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Abstract—The  matching  technique of  model-plant
performance data can be used to solve several problems, such
as fault diagnosis, the model calibration and deterioration
estimation etc. In present paper, model-plant performance
matching from the limited number of measured quantities is
proposed. A gas power generator is modeling in simulating
environments to constitute a benchmark case. Assumed the
health factors are constant at adjacent zone of operating points,
several discrete points are selected to compensate the number
of measured quantities. Depending on the interrelated
equations between measured residuals and health factors, the
nonlinear Least Square is used to optimize the object value of
components health factors. Several sets of simulated
deterioration and fault data are naturalized as the testing case,
the better matching of model-plant is obtained from the
simulating results.
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I. INTRODUCTION

Performance simulation model of gas power generator is
playing an important role in design, development and
availability. But the much complaint from the customers
happens when it is put into use in the application because of
the mismatching of model-plant testing data.

It may be caused by three situation, as follows: a) The
problem of healthy plant, such as the individual product
quality, changes over time of the plant design and
manufacturing process, performance differences between
part vendors, deterioration of engine during testing and
service. b) The problem of modeling, the analysis
assumptions of model, un-modeled, imperfectly modeled or
incorrectly modeled physical phenomena in engine, ¢) The
faulty plant, the faults of one or more plant components
occur during service.

The deviation between model and plant is observed from
residuals of the measured quantities and model predicting
output. The problem is to seek a solution to determine the
values of the tuning health factors from a given series of
measured residuals. Least Squares Techniques coupled with
Gas Path Analysis(GPA) are introduced in fault detecting
and diagnosis by Doe[1,2]. Mathiodakis[3] gives a good
overview of the basic gas path assessment problem and
discusses some general techniques used in its solution. The
nonlinear adaptive modeling techniques are introduced to
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fine matching of model-plant although it is more
sophisticated[4,5]. Multiple discrete points optimization
approach is adopt because it can overcome the lack of
measurements[6,7]. The adaptive GPA and genetic algorithm
is also proposed into matching of model and testing data by
Li[8,9,10]. As well as the probabilistic fusion wit GPA
derived from diagnosis methods is applied to the model and
testing data matching[11,12]. The most difficulties faced on
model-plant matching are the limited number of measured
quantities which related the performance. The solution is
based on the augment of measured quantities or the reduction
of estimated health factors to ensure that the number of
equations is equal or more than the number of estimated
factors.

In present paper, model-plant performance matching
from the limited number of measured quantities is proposed.
A gas power generator is modeling in simulating
environments[13] to constitute a benchmark case. Assumed
the health factors are constant at adjacent zone of operating
points, several discrete points are selected to compensate the
number of measured quantities. Depending on the
interrelated equations between measured residuals and health
factors, the nonlinear Least Square is used to optimize the
object value of components health factors. Several sets of
simulated deterioration and fault data are naturalized as the
testing case, the better matching of model-plant is obtained
from the simulating results.

II.  GAS POWER GENERATOR LAYOUT

A gas power generator which is representative used in
peak power is selected as a demonstrating object. Refer
figure 1, the gas power generator have been modeling in
simulation environment. It is a two-spool turbojet with
power generator configuration. The five rotating components
consist of the Booster (Bst), Power(Pow) generator and low
pressure turbine (Lturb) on the booster shaft, the pressure
compressor (Com) and high pressure turbine (Hturb) on the
core shaft. The hot gas is generated by natural gas burning in
main burner(Mburn), which drive the turbine shaft to rotate.
The gas is exhausted through the Nozzle(Nozz).

The power generator is small size, operating with an
overall pressure ratio of 24, 38 kg air flow, SMW power
level. The control inputs to this engine are main fuel flow
(wfc). Two spool rotation and five gas path sensors are
considered as measured quantities for control: NO, N1, PO,
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TO, P3, P5, T5. This is representative of the sensors used in
most gas power generator engines.
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Figure 1. Gas power generator model skeleton in simulation environment

According to the detailed components level
thermodynamic model at steady state operating point, the
model output of refer to operating point is described bellow:

vy, =y, u,) (1)

Where - is input vector of refer operating point, the
steady state operating point of power generator is defined by
the control main fuel flow (wfc), Inlet temperature (TO) and

pressure (P0O). The Yris output vector of refer engine model,

ff is the health factor vector. The health factor
model-plant match, it will non-zero

f, is zero if
if mismatching.

Theoretically, f, vary with input of refer operating point

U, Butin the adjacent zone of steady state operating points,
we can assume that the f, is constant.

The health parameter employed to characterize the fault
of rotating components are an efficiency m and flow
capability ®. These components include Bst, Com, Hturb and
LTurb. But the health parameter of Mburn is burner
efficiency m, and the health parameter of Nozz is flow
capability . So the listing of health parameter is referring
the table 1.

Table 1: Listing of health parameter for power generator
component

The health factor is defined as follows:
Ji= = h) by =019 @
where the /,; is the health parameter, /4, is the health

parameter at the refer point.

The set of measurements used for control is follows: NO,
N1, P3, P5, TS. The listing of measured quantities is referred
to Table 2:

Table 2: Listing of measured quantities

The scaled residuals are defined as

di :(ymi _yri)/yri i=0,1,...,5 Q)

where the residual is the plant measured quantities Vi ,

Vri s refer point value.

Combining the equation (1),(2)and (3), the interrelated
vector equations between measured residuals and health
factors can be represented for

d,=(y,-¥)/y, =@y, ~¥(E.u,)/y(f.u,)=g(f.u,)*)

In equation (4), there are 10 health factors but only 5
equations are available. If the scaled residuals are knows
through measurements, there are infinite number of sets of
10 parameter values satisfying the equations at one refer
point. Certainly, the different answers can satisfy the
equations under different criterions of solved equations.

