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Abstract: As one of the core components of gas turbines, the combustion system operates in a
high-temperature and high-pressure adverse environment, which makes it extremely prone to faults
and catastrophic accidents. Therefore, it is necessary to monitor the combustion system to detect in
a timely way whether its performance has deteriorated, to improve the safety and economy of gas
turbine operation. However, the combustor outlet temperature is so high that conventional sensors
cannot work in such a harsh environment for a long time. In practical application, temperature
thermocouples distributed at the turbine outlet are used to monitor the exhaust gas temperature (EGT)
to indirectly monitor the performance of the combustion system, but, the EGT is not only affected
by faults but also influenced by many interference factors, such as ambient conditions, operating
conditions, rotation and mixing of uneven hot gas, performance degradation of compressor, etc.,
which will reduce the sensitivity and reliability of fault detection. For this reason, many scholars
have devoted themselves to the research of combustion system fault detection and proposed many
excellent methods. However, few studies have compared these methods. This paper will introduce
the main methods of combustion system fault detection and select current mainstream methods
for analysis. And a circumferential temperature distribution model of gas turbine is established to
simulate the EGT profile when a fault is coupled with interference factors, then use the simulation
data to compare the detection results of selected methods. Besides, the comparison results are
verified by the actual operation data of a gas turbine. Finally, through comparative research and
mechanism analysis, the study points out a more suitable method for gas turbine combustion system
fault detection and proposes possible development directions.

Keywords: gas turbine model; combustion system; fault detection; comparative study

1. Introduction

In the process of gas turbine development, with the improvement of its efficiency,
the combustor outlet temperature is getting higher and higher [1]. The adverse working
environment leads to a high incidence of combustion system faults. In addition, it is very
expensive, and once it suffers a fault and is damaged, it may also pose a serious threat
to the safety of downstream nozzles and blades, causing huge losses [2]. For instance,
through visual analysis following the failure and numerical simulations of a second rotor
stage in heavy-duty gas turbine, Sawinski et al. [3] found that the increase in combustion
temperature, which may be caused by combustion system faults, would greatly increase
the probability of turbine failure. Implementation of prognostics and health management
(PHM) can help gas turbines run safely and economically by improving their reliability,
safety, and availability, while reducing the operational costs [4,5]. Anomaly detection plays
an important role in PHM systems, which can detect performance degradation immediately
and clear faults before they have fully developed. Therefore, the early fault detection of
gas turbine combustion systems is particularly important.

The combustor of gas turbines is generally of an annular or ring tube type. The fuel
enters the combustor through a number of fuel nozzles for combustion. Each combustor has
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the same structure and is evenly arranged along the circumferential direction. Ideally, the
temperature at the outlet of each combustor is basically identical, and when a combustor fails,
it will affect the temperature of the gas in it and cause fluctuations at its outlet temperature [6].
However, the temperature at the exit of combustor varies from 1300 to 1700 °C, depending
on the power of the gas turbine [1] and conventional temperature sensors cannot work
for a long time at such high temperatures, but the temperature fluctuation at the outlet of
combustor will cause abnormal temperature of the corresponding gas path at the turbine
outlet [7]. In practical applications, temperature measuring thermocouples placed at the
turbine outlet are used to monitor the EGT distribution to indirectly monitor the performance
of the combustion system. The thermocouples are arranged uniformly in the circumferential
direction at the turbine outlet, so the measured EGT can reflect the status of the combustion
system. Ideally, the temperature measured by each thermocouple should also be identical. In
practice, due to manufacturing and installation errors and subtle differences in fuel supply, the
values of each thermocouple are not exactly the same, although the difference is very small.
When the wall of the combustor or a transition section cracks, deformation, ablation and
carbon deposition, uneven fuel distribution, jet angle deflection occur [5], and this will cause
the exit temperature of the faulty combustor to deviate from the temperature of other normal
combustors, which is manifested as a local high temperature or a local low temperature
in the circumferential direction. These local temperature anomalies will pass through the
turbine to the thermocouples. If the reading of one or several adjacent thermocouples are
significantly higher or lower than that of other thermocouples, it indicates that the combustor
corresponding to the thermocouple is faulted, that is, we have a combustion system fault
detection method based on the EGT distribution.

In addition to the method of using the EGT distribution to detect faults, there are
also the methods of using fuel efficiency to measure the status of combustion system [8];
using endoscopes for non-destructive testing after shutdown [9] and methods based on
electrostatic monitoring technology [10-14], etc. At present, the most widely used method
is to monitor the EGT distribution for fault detection. It provides the most relevant
information about the performance of combustion systems [15]. When the unit is operating
normally, the EGT distribution is uniform; the more uneven the EGT distribution, the
greater the probability of a malfunction of the combustion system.

However, the malfunction of the combustion system is not the only factor that can
cause an uneven temperature distribution [16]. During the operation of a gas turbine,
there are many interfering factors, including ambient conditions, operating conditions,
component performance degradation, the manufacturing and installation errors of thermo-
couples, etc. The fluctuating and uneven signal of the EGT caused by a malfunction of the
combustion system is very feeble. In the early stage of the combustion system fault, even if
the combustor burns through and forms palm-sized damage, the resulting EGT change is
only 5-10 °C [17]. Comparing with the EGT change caused by the combustion system fault,
the change caused by these non-fault interference factors can easily submerge that caused
by faults, so that the faults cannot be detected as soon as possible. At the same time, the
hot gas will rotate with the turbine blades, and its swirl angle will change with the change
of operating conditions. There is also a blending effect between the gas from different
combustion chambers, which will reduce the unevenness of the EGT distribution. These
interference factors will reduce the sensitivity and increase the difficulty of anomaly detec-
tion. In order to overcome these difficulties, researchers have carried out a large number of
studies and proposed a series of methods for fault detection of combustion systems. These
studies can be divided into two types, spread-based methods and model-based methods.

The spread-based methods use the EGT dispersion to detect faults. If the values of
some thermocouples differ greatly from those of other thermocouples, it means that the
combustion system is faulty [18,19]. As one of the most widely used monitor systems,
the MARK VI system [20] produced by GE utilizes temperature differences between the
maximum EGT and the three minimum EGTs. It defines a parameter, called allowable
exhaust temperature dispersion, which is a function of the average EGT and the compressor
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outlet temperature. The higher the ratio of the temperature differences to the allowable
exhaust temperature dispersion, the greater the possibility of a fault. The hot protection and
cold protection of the TELEPERM XP system [21], produced by, utilizes the temperature
deviation of a single thermocouple from the average EGT for warning, and uses the
deviation to determine whether to perform other protection actions. The system introduced
in [22], in addition to monitoring deviations, also monitors the changes in the maximum,
median and average values of EGT. Gulen et al. [23] introduced a heavy-duty industrial
gas turbine real-time online performance diagnostic system. In the system, excessive and
sudden changes or consistent upward trends in the ratio of the maximum EGT to the
average of EGT indicate the potential combustor faults. The spread-based method is very
intuitive, so it has been widely used in industry.

