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Introduction



ƀStatus

ƀData filtering

ƀFault/anomaly detection 

ƀClassification 

ƀDiagnostics ïcomponent and system 

ƀTrend calculations

ƀPrognostics ïMaintenance on Demand

ƀDecision support/action

ƀFeedback

ƀModel Predictive Control

ƀMachine learning
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Diagnostic framework
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Physics-based/ 

data-driven 

adaptive models Degradation monitoring

Fault detection and 
identification

Models update

Lifetime & performance 
prediction

Maintenance optimizationOperations optimization

Start-up

Transients
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Gas turbine faults and deterioration

6

compressor combustor
turbine

Corrected flow

Healthy engine

Degraded engine

fouling erosion

hot corrosion

creep

Increase clearance abrasion



Micro gas turbine applications
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Å Limited sensors

Å Low cost solution

Å Flexible operations (distributed 

generation applications)

Micro CHP Fleet

Distributed Generation
Smart Grids

Renewable integration
Consumers reactions
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Introduction ïGT diagnostics

time

Detectable changes or abrupt shifts 

in measurable parameters (e.g. 

pressure, temperature, speed) 

indicate a possible fault.

P25

T25

P3

T3

WF

T49

N2

N1
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Introduction ïGT diagnostics

Data 

correction

Estimation 

algorithm
Diagnostics

Performance 

GT model

Raw 

data

Measurement 
ɲ

Performance 
ɲ

Overall 

performance

Baseline value/ influence coeffé
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Data correction

Baseline engine

Deteriorated engine

ȹdue to ambient/operating conditions, Re effectsé

ȹdue to performance deteriorationz

ὖ
ὖ


—

Ὕ
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ὴ
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Data correction with ambient conditions:

The same thing can be done with 

load conditions, Re, Mach, etc.



Gas Turbine Parameter 
Corrections

ƀParameters describing gas turbine performance vary with
the power condition (load) and with the ambient 
conditions

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

ƀTheseare usually dimensionless quantities derived from 
dimensional analysis

ƀThe principle of dimensional analysis was formalized by 
Buckingham in 1914
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Letôs assume that there is a physical relationship 
that is represented by n physical quantities
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Buckingham theorem

Ὢὗȟὗȟȣȟὗ π



Letôs assume that thereis a physical relationship 
that is represented by n physical quantities

Since these quantities are measured in physical 
units, the above relationship can take the form:
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Letôs assume that thereis a physical relationship 
that is represented by n physical quantities

Since these quantities are measured in physical 
units, the above relationship can take the form:
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Buckingham theorem

Ὢὗȟὗȟȣȟὗ π

ὓὗ ὗ ȣὗ π
M is a dimensionless number

All products have the same units



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

ὔὗ ὗ ȣὗ ρ π



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

Then every product becomes non-dimensional
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Buckingham theorem

ὔὗ ὗ ȣὗ ρ π



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

Then every product becomes non-dimensional

If we denote the products with 
The initial equation becomes:
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Buckingham theorem

ὔὗ ὗ ȣὗ ρ π

Ὢ“ȟ“ȟȣȟ“ π

“



The number of dimensionless products
necessaryfor

to represent

is n-k, where k is the number of fundamental 
dimensions used to define the variables
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Buckingham theorem

“

Ὢ“ȟ“ȟȣȟ“ π

Ὢὗȟὗȟȣȟὗ π

Ὢ“ȟ“ȟȣȟ“ π



Independent Parameter
N spool speed
T1 ambient temperature
P1 ambient pressure
u inlet air velocity
D compressor diameter
R gas constant

Dependent Parameter
Fn net power
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An example



Independent Parameter Dimension
N spool speed 1/t
T1 ambient temperature T
P1 ambient pressure M/(Lt 2)
u inlet air velocity L/t
D compressor diameter L
R gas constant L2/(t 2T)

Dependent Parameter Dimension
Fn net power ML/t 2
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An example

