and probabilistically decides
between moving to balance weight vector Uor staying with

the current balance weight vector . The neighbors of a
balance weight vector are new balance weight vectors that are
produced after altering the current balance weight vector in
some well-defined way. The simulated annealing algorithm
accepts all neighboring balance weight vectors (i.e., muta-
tions) that lower the maximum value of the residual engine
vibration vector, but also, with a certain probability, neigh-
boring balance weight vectors that raise that maximum value.
By accepting states that raise the maximum value of the
residual engine vibration vector, the algorithm avoids being
trapped in local minima, and is able to explore globally for
more possible solutions.

In addition or in the alternative to global searching, a local
search can be used to refine the balance solution. Local search
algorithms move from solution to solution in the space of
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candidate solutions (the search space) by applying local
changes. More specifically, a local search algorithm starts
from a candidate solution and then iteratively moves to a
neighboring solution. This is only possible if a neighborhood
relation is defined on the search space. Typically, every can-
didate solution has more than one neighbor solution; the
choice of which one to move to is taken using only informa-
tion about the solutions in the neighborhood of the current
one, hence the name local search. When no improving con-
figurations are present in the neighborhood, the local search
can be stuck at a locally optimal point. Termination of the
local search can be based on a time bound. Another common
choice is to terminate when the best solution found by the
algorithm has not been improved in a given number of steps.

A direct search algorithm searches a set of points around
the current point, looking for one where the value of the
objective function is lower than the value at the current point.
The MATLAB Global Optimization Toolbox functions
include three direct search algorithms called the generalized
pattern search (GPS) algorithm, the generating set search
(GSS) algorithm, and the mesh adaptive search (MADS)
algorithm. All are pattern search algorithms that compute a
sequence of points that approach an optimal point. At each
step, the algorithm searches a set of points, called a mesh,
around the current point—the point computed at the previous
step of the algorithm. The mesh is formed by adding the
current point to a scalar multiple of a set of fixed direction
vectors called a pattern. If the pattern search algorithm finds
apoint in the mesh that improves the objective function at the
current point, the new point becomes the current point at the
next step of the algorithm. The value of the objective function
either decreases or remains the same from each point in the
sequence to the next.

In addition, bound constrained local optimization can be
performed using the fminsearchbnd algorithm. The fmin-
searchbnd algorithm uses a simplex search to minimize a
given function subject to constraints on the function argu-
ments.

The invention claimed is:

1. A method for balancing a rotating system, comprising:

(a) recording vibration data from one or more vibration
sensors during operation of a rotating system;

(b) generating a plurality of balance solutions by concur-
rent processing of the recorded vibration data using a
plurality of different computer-based optimization
methods, each of the different computer-based optimi-
zation methods generating a respective one of the plu-
rality of balance solutions, and each balance solution
being configured to minimize peak vibrations in the one
or more vibration sensors during operation of the rotat-
ing system;

(c) determining an optimal balance solution from the plu-
rality of balance solutions; and

(d) attaching to or removing from the rotating system one
or more balancing masses each having a respective
weight and a respective angular position in accordance
with said optimal balance solution.

2. The method as recited in claim 1, further comprising:

attaching one or more vibration sensors to a non-rotating
structure that vibrates during operation of the rotating
system,

operating the rotating system for a period of time within an
operating envelope; and

converting output from the one or more vibration sensors
into vibration data points during operation, said vibra-
tion data points comprising amplitude and phase data.
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3. The method as recited in claim 1, wherein the rotating
system is a gas turbine engine on an aircraft, said operating
envelope comprises varying operating conditions which
influence engine vibration response, and said attaching step
comprises attaching a first vibration sensor on a forwardmost
bearing of a low-speed shaft of the gas turbine engine and
attaching a second vibration sensor on a fan frame compres-
sor case of the gas turbine engine.

4. The method as recited in claim 3, wherein step (d)
comprises attaching one or more balancing masses to or
removing one or more balancing masses from a fan spinner of
the gas turbine engine.

5. The method as recited in claim 1, wherein step (b)
comprises concurrently processing said vibration data using a
global optimization method and a local optimization method.

6. The method as recited in claim 5, wherein said global
optimization method comprises a simulated annealing algo-
rithm and a pattern search algorithm that starts with a result
from said simulated annealing algorithm.