The model-based methods use the EGT distribution model for fault detection, and they
can be divided into two categories. The first type is the use of established gas turbine models,
including physical models and data-driven models. After inputing the operation and other
parameters, the established model outputs the estimated exhaust temperature. When the
gas turbine is normal, the estimated value is basically the same as the actual value and the
residual error is small; when the residual error exceeds the threshold, it indicates that a fault
has occurred. The physical models are established using prior physical knowledge of the gas
turbine. Basseville et al. [24,25] established a physical model of EGT and calculated the gas
swirl angle based on the principle of gas turbine. Korczewski et al. [26] established an EGT
model based on the thermodynamic and gas flow process of a gas turbine. Medina et al. [27]
established a physical model with multiple combustors according to the Brayton cycle and
also considered the rotation of hot gas in the turbine. The data-driven models use measurable
parameters from the gas turbine’s historical data to establish the EGT map, which does not
require a clear understanding of the gas turbine’s structure. Tarassenko et al. [28] proposed
an EGT model based on a feed-forward neural network. According to the spatial distribution
characteristics of thermocouples, the temperature of a thermocouple is estimated by using
the temperatures of four thermocouples which are opposite the objective thermocouple in
space. Bai et al. [29] proposed the concept of gas turbine normal pattern extraction for the
first time, and based on nonlinear autoregressive with exogenous inputs network and prior
knowledge fusion to extract the unchanged features of normal patterns from historical normal
data and detect their changes for anomaly detection. Kenyon et al. [30] built an exhaust
temperature influence model based on a neural network to eliminate the influence of changes
in operating conditions on the detection results. Liu et al. [31] used the convolutional neural
network to extract useful information from the exhaust temperature and eliminated the
influence of the gas rotation effect and common mode interference on the detection. Yan [32],
based on deep learning (DL), proposed a deep semi-supervised anomaly detection method,
first extracting feature information from the EGT through DL, and then using a one-class
classification to establish an EGT model and detect faults. Yildirim et al. [33], YImaz [15] and
Song et al. [34] used multiple linear regression methods to establish the relationship between
the EGT and measurable parameters. Zhu et al. [35] used a genetic algorithm (GA) to select
the best input parameters firstly, and then established a mapping model between selected
parameters and EGT using a support vector machine (SVM) with a linear kernel function.
The second type of model-based method uses modeling parameters as detection factors
and reflects the performance of the combustion system through changes in the detection
factors. Liu et al. [36], based on gas turbine principle and Fisher discriminant analysis,
established an EGT mechanism model and proposed a new detection factor, called the EGT
vector. Medina et al. [27] used statistical techniques and wavelet analysis algorithms to detect
changes in combustion system parameters.

It can be seen that there are many methods for combustion system fault detection.
However, regardless of which method is more suitable, there is always a lack of comparative
studies in this area. This paper will select several representative methods with different
detection principles and compare their detection results on combustion system faults and
provide relevant suggestions for further study. However, due to the fact faults may be
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coupled with many interference factors, the change rules of EGT are complicated. It is
difficult to fully reveal the detection results of various methods under the influence of
different interference factors by using the gas turbine data in actual operation. To this
end, this paper is going to establish a gas turbine model that can be used in the study of
combustion system fault detection, and then simulate the EGT when different interference
factors are coupled with the combustion system fault, comparing the detection methods to
point out the more suitable method for the combustion system fault detection. The actual
operation data of a Taurus 70 gas turbine is then used to verify the comparison results, and
the results are analyzed based on the mechanism. The methods compared in this paper are:
the proposed method based on a Brayton cycle, GE’'s MARK VI gas turbine monitoring
system, Siemens” TELEPERERM XP (TXP) monitoring system, Tarassenko’s [28] proposed
method based on EGT spatial characteristic, a data-driven EGT model in given in [35], and
Liu’s [36] proposed “EGT vector”, etc.

The rest of this paper is organized as follows: Section 2 introduces the detection
mechanism and detection principles of the selected six methods. In Section 3, a circumfer-
ential temperature distribution model for gas turbine combustion system fault detection
is established and the model utilized to simulate the EGT data when various interference
factors are coupled with faults. Section 4 introduces a comparison parameter, called sensi-
tivity factor, and compares the detection results of the selected methods. The comparison
results are verified by using the actual operation data of a gas turbine, and results are
analyzed, then the key to sensitive detection is revealed in Section 5. Finally, Section 6
summarizes the whole paper and presents suggestions for the future development of gas
turbine combustion system fault detection methods.

2. Detection Mechanism and Methods

In this section, the detection mechanisms of EGT distribution-based approaches are
introduced. Based on the mechanism, many different detection methods are proposed and
the mainstream methods’ detection principles are introduced too.

2.1. Detection Mechanism

The three major components of a gas turbine are the compressor, burner and turbine.
The compressor consumes work to compress air and then send it into burner where
the fuel is combusted to produce a high-temperature and high-pressure gas. Then the
hot gas enters the turbine to drive the rotor to do work, which drives the compressor,
auxiliary equipment and generators to work. The burners of gas turbines are generally
of the annular or ring tube type. The fuel enters the combustor through a number of fuel
nozzles for combustion. Each combustor has the same structure and is evenly arranged
along the circumferential direction. When a combustor faults, the temperature of gas in
it will be affected. Therefore, if the outlet temperature of the combustor can be detected,
the monitoring of the working status of combustors can be achieved. However, the
combustor outlet temperature is too high and conventional thermocouples cannot work
in that condition for a long time. At present, the general practice is to uniformly arrange
temperature measurement thermocouples along the circumferential direction at the turbine
outlet, and indirectly monitor the status of combustors, as shown in Figure 1.

Ideally, the hot gas temperature from different combustors is basically identical, so the
corresponding gas path’s temperature and the temperature measured by the thermocouples
should be the same too. In practice, due to manufacturing and installation errors and slight
differences in fuel supply, the readings of each thermocouple are not exactly the same,
but the differences are very small. However, when the wall of combustor or transition
section suffers cracks, deformation, ablation, carbon deposition, uneven fuel distribution
or a jet angle deflection occurs, it will cause the outlet temperature of the faulty combustor
to deviate from the temperature of other normal combustors, and such a deviation will
pass through the turbine to the thermocouples. If the readings of one or several adjacent
thermocouples are significantly different from those of other thermocouples, it indicates
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that the combustor corresponding to the thermocouple is faulty, as shown in Figure 2. That
is to say, the fault detection of the combustion system is achieved based on the method of
EGT distribution.

compressor burner turbine thermocouples

Figure 1. Schematic diagram of exhaust thermocouples.

4
5 700°C 3

12

9 11
10

Figure 2. Influence of fault on EGT.

2.2. Method Based on Brayton Cycle

The operation of a gas turbine obeys the Brayton cycle, so the EGT can be calculated,
using the measurable parameters, combined with Brayton cycle and the basic principles of
the gas turbine [29]. Basseville [24] and Zhang [25] proposed a mechanism-based EGT model;
Korczewski [26] established an EGT model based on the Brayton cycle. In [35], Zhu also
deduced by Brayton cycle that the most relevant parameters with EGT are the compressor inlet
temperature T7 and fuel flow g, In [29], Bai pointed out an EGT model based on Brayton
cycle, which is a function of g,,5, T1 and the compressor outlet pressure P,. Considering that
ambient pressure P is easier to measure and it is the most relevant to P,, the EGT model
derived based on Brayton cycle can be summarized as the following equation:

T = fi(dws, To, P1) M

This is an EGT distribution model based on thermodynamic principle, where T, ;
represents the temperature at the i-th thermocouple. This also verifies the rationality of
combustion system fault detection based on the EGT distribution. During the normal
operation of the gas turbine, the mapping relationship between inputs and output is stable,
so the temperature at each thermocouple is basically equal and stable. When a combustor
fails, the temperature at the corresponding measuring point will deviate from the output
of the model. When the residual exceeds the alarm threshold, it is considered that the
combustion system has faulted. This is also the detection principle of the model-based
method, as shown in Figure 3. In this paper, the EGT model based on the Brayton cycle is
established by Extreme Learning Machine (ELM) with the compressor inlet temperature,
compressor inlet pressure and fuel flow as inputs.
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Figure 3. Schematic diagram of model-based fault detection method.

After verifying the rationality of fault detection based on EGT distribution, scholars
began to utilize this feature to perform fault detection. The characteristic manifests that the
greater the deviation of temperature between different measuring points, namely the higher
the EGT dispersion, the higher the probability of combustion system faults. Therefore,
the fault detection can also be realized by monitoring the EGT dispersion, and the US
company GE and Germany’s Siemens have developed relevant gas turbine monitoring
systems to monitor combustion based on this principle.

2.3. Gas Turbine Monitoring System Based on EGT Dispersion

At present, the MARK VI system produced by GE and TELEPERERM XP (TXP) system
produced by Siemens are widely used in gas turbine monitoring. They are based on the
spread-based method, and monitor the EGT dispersion to detect faults.