III. MODEL-PLANT MATCHING BY USING SEVERAL
ADJACENT OPERATING POINTS DATA

Assumed the scale health factors are constant at adjacent
zone of operating points, we can choose several discrete
operating points to compensate the number of measured
quantities. Then the number of measured quantities is more
than the number of equations, the unique solution of
equations is gained if the equations (4) are nonlinear. If any

. . . u . .
g+1 adjacent operating points are chosen, that =~ " are given,
we can get the equations as follows:

drO = g(f’uro)
drl = g(fiurl)

drq = g(f’urq)

In equation (5), the interrelated equations between scale
measured residuals and health factors is described of several
discrete operating points.

d=g(f) (6)

In equation (6), the health factors are less than the
number of equations, the regularization methods is used to
optimize the object value on the health factors of engine
components. The optimizing target function is defined as
follows:

ming(f) =|lg(f) -4, | +off] %

d, is measurement residuals, 127

®)

is regularization
coefficients, ”f” is regularization items of health factor, I is

unit matrix. In order to gains the min @(f), it is satisfied as
follows:

@ —J@) (gf)—d,)+adf =0 @

The iteration equation steps of solving equations (8) are
as follows:

JEHIE) +a)F =3(E) @, —g" ) -alf*  (9)
£ =15 4+ o
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dg(f)
J(f) =

(") .
function g(f) at £, J(f*)" is the transfer matrix of

Where is the Jacobian matrix of

k . .. .
J (f ), superscript k is iteration step.

IV. CASE EVALUATE AND VALIDATION

In order to evaluate the effectiveness of proposed
approach applying to model-plant match of power generator,
the cases, which cover the fault, calibration and deterioration,
are performed compared with combination approach of
health factors based on single point data. All measured
quantities is simulated from simulation environment and
assumed to noise free if averaged with sample time.

Case A: calibration

The normal performance model stands for the average of
all product line, so the deviation between individual plant
and the normal model exist because of product quality. For
example, at standard atmosphere in ground, the health factors
of components distribute refer the figure 2, the scaled
residuals distribute refer 3.

Two adjacent points near the refer point are selected as

. . . u., . .
model-plant matching points. The input ~ 70 is refer input,

the input Wi and W changes around Uro . The inlet
pressure (P0) and temperature (T0) keep unchanged. At the
first point, wfc decrease 0.5%, wfc increase 0.5%.At the
second point, wfc decrease 1%, wfc increase 1%. .The
optimizing results of health factors f refer to figure 3. The
corresponding scaled residuals distribute refer the figure 4.
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Figure 2. health factors distribute
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Figure 3. measured residuals distribute

Although the same fine tuning measured residuals of 1%
and 3% disturbance inputs around refer adjacent points, the
better health factor distribute have been gained from the 3%
disturbance inputs. This may be caused by the extent of
nonlinear equations at 3% disturbance inputs.

Case B: deterioration

The deterioration of power generator happens with
service cycles. The deterioration level may be higher than
effects of loads and rub. In ground, the health factors of
components deterioration distribute refer the figure 4, the
scaled residuals distribute refer 5.The margin of health factor
is larger than calibration.

Two adjacent points near the refer point are selected as

. . . u . .
model-plant matching points. The input = "0 is refer input,

the input Wi and W2 changes is same as case A. Efficiency
and flow capability of Bst, Com decrease in scope of 1.5%.
But efficiency of Hturb, Lturb decrease, and flow capability
increase when deteriorating. The optimizing results of health
factors f refer to figure 5. The corresponding scaled residuals
distribute refer the figure 6.
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Figure 4. health factors distribute
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Figure 5. measured residuals distribute

We gain the same tuning measured residuals of £0.5%,
+ 1% disturbance inputs around refer adjacent points, the
better health factor distribute have been gained from the 1%
disturbance inputs than the 0.5%.

Case C: fault

Component fault is consequently occurring when it
working, but we may not know the location of fault in prior.
If we know which component fault occurs, we can reduce the
number of optimizing health factors so as to gain the unique
solutions. Now assumed that the Com and Mburn have faults,
which the efficiency of Com reduced by 1%, flow capability
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reduced by 0.6%, and efficiency of Mburn reduced by 0.5%.
The health factors of components distribute refer the figure 7,
the scaled residuals distribute refer 8.

Two adjacent points near the refer point are selected as
model-plant matching points. The input is same as case A,
but wfc decrease 1% at first point, wfc increase 1% at second
point. In the meantime, we can access the fault by using the
single points data. Then the optimizing results of health

factors  refer to figure 6. The corresponding scaled
residuals distribute refer the figure 7.
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Figure 6. health factors distribute

measured residuals distribute
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Figure 7. measured residuals distribute

The fine tuning measured residuals were gained by using
several points optimization or one point but the f distributes
is not very similar each other although the best target is
accept. And sometime the calculation collapse due to health
factor beyond the reasonable scope.

V. CONCLUSIONS

Model-plant performance matching from the limited
number of measured quantities is invalidated through
calibration, deterioration and fault case optimization of
several adjacent operating point data. The better matching of
model-plant is obtained from the simulating results. The

TABLE 1.

method is more suitable for model-plant matching at steady
operating conditions.
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LISTING OF HEALTH PARAMETER FOR POWER GENERATOR COMPONENT
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TABLE II. LISTING OF MEASURED QUANTITIES
Measured quantity measured ), . scaled residuals £ i
Booster shaft speed NO d 0
Core shaft speed N1 d 1
Compressor Outlet Pressure P3 d 5
LP Turbine Outlet Pressure P5 d 2
LP Turbine Outlet Temperature T5 d 4

Published by Atlantis Press, Paris, France.
© the authors
0216





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.162 841.890]
>> setpagedevice




