Foundations for the
development of a diagnostics

framework

loanna Aslanidou
Valentina Zaccaria

Vasteras, 8th November 2017



The FUDIPO Framework

Sensors
TOM, NIR, Database
RF

Input Data

Physics- .
4 Data-driven
based
models
models

Fault Degradation
detection analysis
algorithms algorithms

Information
flow

Feed-forward Adaptive MPC
Diagnostic & Prognostic System

Information
flow

Plant-/Fleet-wide
Decision Support

Actions

Operators & Planners




Framework functionalities

b Data filtering

b Fault/anomaly detection
b Classification

b DiagnosticsT component and system
b Trend calculations

b PrognosticsT Maintenance on Demand
b Decision support/action

b Feedback

b Model Predictive Control

b Machine learning
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Gas turbine faults and deterioration
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Micro gas turbine applications

A Limited sensors

A Low cost solution

A Flexible operations (distributed
generation applications)

Micro CHP Fleet

Distributed Generation vﬂ jﬂ
Smart Grids -
. Renewable integration

| | B
Consumers reactionsé ':W jﬂ‘\'ﬂ :’W vﬂjﬂ



40
30
20
10

B85

B0

75

70

65

B0

55

50

Introduction i GT diagnhostics
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Detectable changes or abrupt shifts
in measurable parameters (e.g.
pressure, temperature, speed)

indicate a possible fault.
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Data correction
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Data correction with ambient conditions:
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The same thing can be done with
load conditions, Re, Mach, etc.
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Gas Turbine Parameter
Corrections

Parameters describing gasturbine performance vary with
the power condition (load) and with the ambient
conditions

Gasturbine performance is described using corrected
parameters to account for the ambient conditions

Theseare usually dimensionless quantities derived from
dimensional analysis

The principle of dimensional analysis was formalized by
Buckingham in 1914
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Buckingham theorem

Let 0s as s u meaphysicaltrelatiohskip -
that is represented by n physical quantities 2
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Buckingham theorem

Let 0s as s umeaphysicaltrelatiohskip -
that is represented by n physical quantities
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Buckingham theorem

Let O0s as s u mseaphysicaltrelatiohskip -~
that is represented by n physical quantities
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Since these quantities are measured in physical
units, the above relationship can take the form:
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Buckingham theorem

Let O0s as s u mseaphysicaltrelatiohskip -~
that is represented by n physical quantities

N~

QO B )
Since these quantities are measured in physical
units, the above relationship can take the form:

M is a dimensionless number

All products have the same units
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Buckingham theorem

If we divide both sides by one of the products
(one term in the sum):
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Buckingham theorem

If we divide both sides by one of the products
(one term in the sum):
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Buckingham theorem

If we divide both sides by one of the products
(one term in the sum):
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Then every product becomes norrdimensional
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Buckingham theorem

If we divide both sides by one of the products
(one term in the sum):

L 14

00 0 80 D T
Then every product becomes norrdimensional

If we denote the products with “
The initial equation becomes:

o¢ FOBR ) m
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Buckingham theorem

The number of dimensionless products
necessaryfor

o¢ iR )
to represent
o0 1D B )

IS n-k, where k is the number of fundamental
dimensions usedto define the variables

o¢ FOBR ) m

20



An example

Independent Parameter

N spool speed

T, ambient temperature
P, ambient pressure

u Inlet air velocity

D compressor diameter
R gas constant

Dependent Parameter

F, netpower
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An example

Independent Parameter Dimension
N spool speed 1/t

T, ambient temperature T

P, ambient pressure M/(Lt 2)

u Inlet air velocity L/t

D compressor diameter L

R  gas constant L2/(t 2T)
Dependent Parameter Dimension
F, netpower ML/t 2

t=time
T=temperature
M=mass
L=length
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An example

fundamental dimensions (t, T, M, L)
parameters (N, T,, P, u, D, R, F,)
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An example

fundamental dimensions (t, T, M, L)
parameters (N, T,, P, u, D, R, F,)
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An example

fundamental dimensions (t, T, M, L)
parameters (N, T,, P, u, D, R, F,)
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"QORS FYRD FBFORY)=0

dimensionless quantities required to express
this relationship:
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An example
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An example
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An example
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An example

“ 00 YO'Y
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An example
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An example
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An example
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An example
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An example
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An example
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An example
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An example

é

O . [(0O_. 0
L O <\/'Y'Y \/'Y'Y>

For a constant geometry
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Parameter corrections

Gas path parameter,
Corrected parameter  *

A change in the engine inlet P,, T, will result in a
change in,
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/ Parameter corrections

Gas path parameter,
Corrected parameter , *

A change in the engine inlet B,, T, will result in a
change in,

A corrected parameter  * would be constant
regardless of the change in inlet condition i it is the
value the parameter would have at a fixed inlet
reference condition (usually 288.15K and 101.325kPa)
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Parameter corrections
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Parameter corrections
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Parameter corrections
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Parameter corrections
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Parameter corrections
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Parameter corrections
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Parameter corrections
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Parameter corrections
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The corrected parameter has the same units as the original
and is calculated usingu and € corrections.

The values of a and bdepend on the engine type and cycle,
but there are standard corrections available.
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Parameter correction derivation

Temperature T/ e

Engine inlet temperature has aneffect on the downstream
temperatures in the engine gaspath.
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Parameter correction derivation

Temperature T/ e

Engine inlet temperature has aneffect on the downstream

temperatures in the engine gaspath.
T

4

Constant P curves
monotonically
increase with s

Constant P curves
diverge from one
another with an
Increase in s
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Parameter correction derivation

Temperature T/ e

Engine inlet temperature has aneffect on the downstream

temperatures in the engine gaspath.

T,>T,and T3.>T,

(T3 Ty) < (T3e-To)

z

é 2 =>"Y

T

4

Constant P curves
monotonically
increase with s

Constant P curves
diverge from one
another with an
Increase in s
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Parameter correction derivation

Pressure P/U

Engine inlet pressure has aneffect on the downstream
pressuresin the engine gaspath.
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Parameter correction derivation

Pressure P/

=10 111 o

Engine inlet pressure has aneffect on the downstream
pressuresin the engine gaspath.

— AT 106 ATl 196 const P2

>
- const .

52



Determination of correction factors

Analytical methods

Construction of a differential model of the engine to determine the
sensitivity of the dependent parameters to the independent ones.

b This gives an indication of the correction to be applied.
b The accuracy of the correction depends on the accuracy of the model.

Empirical methods

Use of actual engine data for parameter normalization employing a
statistical approach to verify the validity of the correction factors
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Gas Path Analysis principle
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T100 microturbine
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Gas Path Analysis

Faults vector a Vi

Measurements vector
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Gas Path Analysis
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Measurements deviation are related
to performance deviation
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Gas Path Analysis
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Fault estimation: linear model

Aircraft engine
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Number of unknowns > number of equations

Minimization of:
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Fault estimation: linear model

Micro gas turbine
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Number of unknowns < number of equations

Least square minimization:
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Fault estimation: smearing effect

w (00O Oaua

With least square minimization, estimated
faults tend to be distributed among the
components.

Smearing effects need to be reduced by using
Amore sophisticatedo

algorithms.

Ying et al., Nonlinear Steady-State Model Based Gas Turbine
Health Status Estimation Approach with Improved Particle Swarm
Optimization Algorithm, http://dx.doi.org/10.1155/2015/940757.
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