2.3.1. The Mark VI System Produced by GE

Based on years of experience, GE defines a parameter S, allowable exhaust temperature
dispersion, which is the function of compressor outlet temperature T, and the average EGT
value Ty 454, as shown in Equation (2). The difference between the maximum EGT and the
three minimum EGTs is used to measure the dispersion, as shown in Equation (3):

750 170
S = (60 +0.145T} 4pg — 0.08T2|%5 )\50 + (100) @)

Sl = T4,max - T4,min1
S2 = T4,max - T4,min2 (3)
53 = T4,max - T4,mir13

The units of the above equations are °F. The higher the ratio of the EGT dispersion
to the allowable EGT dispersion, the greater the possibility of a fault. GE has also set up
three empirical parameters K, K, and K3, where generally K; = 1.0, K, =5.0 and K3 = 0.8.
The discriminant principle is shown in Figure 4 [37].

Y
S, /S>K,
" The third block Communication
;N S,/8>0.75 failure
he first block [The second block
S, adjacent to S, |.S, adjacent to S,
K=0dm =~ ==~ Combustion | Thermocouple
detection alarm fault alarm (
0 K =1.0 K, =50 -
S, /S

Figure 4. Discriminant diagram of combustion monitoring system in MARK VI system.
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2.3.2. The TXP System Produced by Siemens

The TXP monitoring system of Siemens also uses the dispersion of EGT for fault
detection. It is based on the deviation between the EGT of each measuring point and the
average EGT value. The protection logic is shown in Table 1 [21].

Table 1. EGT protection logic of the TELEPERX XP system.

Name Judgment Logic

Comparing the average EGT value with the highest
temperature, if the deviation reaches the threshold, the
alarm will be given; if the protection action value is reached,
it will be blocked.

The temperature of three or more measuring points is
higher than the protection action value, it will be blocked.

Hot protection

High temperature protection

Comparing the average EGT value with the lowest
temperature, if the deviations of two consecutive measuring
points are above the threshold, the alarm will be given; if
Cold protection the deviations of three consecutive measuring points are
above the threshold, the gas turbine will maintain the load;
if the deviations of four or more consecutive measuring
points are above the threshold, it will be blocked.

In practical applications, the system also considers the influence of compressor outlet
temperature, turbine rotational speed and other factors on the EGT, and corrects the EGT.
The equation is as follows [21]:

T4,cor = T4,uct - (Kl + K3 X TZ) X TZ - K2 X (1 - N/NO) (4)

where, Ty is the corrected EGT; T4, is the measured valve; N is the actual turbine
rotational speed; Ny is the rated turbine rotational speed; Kj, K, and K3 are constants.
When the deviation r1 between a certain EGT and the average value exceeds the hot
protection threshold, it will alarm. When the readings of two consecutive measuring points
are lower than the average value, and the difference, ¥2 and 3, exceed the cold protection
threshold, it will alarm too.
rl = T4,max - T4,avg
r2 = T4,avg - T4,i (5)
r3 = T4,avg - T4,i+1

The MARK VI system utilizes a ratio and the TXP utilizes a difference, meanwhile,
the threshold band of MARK VI and TXP system is fixed, and it will not change with
the change of working conditions and environmental conditions. Different monitoring
results will give warnings under the same threshold band. Therefore, many researchers
have proposed detection methods that the threshold band will flexibly change with the
monitoring results. The measurement results of different thermocouples have their own
detection threshold band. The following methods are ones where the threshold band can
flexibly change following the monitoring results.

2.4. Method Based on EGT Spatial Characteristic

The combustion system of a gas turbine is usually composed of several combustors
with the same structure and uniformly arranged in the circumferential direction. Ideally,
the combustion state of each combustor is basically identical, so the EGT distribution at
the turbine outlet is basically uniform. Moreover, the probability of multiple combustors’
faulting at the same time is very small, so the temperature of the thermocouple corre-
sponding to the faulty combustor will be significantly different from that measured by
others. However, due to the effect of blending and diffusion, the temperature of several
adjacent thermocouples will also be affected. In other words, the temperature field of a
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combustor will affect several adjacent thermocouples; at the same time, the temperature
of a thermocouple will also be affected by the state of multiple combustors, as shown in
Figure 5. However, the temperature of several thermocouples opposite to this thermo-
couple corresponding to the faulty combustor in space is not affected by the faulty one.
Therefore, in [28], Tarassenko used the spatial distribution characteristics of thermocouples
and an artificial neural network (ANN) to establish the mapping between the EGT mea-
surement point and the four opposite thermocouples, as shown in Figure 6, whereby the
EGT model is established.

Influence of
every combustor,

Combustor

Thermocouple

Figure 5. Influence of combustors on thermocouples.

Output
Functional

estimator

Inputs

Figure 6. Relative positioning of inputs and output thermocouples.

In addition, the hot gas will swirl in the turbine with the rotation of the rotator, and
the swirl angle has a nonlinear relationship with the turbine rotational speed N. Therefore,
Tarassenko took N as the fifth input parameter to estimate the EGT. The estimated model
based on EGT spatial characteristic is as follows:

A —
Tyi =g (T4/ N ) (6)

where, T4,Z- is the estimated temperature of the i-th thermocouple and ?4 is the vector
composed of the four opposite thermocouples’ temperature. The nonlinear function g is
determined by an ANN with five inputs, one hidden unit and one output. In this paper,
the single hidden layer feedforward neural network is achieved by using ELM, as shown
in Figure 7.

This method belongs to model-based methods, which utilize the established model to
calculate the estimated EGT according to the input parameters and compare them with
the actual value to obtain a residual; the mechanism is shown in Figure 3. At the same
time, this is also a method of artificially selecting input parameters, according to the EGT
spatial distribution characteristics. In addition, GA, cross-correlation coefficient analysis,
particle swarm optimization (PSO) and other algorithms are used to select the measurable
parameters with the greatest correlation with EGT, and these parameters are used as
inputs to estimate EGT. The EGT distribution models established in this way belong to the
data-driven model class.
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Input layer Hidden layer Otput layer

Figure 7. Structure of established ANN in this method.

2.5. Method Based on Data-Driven Model

Data-driven models use historical data of gas turbines and do not require accurate
physical-mathematical models of the system. In recent years, the research of data-driven
methods for gas turbine fault detection and diagnosis has attracted extensive attention [38—41].
In [35], through a mechanism analysis, Zhu extracted the frequent pattern model (FPM) of the
EGT and found that the FPM would not change without the change of structure. When the
structure changes, the actual EGT will deviate from the value of the FPM, which can be used
as the basis for fault detection. Three parameters with the highest correlation with EGT are
selected from hundreds of measurable parameters by using GA, which are average EGT value
T4,204, compressor inlet temperature T1 and compressor outlet pressure P». Zhu compared the
modeling results of the SVM using different kernel functions and found that the linear kernel
function has the best performance. Therefore, the SVM with linear kernel function is used to
describe the FPM, as shown in the following equation:

Ty = fi(Taa0g, T1, P2) 7)

The methods based on data-driven models also utilize the residual between the model
outputs and the actual value for fault detection. In a model-based method, in addition
to using the residuals for fault detection, there are also fault detection methods using
modeling parameters.