7. The method as recited in claim 1, wherein step (b)
comprises concurrently processing said vibration data using a
first global optimization method, processing said vibration
data points using a second global optimization method dif-
ferent than said first global optimization method, and process-
ing said vibration data points using a local optimization
method.

8. The method as recited in claim 7, wherein said first
global optimization method comprises a genetic algorithm, a
simulated annealing algorithm that starts with a result from
said genetic algorithm, and a pattern search algorithm that
starts with a result from said simulated annealing algorithm.

9. The method as recited in claim 7, wherein said second
global optimization method comprises a simulated annealing
algorithm and a pattern search algorithm that starts with a
result from said simulated annealing algorithm.

10. The method as recited in claim 7, wherein step (c)
comprises determining which of the results of said first and
second global optimization methods and said local optimiza-
tion method produces the lowest simulated peak vibrations in
the one or more vibration sensors.

11. The method as recited in claim 1, further comprising:

(e) pre-storing a set of influence coefficients that are char-

acteristic of a model of the engine being balanced; and

(f) deriving influence coefficients from said set of influence

coefficients,

wherein step (c) comprises vector multiplication of respec-

tive vibration data points times respective derived influ-
ence coefficients.

12. A method of obtaining a balance solution for a rotating
system, the method comprising:

acquiring sensor data from one or more sensors attached to

non-rotating structures during operation of a rotating
system,

conditioning the sensor data to obtain vibration data suit-

able for use in engine balance analysis; and

sending said vibration data to a computer system which

performs the following operations:

generating a plurality of balance solutions for the rotating

system by concurrent processing of the vibration data
from the one or more sensors using a plurality of differ-
ent computer-based optimization methods, each of the
balance solutions being generated by a respective one of
the plurality of different optimization methods, and each
of the balance solutions being predicted, by the respec-
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tive optimization method, to minimize vibrations in the
one or more vibration sensors during operation of the
rotating system; and

comparing the plurality of balance solutions to determine
an optimal balance solution.

13. The method as recited in claim 12, wherein the rotating

system is a gas turbine engine on an aircraft.

14. The method as recited in claim 12, wherein generating
the plurality of balance solutions comprises generating a first
balance solution using a global optimization method and
generating a second balance solution using a local optimiza-
tion method.

15. The method as recited in claim 14, wherein said global
optimization method comprises a simulated annealing algo-
rithm and a pattern search algorithm that starts with a result
from said simulated annealing algorithm.

16. The method as recited in claim 12, wherein generating
the plurality of balance solutions comprises generating a first
balance solution using a first global optimization method,
generating a second balance solution using a second global
optimization method different from the first global optimiza-
tion method, and generating a third balance solution using a
local optimization method.

17. The method as recited in claim 16, wherein said first
global optimization method comprises a genetic algorithm, a
simulated annealing algorithm that starts with a result from
said genetic algorithm, and a pattern search algorithm that
starts with a result from said simulated annealing algorithm.

18. The method as recited in claim 16, wherein said second
global optimization method comprises a simulated annealing
algorithm and a pattern search algorithm that starts with a
result from said simulated annealing algorithm.

19. The method as recited in claim 16, wherein comparing
the plurality of balance solutions to determine the optimal
balance solution comprises determining which of the first
balance solution, second balance solution, and third balance
solution produces the lowest simulated peak vibrations in the
one or more vibration sensors.

20. A system onboard an aircraft for processing data from
one or more vibration sensors that detect vibrations produced
by a turbine engine during flight, comprising a computer
system programmed to perform the following operations:

(a) converting output from the one or more vibration sen-
sors into vibration data points during operation of the
turbine engine, said vibration data points comprising
amplitude and phase data;

(b) concurrently processing said vibration data points
using multiple different optimization methods which
each produce a respective balance solution for minimiz-
ing peak vibrations in the one or more vibration sensors
during operation of the turbine engine; and

(c) determining an optimal balance solution from the
respective balance solutions produced by said multiple
different optimization methods.

21. The system as recited in claim 20, wherein step (b)
comprises concurrently processing said vibration data points
using a first global optimization method, processing said
vibration data points using a second global optimization
method different than said first global optimization method,
and processing said vibration data points using a local opti-
mization method; and wherein step (¢) comprises determin-
ing which of the results of said first and second global opti-
mization methods and said local optimization method
produces the lowest simulated peak vibrations in said one or
more vibration sensors.
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