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Abstract

In this paper, a nonlinear Fault detection and isolation (FDI) based on an improved Multiple model (MM) approach was proposed for
the gas turbine engine. A bank of Strong tracking extended Kalman filters (STEKFs) was designed that enables robustness to model un-
certainty and overcomes the shortcoming of the MM approach. The Jacobian matrix used in the filters was deduced by using the non-
equilibrium analytic linearization method to improve the traditional method. Hierarchical fault detection and isolation architecture based
on evaluating the maximum probability criteria were developed for both single and multiple faults. In addition, a nonlinear mode set
automatic generation method that enables automatic generation of the modes of each level in the hierarchical architecture was also pre-
sented. Fault detection and isolation of a two-shaft marine gas turbine was studied in a simulation environment using the proposed
STEKF-based MM approach and compared with the results of the traditional Extended Kalman filter (EKF) based MM approach. The
results showed that the proposed approach not only has the advantages of the EKF-based MM approach but also robustness to the model

uncertainty and overcomes the shortcomings of the MM approach.
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1. Introduction

The gas turbine engine, as important power machinery, un-
dergoes unavoidable failure with increase of service time. The
gas path fault, as the most common fault in the gas turbine
engine, has been widely studied by researchers. The main
causes of gas path fault include fouling, erosion, corrosion and
Foreign object damage (FOD). These causes will result in
performance degradation of the gas turbine engine, further
reduce its safety and stability, and lead to increase fuel con-
sumption as well as operation and maintenance cost [1, 2].
Fault diagnosis of gas turbines plays an important role in im-
proving the reliability and reducing the operation and mainte-
nance costs of the gas turbine engine. It can detect the occur-
rence and locate the fault in time to prevent a catastrophe and
then contribute to the development of a maintenance schedule.
Fault detection and isolation (FDI), as the core of gas turbine
fault diagnosis, has received extensive attention from re-
searchers in recent years. On the one hand, the FDI of com-
plex nonlinear systems such as gas turbines engine is more
complicated than that of linear systems. On the other hand,
sophisticated FDI algorithms do not necessarily result in a
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more accurate diagnosis [3].

In the past few decades, researchers have proposed a variety
of FDI methods. These methods are developed on the basis of
Gas path analysis (GPA), which can detect and isolate gas
turbine faults by observing the deviation in engine measure-
ment parameters such as rotational speed, pressure, tempera-
ture, and fuel flow [4]. Based on the available knowledge of
the gas turbine, FDI can be categorized into three main ap-
proaches, namely, model-based [5], data-driven [6] and expert
system [7]. The model-based approach, as one of the most
widely used fault diagnosis approach, allows one to represent
all prior knowledge of the gas turbine as a mathematical
model and then accomplish the objective of FDI through the
mathematical model and measured data of the gas turbine. The
estimation method, as the most popular model-based approach,
is widely used in gas turbine online fault detection and isola-
tion due to its real-time property.

A variety of estimation algorithms have been proposed,
such as the Kalman filter and its derivative method [8-10] and
the particle filter method [11]. The complexity of different
FDI methods causes their performance and computational cost
to differ, but the more complex the algorithm, the higher the
computation cost. Therefore, it is necessary to trade off the
accuracy and the computational cost of on-line gas turbine
fault detection and isolation. A method named the Multiple



466 Q. Yang et al. / Journal of Mechanical Science and Technology 32 (1) (2018) 465~479

model (MM) based FDI approach can simultaneously ensure
high accuracy and reasonable computational cost. The MM-
based FDI is based on a conditional hypothesis, which trans-
forms the complex fault detection and isolation problems into
pattern recognition problems. Several modes that represent the
possible operating conditions of the gas turbine will be estab-
lished, and a bank of Kalman filters, which correspond to
these modes, is designed to recognize the mode that matches
the current operating condition. Thus, the filter estimation
residual of the mode that matches the current operating condi-
tion will be close to zero, whereas the other filters will have a
significant estimation residual. Therefore, the fault can be
detected and isolated via the mode that with the minimum
estimation residual in the bank of filters.