2.6. Method Based on EGT Vector

In [36], Liu integrated the prior knowledge of gas turbine, established an EGT model,
and used the modeling parameters to detect faults. The detection factor is called “EGT vec-
tor”. The mechanism of fault detection using modeling parameters is as follows. The gas
turbine system can be described as:

yr = F(0:, Xt) + vt 8)

where y; and the variable X; are measurable parameters, such as temperature, rotational
speed, pressure, power, etc.; v; is the white noise independent of X;; 8; is the performance
parameter of the system. The performance parameter 6; represents the inherent structural
characteristics of system. If there is no fault, the system structure is basically unchanged,
and accordingly the performance parameters will not change. When the fault occurs, the
performance parameters change, which leads to the change of measurement parameters.
Therefore, the change of performance parameters can be determined by observing the
changes of measurable parameters to realize the fault detection of gas turbine. In [36],
Liu utilized this feature to establish an EGT vector for fault detection of combustion
system. Liu used the prior knowledge of gas turbines and combined the principles of
thermodynamic to derive the EGT distribution model, as shown in Equation (9):

Tyi = aiTyaog + BiTh + 0iP2 +¢; 9)
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This is a multiple linear regression model where T, ; is the estimated EGT of the i-th
thermocouple. Since §;T1 + 0;P; + c; is very small, only «; is used as the detection factor and
all « make up EGT vector. The EGT vector is the performance parameters of this system, and
it is obtained by using the measurable parameters according to the least square method. When
a certain «; exceeds the threshold, it proves that the combustion system has malfunctioned.

It can be found that the input parameters of this model are the same as those of the
data-driven model described in Section 2.5. It also shows that these three parameters are
reasonable as the model inputs, but the difference is that Liu uses modeling parameters
as detection factors, and the model is a multiple linear regression model; Zhu uses the
residuals for fault detection. What's more, the established SVM model uses linear kernel
function, but according to the principle of SVM and the architecture of SVM, as shown in
Figure 8, the relationship between input parameters and output parameters is not a simple
multiple linear relationships, on the contrary, this is a non-linear mapping.

Inputs X+

Kernel function

Figure 8. Architecture of SVM.

3. Establish EGT Distribution Model for Comparative Study and Fault Simulation

When using EGT distribution for fault detection, non-fault interference factors such
as ambient conditions, operating conditions, hot gas rotation and mixing will influence
the fault signal in the EGT profile, which makes the change rules of EGT intricate and
complicated. It is difficult to fully reveal the detection effect of various methods under
the influence of different interference factors by using the actual operational data of gas
turbines. In this section, the modular modeling idea is adopted to establish a gas turbine
model that can be used for combustion system fault detection research. After completing the
establishment of the model, the EGT distribution under different conditions is simulated.

The traditional gas turbine model simplifies the combustion system into a whole,
which reflects the overall characteristics and can only reflect the characteristics of the aver-
age EGT. In order to study the problem of gas turbine combustion system fault detection,
which requires the gas turbine model to reflect the characteristics of EGT distribution,
including the influence of combustion system fault on that. At the same time, the gas
turbine model has to reflect the influence of various complex interference factors on the
EGT distribution. The traditional gas turbine model obviously cannot meet the purpose
of this paper. Therefore, the gas turbine model established in this section needs to have
a multi-combustor burner structure, the fuel flow of each combustor can be controlled
independently, and the inherent structural characteristics of different combustors can also
be reflected. In order to cooperate with the multi-combustor burner module, it is necessary
to establish a multi-channel turbine module to characterize the working process of the
corresponding combustor outlet gas in turbine. Besides, it is necessary to reflect the mixing
and rotating process of hot gas in turbine channel.

The gas turbine model for combustion system fault detection is improved on the basis
of the traditional model. Its atmospheric parameter module, compressor module and shaft
dynamic module are similar to those of traditional gas turbine model, specific methods refer
to reference [42]. The main differences are the burner module, turbine module, mixing and
rotating module. In this section, a model based on the GE-9FA gas turbine will be established.
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3.1. Multi-Combustor Burner Module

In order to characterize the state of each combustor and reflect the differences between
them, the burner module cannot be simplified into a whole in the gas turbine model.
The gas turbine model established in this section has 18 combustors. The modeling
method of each combustor module is the same as that of single combustor in [42], and
the parameters of each combustor module can be set separately. The difference is that the
energy distribution coefficient y; of each combustor and the energy it can obtain Q; are
introduced, as shown in Equation (10). The y; of each combustor are different, which can
reflect its inherent structural information. The flow path of each combustor is relatively
independent and the inlet and outlet parameters are also independent. The structure of the
improved burner module is shown in Figure 9.
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Figure 9. Burner module with multi-combustor.

3.2. Multi-Channel Turbine Module

Firstly, we assume that the hot gas from each combustor does not mix, and then
expands to work in the turbine channel. In order to correspond with the burner module, it is
necessary to establish the virtual turbine sub-module with the same number of combustors.
Each virtual turbine sub-module is treated as a turbine channel to characterizes the working
process of the corresponding combustor outlet hot gas in turbine. The sum of all virtual
turbines” work is the total work of the gas turbine. The modeling process of each turbine
channel is similar to that of traditional model in [42]. The established multi-channel turbine
module is shown in Figure 10.

i

Figure 10. Multi-channel turbine module.
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3.3. Mixing Module

In Section 3.2, it is assumed that the gases from each combustor does not mix with each
other. In fact, there is mixing between hot gases, and the mixing process can be divided into
three stages. The first is the mixing of the hot gas in the transition between the burner outlet
and the turbine inlet; the second is the mixing between the turbine stator and the blades;
finally, there is mixing between the turbine outlet and the thermocouples. In this paper, these
three mixing stages are combined into a total mixing module for modeling purposes.

The sensors for measuring the outlet temperature of gas turbines are evenly arranged
in the circumferential direction at the turbine outlet, and the number of thermocouples
is not necessarily the same as that of combustors. Taking the GE-9FA heavy-duty gas
turbine as an example, it has 18 combustors and 31 thermocouples at the turbine outlet. As
shown in Figure 11, the position of the #18 combustor is defined as 0° in this paper. At the
same time, the influence rule of each combustor on temperature is that the center is the
highest, and the farther away from the center, the lower the temperature. Therefore, the
temperature at each position of the turbine outlet is the result of the common influence of
multi-combustor. We refer to the solution in [27], assuming that the gas flows in a straight
line in turbine, and the influence of each combustor on temperature is normally distributed,
as shown in Figure 12.

1 7= = |

combustor 18
0.8 A combustor 1
— r combustor 2
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Figure 12. Influence of multi-combustor on burner outlet temperature.

Finally, the turbine outlet temperature distribution function is shown as follows:
. 54 .
rofile
Ty () = T fi(x)
]:

(11)
fi(x) =A- exp(—(x;a"f),x € 27,47
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where x is the position of a certain point at the turbine outlet; f;(x) is the influence function
of the j-th combustor on exhaust temperature (Ty); 4; is the position of the j-th combustor;

A and ¢ are two constants; Tf rofile is the EGT.

3.4. Rotating Module

After the hot gas from the combustor enters the turbine, it will rotate at a certain angle
with the rotation of turbine. In this paper, according to the method mentioned in [43], the
velocity triangle theory is used to calculate the swirl angle. The reference model in this
paper is a GE-9FA, which has a three-stage turbine, so the swirl angle to be calculated is
shown in Table 2, and the velocity triangle of hot gas in turbine is shown in Figure 13.

Table 2. Calculation of Swirl Angle.

Names Symbols
Swirl angle in the first stage stator di
The first stage Swirl angle between the first stage blade and stator d}
Swirl angle in the first stage blade d%
Swirl angle between the first and the second stage dj
Swirl angle in the second stage stator i
; 1
The second stage Swirl angle between tsl:;tie;cond stage blade and a2
2
Swirl angle in the second stage blade a3
Swirl angle between the second and the third stage di
Swirl angle in the third stage stator d‘;’
. Swirl angle between the third stage blade and stator a3
The third stage Swirl angle in the third stage blade d3
Swirl angle in the exhaust pipe ds

d! The first
1 stage stator
c! W]‘ A
1 1
d' ﬁ al _ZB |
u

A

A
1
The first
d' L
3 ! stage blade
: , Y
W,\N\C) A
d) 1 d
4 1
u v
dz The second
1 stage stator
u?
-

Figure 13. Calculation diagram of gas swirl angle based on velocity triangle.