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



4 fundamental dimensions (t, T, M, L)
7 parameters (N, T2, P2, u, D, R, Fn)
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An example

Ὂ ὪὔȟὝȟὖȟόȟὈȟὙ

ὪὊȟὔȟὝȟὖȟόȟὈȟὙ=0



4 fundamental dimensions (t, T, M, L)
7 parameters (N, T2, P2, u, D, R, Fn)

7-4=3 dimensionless quantities required to express 
this relationship:
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An example

Ὂ ὪὔȟὝȟὖȟόȟὈȟὙ

ὪὊȟὔȟὝȟὖȟόȟὈȟὙ=0

•“ȟ“ȟ“ π
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An example

•“ȟ“ȟ“ π
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An example

•“ȟ“ȟ“ π

“ ὔὖὝὈὙ
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An example

•“ȟ“ȟ“ π

“ ὔὖὝὈὙ

“ όὖὝὈὙ

“ ὊὖὝ ὈὙ
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An example

•“ȟ“ȟ“ π

“ ὔὖὝὈὙ

“ όὖὝὈὙ

“ ὊὖὝ ὈὙ

Dimensionless! Units: ╛╜ ╣ ◄
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An example

“ ὔὖὝὈὙ
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An example

“ ὔὖὝὈὙ
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An example
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An example
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ὥ=0

ὦ=-1/2
ὧ=1
Ὠ=-1/2
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An example

“ ὔὖὝὈὙ
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An example
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An example

é

Ὂ

ὖὃ
Ὢ

ὔὈ

ὙὝ
ȟ
ό

ὙὝ

For a constant geometry

Ὂ

ὖ
Ὢ

ὔ

Ὕ
ȟὓὥ ᴼ

Ὂ


Ὢ
ὔ

—
ȟὓὥ



37

An example
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For a constant geometry
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Appropriate corrections 
for net power and spool 
speed are F/ŭ and N/ãȅ
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Gas path parameter 
Corrected parameter *

A change in the engine inlet P2, T2 will result in a 
change in 
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Parameter corrections



Gas path parameter 
Corrected parameter *

A change in the engine inlet P2, T2 will result in a 
change in 

A corrected parameter * would be constant 
regardless of the change in inlet condition ïit is the 
value the parameter would have at a fixed inlet 
reference condition (usually 288.15K and 101.325 kPa)
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Parameter corrections



ע ὪὝȟὖȟעᶻ
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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



Ὠעᶻ

ᶻע
ḙ
Ὠע

ע
ὥ
Ὠ—

—
ὦ
Ὠ



45

Parameter corrections

where — ȟ
Ȣ
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Parameter corrections

where — ȟ
Ȣ
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ע
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The corrected parameter has the same units as the original 
and is calculated using ŭ and ȅ corrections.

The valuesof a and b depend on the engine type and cycle, 
but there are standard corrections available.
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Parameter corrections

where — ȟ
Ȣ



Temperature T/ȅ

Engine inlet temperature has an effect on the downstream
temperatures in the engine gas path.
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Parameter correction derivation



Temperature T/ȅ

Engine inlet temperature has an effect on the downstream
temperatures in the engine gas path.
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Parameter correction derivation

T

s

P3

P2

2

3

3
*

2
*

Constant P curves 
monotonically 
increase with s 

Constant P curves 
diverge from one 
another with an 
increase in s 



Temperature T/ȅ

Engine inlet temperature has an effect on the downstream
temperatures in the engine gas path.

T2*>T2 and T3*>T3

(T3-T2) < (T3*-T2*) 

é
ᶻ

ᶻ => Ὕᶻ
ϳ

=z
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Parameter correction derivation

T

s

P3

P2

2

3

3
*

2
*

Constant P curves 
monotonically 
increase with s 

Constant P curves 
diverge from one 
another with an 
increase in s 



Pressure P/ŭ

Engine inlet pressure has an effect on the downstream
pressuresin the engine gas path.
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Parameter correction derivation

T

s

P3

P2

2

3

3
*

2
*



Pressure P/ŭ

Engine inlet pressure has an effect on the downstream
pressuresin the engine gas path.