Where, ¢y is the inlet velocity of the first stage stator; c! is the absolute velocity at the
outlet of the first stage stator; w} is the relative velocity at the outlet of the first stage stator;
ul is the circumferential velocity of the first stage blade; b is the axial distance between the
first stage stator and the first stage blade; d' is the axial distance between the first stage
blade and the second stage stator; the velocity triangle of the second stage and the third



Energies 2021, 14, 389

14 of 31

Ambient Conditio

Module

stage turbine are similar to this. The swirl angles in Table 2 can be calculated by using the
velocity triangle theory. The swirl angle D is:

D =Y (di+ds+ds)+dj+d]+ds (12)
i=1

In Section 3.3, it is assumed that the hot gas flows along a straight line in the turbine.
Here, the swirl angle of hot gas in turbine is used to modify Equation (11), and the EGT
distribution function considering mixing and rotating is obtained:

rofile 54 ,
Ty (x) = ¥ T} fl(x)
=1 (13)

fi(x) = A-eXp<(xaé D)2>,x € [2m,4n]

3.5. Overall Model

The distribution model established in this paper is the same as the traditional gas
turbine in the components of compressor module, ambient module and shaft dynamic
module, etc., so it is not necessary to go into details here. The gas turbine circumferential
temperature distribution model for combustion system fault detection based on the GE-9FA
is shown in Figure 14 where g is the flow; P, P; are the compressor outlet pressure and
turbine inlet pressure, respectively; T is the temperature; 7 is the rotational speed; P, P},
Py are the compressor power consumption, turbine power and load power, respectively.
This model has a multi-combustor burner and a multi-channel turbine structure, can
characterize the mixing and rotating effects of gas in turbine and can simulate the influence
of many factors on EGT distribution, such as changes in ambient conditions, fuel flow
fluctuations, fuel flow changes in each combustor, combustion efficiency changes, and
component performance degradation.

A
Combustion J
Ens Chamber &ma
1#
Fuel f = 0
Combustion
Chamber
P, T, 18# AT
Burner Module
Blending
Module
8eoot Proot Toout Exhaust Gas
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c
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Figure 14. Circumferential temperature distribution model for combustion system fault detection.

3.6. Fault Simulation

Due to the fact that it is difficult for actual gas turbine operation data to fully reveal
the influence of various interference factors on EGT, and the operational data of different
interference factors coupled with combustion system fault is scarce, it is impossible to compare
the detection effect of the various detection methods under different conditions. Therefore, it is
necessary to use the model to simulate the EGT distribution when different interference factors
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are coupled with combustion system faults and systematically compare the detection effect of
the selected methods by using simulated data. This paper will simulate the EGT distribution
when the combustor fails, the coupling of faults and ambient temperature changes, the
coupling of faults and atmospheric pressure changes, the coupling of faults and compressor
performance degradation and the coupling of faults and fuel flow changes.

The first is the fault simulation of the combustion system. The typical faults of
combustion systems include uneven fuel distribution, carbon deposition in fuel nozzles,
jamming of nozzles and burning through of flame tube. Various fault factors will cause the
fuel flow fluctuation or combustion efficiency fluctuation of the failure combustor, which
will lead to the change of energy generated in the combustor, which is represented by the
change of energy distribution coefficient (y;). Therefore, in the combustion system fault
setting, various faults are represented as fluctuations in the y; of the combustor. In this
paper, the y; of the faulty combustor is set to decrease slowly within 5000 s and then stop
developing. As for changes in ambient temperature and atmospheric pressure, we set
the corresponding changes in the ambient condition module. This paper sets the ambient
temperature to rise by 10 °C in 5000 s and the atmospheric pressure to drop by 100 Pa in
5000 s, respectively, accompanied by the fault of a combustor. With the operation of the
gas turbine, fouling and blade wear will occur in the compressor, which leads to a slight
decrease in its efficiency. In the simulation, the compressor efficiency is set to drop by
5% within 5000 s, accompanied by the fault of a combustor. During the operation of gas
turbine, the load change will lead to the change of fuel flow. Here, we simulate the fuel flow
increases by 5% in 5000 s, accompanied by the combustor fault. Due to the space limitation,
this section only shows the EGT of single fault and the EGT when the fault is coupled
with ambient temperature increases, as shown in Figure 15. Among them, different colors
represent different thermocouples. It can be seen that the #27 and #28 thermocouples are
significantly affected by the faulty combustor.

change of EGT under single fault
630 T T

| Thermocouple #27
620 - Thermocouple #28
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Figure 15. Change of EGT under different situation: (a) Single fault; (b) Fault couples with ambient
temperature increases.

4. Sensitivity Factor and Comparison

In this section, we introduce how to compare the detection effects of each methods,
and use the simulation data in Section 3 to test the detection effect of the selected methods.

4.1. Sensitivity Factor

In the Introduction, it was introduced that the EGT is affected by many interference
factors, such as changes in ambient conditions, operating conditions, component perfor-
mance degradation, fluctuations in fuel flow, rotation and the blending of hot gases. The
faint information of temperature changes caused by combustion system faults will be sub-
merged by these strong interference signals. From the perspective of pattern recognition,
the samples of normal operation and abnormal operation can be regarded as different
classes. As shown in Figure 16a, due to the influence of various interference factors, the
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intra-class distance is too large, the inter-class distance between the normal and abnormal
class samples is too small. This causes the boundary between the normal and the abnormal
class samples is fuzzy and it cannot be distinguished. This makes the sensitive detection of
the combustion system faults more difficult and it is difficult for the monitoring system
to detect the abnormality in time and give an alarm in an early stages of faults. However,
if the fault detection method can suppress the influence of various non-fault interference
factors, compress the intra-class distance, and expand the inter-class distance, reduce or
even eliminate the class overlapping, as shown in Figure 16b, this can achieve the sensitive
detection of early faults, detect anomalies in a timely way and send out alarms, which can
effectively prevent the huge losses caused by the deterioration of the faults. The method
that can achieve such a detection effect is a good method.

S, S, intra-class distance
(a) )

S, inter-class distance

Figure 16. Intra-class and inter-class in pattern recognition.

Therefore, the sensitivity of the detection method can be measured by the ratio of
inter-class distance to intra-class distance [44], as shown in Equation (14). The larger the
ratio is, the easier the normal and abnormal samples can be distinguished, and the earlier
the faults can be detected. However, the requirements of calculation intra-class distance
and inter-class distance are extremely high to sample data, and the data measured by gas
turbine monitoring system can hardly meet the requirements. Therefore, according to this
idea, this paper defines a parameter, sensitivity factor K. It is the ratio of the deviation (d;)
of the detection factor before and after fault to the threshold bandwidth (d,), as shown in
Equation (15), the d; and d; are shown Detection result of the method based on EGT spatial
characteristic in single fault.

_ Sp

Ko = s (14)
_d

K = % (15)

The deviation of the detection factor (d1) corresponds to the inter-class distance, and
the width of the threshold band (d;) corresponds to the intra-class distance. The larger the
K value is, the more the detection method can suppress the influence of interference factors
and the more sensitive it is on early faint faults. At the same time, the time (t) required
to detect fault is also taken as a comparative parameter. The shorter the time required,
the more sensitive the detection method is too. After determining how to compare the
test results, the follow-up contents are the comparative study of the selected methods in
different situations.

4.2. Single Fault

Under this situation, the set operating state is that the gas turbine runs normally in the
first 5000 s, a soft fault occurs in a combustor at 5000-10,000 s, and the fault stops developing
at 10,000 s. Because the fault combustor has the greatest impact on the #27 thermocouple, as
shown in Figure 15, the detection results of some methods only show the monitoring of the
#27 thermocouple. The test results of the six selected methods are as follows.
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4.2.1. Detection Result of GE’s MARK VI Monitoring System

This detection method utilizes the EGT dispersion for fault detection. The unit of
temperature in the data is °C and after converting it to °F, we calculate the allowable
dispersion S and maximum exhaust temperature dispersion S1, and calculate their ratio.
For a single fault, the detection result is shown in Figure 17. It can be seen from the result
that the ratio of maximum temperature dispersion to allowable dispersion increased in the
process, but it did not exceed the threshold, namely 1. According to its alarm mechanism,
shown in Figure 4, the monitoring system will not give an alarm in this process.

detection result of GE's MARK VI system
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Figure 17. Detection result of MARK VI system in single fault.

4.2.2. Detection Result of Siemens” TXP Monitoring System

The hot protection of TXP monitoring system utilizes the deviation (r1) between the
maximum EGT and the average EGT for fault detection; while the cold protection is to
monitor the value (12, r3) that the temperature of two consecutive measuring points lower
than the average EGT. Referring to the protection temperature introduced in [45], 30 °C is
selected as the hot protection deviation threshold, and 50 °C is the cold protection threshold.
That is, when the deviation exceeds the threshold value, the system will give an alarm. The
result is shown in Figure 18. It can be seen from the detection result that the deviation of
the cold protection has increased significantly, but the deviation has never exceeded the
alarm threshold. According to its alarm mechanism, the system also did not issue an alarm
during the entire process.

hot protection
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. ti S .
cold protection lmC/;) cold protection

20
20

2 10 2 1
0 0
-10 -10
1000 5000 10,000 15,000 1000 5000 10,000 15,000
time/ s time/ s

Figure 18. Detection result of TXP system in single fault.
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4.2.3. Detection Result of the Method Based on EGT Spatial Characteristic

This model-based method utilizes the residuals between the estimated and actual EGT
for fault detection. Firstly, the data of the first 5000 s without fault is used to train model,
and the detection threshold is determined according to Pauta criterion. This criterion is:

(16)

where, 1 is the number of samples in the training set. According to the Pauta criterion, as
shown in Figure 19, set the detection threshold to (-3¢, 30). When the residuals exceed this
range, it is considered that a fault occurs.
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Figure 19. The diagram of Pauta criterion.

Since the temperature of #27 thermocouple has the largest difference before and after
the fault, it is modeled here. We select the temperature of #10, #11, #12, #13 thermocouples
which are opposite to #27 thermocouple and rotational speed as inputs, and the output is
the estimated temperature of #27 thermocouple. The unstable data of the first 50 s when the
model is in the transition phase is removed. The residuals variation is shown in Figure 20.
The detection threshold determined by the Pauta criterion is (—8.253, 8.253). The detection
result of the model based on EGT spatial characteristics is shown in Figure 21. The blue
line represents the change of residuals, and the black line is the threshold band.
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Figure 20. Prediction error.
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det%tion result of method based on EGT spatial characteristic
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Figure 21. Detection result of the method based on EGT spatial characteristic in single fault.

It can be seen from the detection result that the method based on EGT spatial charac-
teristic exceeds the threshold at about 2000 s after the fault occurs and the fault is detected.
The sensitivity factor K is 1.1414.

4.2.4. Detection Result of the Method Based on Data-Driven Model

This method is also model-based, and utilizes the residuals for fault detection. Sim-
ilarly, the data of the first 5000 s without fault is used to train model, and the detection
threshold is determined by Pauta criterion. The threshold is (—8.380, 8.380), and the detec-
tion result is shown in Figure 22. It can be seen from the detection result that the residuals
exceed the threshold at about 2200 s after the fault occurs. The sensitivity factor K is 1.0332.

d%ection result of method based on data-driven model
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Figure 22. Detection result of the method based on data-driven model in single fault.

4.2.5. Detection Result of the Method Based on EGT Vector

The method based on EGT vector is a fault detection method using modeling parame-
ters. In this section, firstly, the threshold of a; is calculated by using the data of the first

5000 s without fault, and the threshold is (0.9969, 1.013), and the detection result is shown
in Figure 23.
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Figure 23. Detection result of the method based on EGT vector in single fault.

It can be seen from the detection result that the method based on EGT vector exceeds
the threshold at about 1200 s after the fault occurs. The sensitivity factor K is 1.4073.

4.2.6. Detection Result of the Method Based on Brayton Cycle

The method based on the Brayton cycle in this paper is also a model-based method,
which uses residuals for fault detection too. It is also achieved by ELM. It is trained by
using the data of the first 5000 s without fault, and the threshold is (—8.442, 8.442), and the
detection result is shown in Figure 24.

38etection result of method based on Brayton cycle
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Figure 24. Detection result of the method based on Brayton cycle in single fault.

It can be seen from the detection result that the method based on Brayton cycle exceeds
the threshold at about 2000 s after the fault occurs. The sensitivity factor K is 1.1133. Under
the situation of single fault, the detection time ¢ and sensitivity factor K of the method
based on EGT vector are the best.

4.3. Fault Couples with Ambient Temperature Increases

As for the situation that fault is coupled with ambient temperature increases, the set
operating state is that the gas turbine runs normally in the first 5000 s. A soft fault occurs in the
combustor at 5000-10,000 s and, at this time, the ambient temperature increases 10 °C slowly.
The fault and ambient temperature stop developing at 10,000 s. Due to space limitations, the
detection results of those selected methods are not described in detail here. The detection
results of MARK VI and TXP system are shown in Figure 25a,b. The monitoring ratio and
deviation have increased obviously, however, according to the alarm mechanism, neither
system will give an alarm for the coupling situation. The detection result of the method based
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on EGT spatial characteristics is shown in Figure 25c. The fault is detected at about 2000 s
after the fault occurs, and the sensitivity factor K is 0.6629. The detection result of the method
based on data-driven model is shown in Figure 25d, its detection factor always does not
exceed the threshold, so it will not give an alarm, and the value of its sensitivity factor is not
discussed. The detection results of the method based on EGT vector and Brayton cycle are
shown in Figure 25e f. The fault is detected at about 1500 s and 2000 s after fault occurs, the
sensitivity factors K are 1.1839 and 0.6195, respectively.
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Figure 25. Detection results when fault couples with ambient temperature increases: (a) detection
result of GE’s MARK VI system; (b) detection result of Siemens’ TXP system; (c) detection result of
method based on EGT spatial characteristic; (d) detection result of method based on data-driven
model; (e) detection result of method based on EGT vector; (f) detection result of method based on
Brayton cycle.
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Similarly, from the comparison results, it can be seen that the fault detection method
based on EGT vector still has the best detection effect, its detection time ¢ and sensitivity
factor K are the best, so its detection sensitivity for early fault is the highest.

4.4. Results of Comparative Study Using Simulation Data

This section also compares the detection results of these methods under the situation
that fault couples with atmospheric pressure change, fault couples with compressor perfor-
mance degradation and fault couples with fuel flow change. Due to space limitations, the
detection results’ figures of each method are not listed here. The time ¢ required of each
detection method to detect the fault under different fault situation are shown in Table 3.
The sensitivity factor K of each method under different situations are shown in Table 4.
Among them, the best results are bolded. For the case that the fault is not detected, denoted
by “-” in the table, the value of the sensitivity factor K is not discussed.

Table 3. The time required to detect fault.

Methods EGT Data-Driven EGT Bryton

Faults MARK VI TXP Spatial Characteristic Model Vector Cycle

1. Single fault - - 2000 s 2200 s 1200 s 2000 s

2. Fault and ambient ) ) 2000's ) 1500 s 2000's

temperature change
3. Fault and atmospheric - - 2000's 2200's 1200s 2200
pressure change

4. Fault and fuel flow change - - - 4500 s 1000 s 1450 s

5. Fault and compressor ) ) ) 2500's 1200 s )

performance degradation

Table 4. Sensitivity factor K.

Faults Methods  ggr Spatial Characteristic ~ Data-Driven Model =~ EGT Vector ~ Bryton Cycle
1. Single fault 1.1414 1.0332 1.4073 1.1133
2. Fault and ambient temperature change 0.6629 - 1.1839 0.6195
3. Fault and atmospheric pressure change 1.0687 1.0244 1.3494 1.0686
4. Fault and fuel flow change - 0.3958 1.5181 1.1681
5. Fault and compressor performance . 0.9251 1.3896 )

degradation

The indicators monitored by MARK VI and TXP system both increased after the fault
occurs, but they did not exceed the alarm threshold, so no alarm will be sent out in the
whole process. It can be seen from the detection results that the methods based on EGT
spatial characteristic, based on data-driven model and based on Brayton cycle can detect
the fault, but there are situations that fault cannot be detected.