Ὕ

Ὕ

ὖ

ὖ
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ÃÏÎÓÔ ÃÏÎÓÔ=> const

const
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Parameter correction derivation

T

s

P3

P2

2

3

3
*

2
*



Analytical methods
ƀConstruction of a differential model of the engine to determine the 

sensitivity of the dependent parameters to the independent ones.

ƀThis gives an indication of the correction to be applied.

ƀThe accuracy of the correction depends on the accuracy of the model.

Empirical methods

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

Å Fouling

Å Erosion

Å Corrosion

Å Worn seals

Å Foreign object

Å é

Å Compressor 

efficiency

Å Turbine 

efficiency

Å Nozzle area

Å é

Å Rotational 

speed

Å Temperature

Å Pressure

Å Fuel flow

Å é

Physical problem Degraded component 

performance
Measurement shift

Result in Produce

Correction of

DIAGNOSTICS TOOLL
o

c
a

ti
o

n
 

o
f
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Gas Path Analysis

P25

T25

P3

T3

WF

T49

N2

N1

z = [ȹN1 ȹN2 ȹP25 ȹP3 ȹT25 ȹT3 ȹT49 ȹWF]ô Measurement shifts vector

Ўὔ
ὔȟ ὔȟ

ὔȟ

P2

T2

P2

T2

P1

T1 P4

T4

T5

WF

Corrected data are used for measured and reference signals
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Gas Path Analysis

ὼ

Ўʂ
ЎὊὅ
Ўʂ
ЎὊὅ
Ўʂ
ЎὊὅ
Ўʂ
ЎὊὅ
Ўʂ
ЎὊὅ
Ўʂ
ЎὊὅ

Faults vector ᾀ

Ўὔ
Ўὔ
ЎὡὊ
ЎὝ
Ўὴ
ЎὝ
Ўὴ
ЎὝ

Measurements vector
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Gas Path Analysis

ὼ

Ўʂ
ЎὊὅ
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Ўʂ
ЎὊὅ

Ўὔ ḙ
ὔ

ʂ
ɇЎʂ

Measurements deviation are related 

to performance deviation

ᾀ

Ўὔ
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ЎὡὊ
ЎὝ
Ўὴ
ЎὝ
Ўὴ
ЎὝ
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Gas Path Analysis
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Measurements deviation are related 

to performance deviation

ᾀ

Ўὔ
Ўὔ
ЎὡὊ
ЎὝ
Ўὴ
ЎὝ
Ўὴ
ЎὝ

A linear model can be approximated: 

matrix of influence coefficients 

between engine performance and 

measured variables

Ὄ

ὔ

ʂ

ὔ

Ὂὅ
ȣ

ȣ ȣ ȣ

ȣ ȣ
ὡὊ

Ὂὅ
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Fault estimation: linear model

Ὄ

ὔ

ʂ

ὔ

Ὂὅ
ȣ

ȣ ȣ ȣ

ȣ ȣ
ὡὊ

Ὂὅ

ᾀ Ὄὼ

Number of unknowns > number of equations

Minimization of:

Ὢ ᾀ Ὄὼz

Aircraft engine



60

Fault estimation: linear model

ᾀ Ὄὼ

Number of unknowns < number of equations

Least square minimization:

ὼ

Ўʂ

ЎὊὅ

Ўʂ
ЎὊὅ
Ў‐

ᾀ

Ўά

ЎὡὊ
ЎὝ
Ўὴ
ЎὝ
Ўὴ
ЎὝ

ὼ ὌὌ Ὄᾀ

P2

T2

P1

T1 P4

T4
WF

T5

Micro gas turbine
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Fault estimation: smearing effect

With least square minimization, estimated 

faults tend to be distributed among the 

components.

ὼ ὌὌ Ὄᾀ

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.

Smearing effects need to be reduced by using 

ñmore sophisticatedò algorithms.