It is analyzed in Section 4.1 that the key to early fault sensitive detection is to suppress
the influence of interference factors on EGT distribution and extract stable information
reflecting the combustion system fault from the complex coupled EGT signals. That is to
say, the methods based on EGT spatial characteristics, based on a data-driven model and
based on the Brayton cycle have poor suppression effects on some interference factors. At
the same time, whether it is the time needed to detect the fault or the sensitivity factor K,
the method based on EGT vector has the best detection effect under all simulated fault
situations. Besides, from Tables 3 and 4, it can be found that the larger the sensitivity factor
K is, the shorter the time required for fault detection, this phenomenon is the same as the
result analyzed in Section 4.1, which also shows that the sensitivity factor K can represent
the sensitivity of different methods for fault detection. Through the comparative study
using simulation data, it can be seen that the method based on EGT vector has the best
detection effect and the highest sensitivity to fault signals, and the fault signals can be
extracted sensitively in the weak signs of the early fault.
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5. Verification and Analysis

This section will utilize actual gas turbine operating data to verify the results of
comparative study using simulation data in the previous section, and then analyze the
detection results from the mechanism.

5.1. Verifying by Actual Data

In this paper, the actual operating data comes from a single-spool Taurus70 gas turbine
which has 14-stage compressor blades, 3-stage turbine blades and 12 combustors. The rated
rotational speed is 15,200 r/min and the rated power is 6890 KW. The EGT is measured
by 12 thermocouples evenly arranged in the circumferential direction at the turbine outlet.
During the 23,052 min of normal operation, data is recorded every minute. The changes
in EGT, ambient temperature, compressor outlet pressure and rotational speed are shown
in Figure 26. According to the method mentioned in [46], the data of fault is constructed
by normal data. The exhaust temperature of #1 thermocouple is set to drop 10 °C slowly
within 15,000~20,000 min, as shown in Figure 27.
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Figure 27. EGT of #1 thermocouple before and after setting a fault.
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The MARK VI system and TXP system are spread-based methods and they utilize
EGT dispersion for fault detection, the results of the two systems are shown in Figure 28a,b.
It can be seen that the monitoring values of the two systems do not exceed the threshold,
and there will be no alarm in the whole process, which is the same as the detection results
of using the established temperature distribution model to simulate the early weak fault in

Section 4.
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Figure 28. Detection results using actual data: (a) detection result of GE’s MARK VI system; (b) detection result of Siemens’

TXP system; (c) detection result of method based on EGT spatial characteristic; (d) detection result of method based on

data-driven model; (e) detection result of method based on EGT vector; (f) detection result of method based on Brayton cycle.
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The methods based on EGT spatial characteristic, based on data-driven model, based
on EGT vector and based on the Brayton cycle are all model-based methods. Their models
are trained by the first 15,000 min data without fault set, and the detection thresholds are
obtained respectively. The detection results of these four methods are shown in Figure 28.
The time required for these four methods to detect fault and sensitivity factor K are shown
in Table 5.

Table 5. Detection results using actual data.

Method

Parameters ANN SVM New Detection Factor ~ Brayton Cycle
The time required to detect fault 2000 min 2000 min 1900 min -
Sensitivity factor K 1.4603 1.5839 1.9887 -

The established model based on the Brayton cycle cannot detect faults under this
situation, while the others have good performance. It can be seen from the results that
the method based on EGT vector has the best detection effect. The time required for fault
detection is not significantly less than that of other methods, but its sensitivity factor K
is significantly greater than that of others. Therefore, its sensitivity of fault detection is
obviously higher than that of others, which means that this method can detect the fault
in an early stage, which is consistent with the results obtained by using simulation data.
It also shows that the circumferential temperature distribution model of gas turbine for
combustion system fault detection can reflect the actual operation of gas turbine, and the
model is reasonable.

5.2. Analysis

This section will analyze the results from the mechanism, and the results of the
comparative study are summarized to point out what kind of methods are more suitable
for combustion system fault detection.

Firstly, as for MARK VI system, the reason why the alarm is not sent out may be
that the temperature of the measuring point affected by the faulty combustor is not the
highest or the three lowest, so the alarm mechanism of the combustion monitoring system
will not be triggered. In addition, there are many factors that will cause the temperature
dispersion between the thermocouples. For example, the manufacturing installation error
will cause the inherent temperature difference to the EGT, and the variation of operating or
environmental conditions will also cause the difference between the EGT. The allowable
exhaust temperature dispersion (S) defined by GE needs to suppress the influence of
various interference factors on the EGT distribution and prevent a high false alarm rate,
so it cannot be set too small. However, the influence of combustion system fault on the
EGT dispersion is faint at an early stage. The signal of EGT change caused by fault factors
is easily submerged by the signal of EGT change caused by interference factors. The
combustion system has been damaged seriously once the alarm is generated. Similar to the
MARK VI system, the TELEPEREM XP system is a gas turbine condition monitoring and
protection system. In order to suppress the influence of interference factors on EGT and
reduce the false alarm rate, the alarm threshold is set wide. The alarm will only be issued
when the fault is serious. These systems can only protect the gas turbine, and they cannot
identify and warn the faint signs in an early stages of a fault. Severe damage has occurred
to the components by the time these systems give an alarm.

Secondly, as for the method based on EGT spatial characteristic, under the situations
that simulated faults are coupled with different interference factors, this method can
detect fault well in some cases while other cases cannot. Comparing these two kinds of
cases, it can be found that the coupling condition of fault can be detected, such as fault
coupling with ambient temperature increases and fault coupling with atmospheric pressure
drops, the temperature change of the thermocouple corresponding to faulty combustor is
obvious before and after fault. For the coupling condition that cannot detect fault, such as
fault coupling with fuel flow increases and fault coupling with compressor performance
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degradation, the temperature of the thermocouple corresponding to the faulty combustor
changes little before and after the fault. That is, if the interference causes the temperature
of the thermocouple corresponding to the faulty combustor to change insignificantly before
and after the fault, the malfunction cannot be detected even if the interference causes a
significant change in the temperature of the four thermocouples spatially opposite to the
thermocouple. It shows that using the temperature of the four thermocouples opposite to
it in space and rotational speed as inputs can prevent the influence of the combustor faults
on input parameters and estimate the temperature of the thermocouple, but artificially
selecting the temperature of the thermocouples as inputs cannot suppress the influence
of interference factors on the EGT. In the case of complex coupling, the fault cannot
be detected.

Thirdly, comparing the method based on data-driven model with the method based
on EGT vector, they both use the average EGT value, ambient temperature and compressor
outlet pressure as the model inputs. The method based on data-driven model is to detect
fault by using residuals of estimated temperature and actual temperature, the method based
on EGT vector is to detect fault by using modeling parameters. In Section 4.1, it is analyzed
that the interference factors cause the intra-class distance too large and the inter-class
distance too small, namely, the sensitivity factor is too small, and the boundary between
normal and abnormal samples is too blurry to distinguish. Therefore, it is necessary to
suppress the influence of various interference factors, compress the intra-class distance,
expand the inter-class distance, and reduce or even eliminate the class overlap. The
detection effect of the method based on data-driven model is not as good as that of the
method based on EGT vector. The reason why the latter is better than the former can
be analyzed from the perspective of pattern recognition. If the EGT at each moment

5
Ty = [Tapn, Tap, ..., Tayl is regarded as a point in the high-dimensional sample space X,
then each sample point can be projected into the new high-dimensional sample space by
Equation (9), so the following equation can be obtained:
—

=0Ty (17)
where w! represents the projection direction and vector A= [1, &2, ..., 0] is a point in the
new high-dimensional sample space Y. Through appropriate projection and transformation,

the vector  in the new sample space is used as the detection factor of early warning of
combustion system fault to effectively compress the intra-class distance, which makes it
easier to separate the normal samples from the abnormal samples. Under the premise of a
low false alarm rate, the faults of combustion system can be detected as early as possible
and the fault signal has higher sensitivity. This makes the sensitivity factor K of the method
based on EGT vector significantly larger than that of the method based on data-driven
model. In addition, there is another reason. Various interference factors have strong
common-mode characteristics on the EGT. Under the influence of these interference factors,
the exhaust temperature changes significantly, but it increases or decreases synchronously
in general trend. Monitoring the difference between the EGT is the core of combustion
system fault detection. The effects of various interference factors on EGT are synchronous,
and they also affect the average EGT value equally. Therefore, the average value can be used
as the main characterization of the “mode” in the common-mode interference. Therefore,
the average EGT can eliminate various common-mode interference, that is, suppress the
influence of non-fault interference factors on fault detection. Moreover, the average value
has a strong linear relationship with the temperature of each measuring point. Using the
average value as an input parameter, and a linear model with the temperature of each
measuring point can best characterize the EGT distribution. Both models use the average
EGT as an input parameter, and it has been analyzed in Section 2.6 that although the kennel
function used in SVM is linear, the relationship between the exhaust temperature and the
average EGT value in this model is not linear, on the contrast, it is a non-linear model.
Therefore, this will reduce the accuracy of the model and the sensitivity of detection, which
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also results in that the detection effect of the method based on data-driven model is not as
good as that of the method based on EGT vector.

What’s more, Miller [22] thought that the median EGT also contains the information
of various interference factors, so a fault detection method based on the median EGT was
proposed. In this paper, in order to obtain the most suitable method for fault detection and
find the best parameters for suppressing interference factors, the average EGT in the method
based on EGT vector is replaced by the median EGT, as shown in the following equation:

Tyi = ATy median + BiT1 + 0iP2 + ¢; (18)

where, Ty ;eian is the median EGT, and the modeling parameter A4 is used for fault detection.
The detection result of the fault constructed by the actual data is shown in Figure 29. It exceeds
the threshold at about 2000 min after the fault occurs, and its sensitivity factor K is 1.5348. At
the same time, in order to prevent the contingency of setting fault for only #1 thermocouple, the
exhaust temperature data of 12 thermocouples are installed soft fault respectively, and obtain
12 sets of fault data. The method based on EGT vector, respectively, with the average EGT as
the input and with the median EGT is used as the input to detect the fault of the 12 groups
of data, and the average sensitivity factor of the two methods are calculated respectively to
make the comparison results universal. The results are shown in Table 6. It shows that the
method using the average EGT as input has better performance and higher sensitivity to fault
signal. And the average EGT is better than the median EGT in fault detection for suppressing
interference factors.

based on median EGT
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Figure 29. Detection result of method based on EGT vector taking median EGT as input.

Table 6. Sensitivity factor.

Average EGT Median EGT
#1 Thermocouple fault 1.9887 1.5348
Average value of 12 groups of faults 1.5476 1.4006

Finally, the method based on Brayton cycle takes fuel flow, ambient temperature and
atmospheric pressure as inputs and cannot detect fault which is constructed using actual
operating data. Although the average EGT has a strong correlation with fuel flow, the
interference factors, such as compressor performance degradation, cannot be characterized
by the input parameters of the model and these non-fault factors cannot be suppressed.
This also results in the method failing to detect fault when the simulated fault is coupled
with compressor performance degradation. Therefore, replacing the average EGT with
the fuel flow cannot suppress the influence of interference factors on the EGT and cannot
achieve the sensitive detection for faults.
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6. Conclusions

At present, combustion system fault detection methods mainly utilize EGT distributions
to extract fault signals based on temperature deviations. However, faults are not the only
influencing factors. Various interference factors will affect the EGT profile and they can easily
mask the temperature changes caused by faults. From the perspective of pattern recognition,
the existence of interference factors makes the boundary between fault class and normal class
indistinct and indistinguishable. Therefore, the key to combustion system fault detection
is to suppress the influence of interference factors on EGT, extract fault signal from EGT,
and improve the sensitivity of early faint symptom identification. For this reason, many
researchers have proposed lots of methods. In this paper, they are divided into spread-based
method and model-based method. However, there is a lack of comparative study on which
method has the most obvious suppression effect on interference factors and which is the most
sensitive to fault information. Therefore, six mainstream fault detection methods, based on
different principles, are selected for comparative study in this paper, in an attempt to reveal
the most suitable method for combustion system fault detection through comparative study
and to find the parameters with the most obvious effect on the suppression of interference
factors, so as to provide ideas for subsequent research.

This paper systematically studies the detection mechanism of the six selected detection
methods, and gives a brief introduction. Before the comparative study, considering that
the actual gas turbine operating data is difficult to fully reveal the EGT distribution under
various interference conditions, it is impossible to systematically compare the detection
effects of various methods under different conditions. To this end, this paper establishes a
gas turbine circumferential temperature distribution model with a multi-combustor burner,
multi-channel turbine, considering gas mixing and rotation. It can be used for combustion
system fault detection research, and this model is used to simulate the EGT data under
different fault situations. Besides, the sensitivity factor K was defined by referring to the
definitions of intra-class distance and inter-class distance, which can reflect the sensitivity
of the detection method to fault signals and the suppression effect on interference factors.
Then the simulation data are used to compare the selected methods. After the relevant
results are obtained, the actual gas turbine operating data is used to construct a combustor
fault situation, and the comparison in this case is used to verify the results obtained by
simulation data. Finally, the comparison results are briefly analyzed. The results show that:

The GE MARK VI system and Siemens TELEEREM XP system use spread-based
methods and utilize the EGT dispersion for fault detection. These methods are very
intuitive, so they are widely used in industrial production, but, in order to prevent the
influence of interference factors on the false alarm rate, a wide detection threshold is set,
which makes them not sensitive enough to extract the weak signals in an early stages of
faults, and the cannot trigger early warnings. When the system sends out an alarm, the
components may have already been seriously damaged. In addition, the monitoring points
may not include the thermocouples corresponding to the faulty combustor, so the detection
effect of these systems is not good.

The model-based method can monitor the temperature change of each measuring
point, and it is better than spread-based method. However, the detection results of these
methods are uneven. Among the selected methods, the method based on EGT vector
has the best performance. Comparing with the method based on EGT dispersion, we
can know that all measurement points should be monitored during fault detection and
methods suppressing interference factors should be found to improve detection sensitivity.
Comparing with the method based on EGT spatial distribution characteristics, it can be
seen that a good detection method should be based on the basic understanding of the
fault mechanism of combustion system, and integrate the prior knowledge of gas turbine
in the modeling process to select appropriate parameters to establish the model, so as
to effectively suppress the influence of interference factors on EGT. Comparing with the
method based on data-driven model selected in this paper, it is found that using modeling
parameters as detection index can effectively compress the intra-class distance, which
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makes the abnormal samples more easily separated from normal samples. Meanwhile,
the influence of interference factors on the EGT has a strong common-mode characteristic,
and the average EGT can be used as the main characterization of the “mode”. Using the
average EGT can suppress all kinds of common-mode interference. And because there is
a strong linear relationship between the exhaust temperature and the average EGT, the
established model should be linear. Comparing with the method based on the Brayton
cycle established in this paper and the method based on EGT vector taking median EGT as
input, it can be seen that although the fuel flow has a strong correlation with average EGT,
neither the fuel flow nor the median EGT can be used to replace the average EGT, which
will affect the sensitivity of the detection method.

To sum up, in the study of gas turbine combustion system fault detection the average
EGT value can effectively suppress the influence of interference factors on the exhaust
temperature, and a linear model should be established between the temperature of each
measuring point and the average EGT. In addition, using modeling parameters for fault
detection can effectively improve the sensitivity, at the same time, it has a low false alarm
rate, and can achieve the identification and early warning for weak faults signs.
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