In Ref. [12], the Multiple model adaptive estimation
(MMAE) method is applied to detect the sensor and actuator
faults in an aircraft engine control system. Both single and
dual sensors as well as actuator faults are addressed. Moreover,
a hierarchical architecture is used to reduce the number of
filters and improve the computational efficiency. In Ref. [13],
the Residual correlation Kalman filter bank (RCKFB) based
on the MMAE algorithm is proposed to detect the actuator
fault of the control system in the turboshaft engine. In Ref.
[14], the MM-based FDI approach is used for the first time to
detect and isolate the gas path fault of the gas turbine, and a
modular and hierarchical architecture is developed that en-
abled the detection and isolation of both single and concurrent
multiple faults in the jet engine. In addition, the effect of sen-
sor failure and the extensive levels of noise outliers in the
sensor measurements are analysed. Then, the Extended Kal-
man filter (EKF) and the Unscented Kalman filter (UKF)
based MM approach are proposed [15]. This study shows that
considerable performance improvements could be accom-
plished by the UKF over the EKF and that the UKF is signifi-
cantly more robust to large sensor noise.

The choice of the filter has a great influence on the per-
formance of the MM-based FDI approach. Although the com-
putational cost of the linearized Kalman filter is low, but the
gas turbine is a nonlinear system, so it will have a large esti-
mation error. Furthermore, the UKF needs to choose 2n+1
sigma points, which greatly increases the computational cost,
so it may not be suitable for on-line fault detection and isola-
tion applications. While the EKF as a nonlinear estimation
method has a reasonable computational cost and more widely
used. However, the EKF has poor robustness to model uncer-
tainty and sensor noise [16]. For the model-based fault detec-
tion and isolation approach, model uncertainty exists due to
the model simplification and the inaccurate initial noise co-
variance matrices. In addition, the EKF needs to linearize the
nonlinear model around the Kalman filter estimate, so the
model uncertainties will be further increased. Therefore, the
EKF may diverge due to the presence of model uncertainty
and large sensor noise, which affects the MM-based FDI re-
sults.

In addition, the design of the mode set is another important

part of the MM-based FDI approach. The mode set needs to
include all possible operating conditions of the gas turbine. It
is acquired in advance and then selected according to the pre-
vious results in the existing approach [14], which will be diffi-
cult to apply practically. Moreover, in the MM-based FDI
approach, the hypothesis conditional probability of each mode
is recursively calculated by using Bayes’ law. However, due
to the model uncertainty and large sensor noise, the difference
between modes will be reduced so that too unobvious to dis-
tinguish. This will affect the performance of the MM-based
FDI approach. Furthermore, the hypothesis conditional prob-
abilities of each mode are obtained through the Gaussian den-
sity function. This means that the filter residuals of each mode
should follow the Gaussian distribution, but it is usually not
satisfied in practice.

Therefore, in this paper, an improved MM-based nonlinear
FDI approach was proposed to overcome the problems men-
tioned above. A bank of Strong tracking extended Kalman
filter (STEKF) was designed for a nonlinear dynamic model
of the two-shaft marine gas turbine. The STEKF uses the or-
thogonality principle and the suboptimal fading factor to forc-
ing filter residual has orthogonality or approximate orthogo-
nality. It has the advantages of robustness to model uncer-
tainty and insensitivity to sensor noise [16]. In addition, the
generalized Jacobian matrix used in the STEKF was deduced
using the non-equilibrium analytic linearization method. It is
overcome the shortcomings of the traditional method that
obtaining the Jacobian matrix by calling the gas turbine
nonlinear model multiple times, so that the Jacobian matrix
used in the STEKF can be calculated in real time.

In addition, the STEKF-based MM approach was imple-
mented for the two-shaft marine gas turbine and tested in a
simulation environment. A hierarchical architecture that en-
ables the detection and isolation of both single faults and mul-
tiple faults in the gas turbine was developed. The mode set of
each level in the hierarchical architecture was generated auto-
matically according to the detection and isolation results of the
previous level by using the mode set automatic generation
algorithm. In this algorithm, the fault factors are regard as
control variables, and the corresponding fault modes are gen-
erated by changing the value of the fault factors. Finally, the
results of the proposed STEKF-based MM approach was
compared with those of the traditional EKF-based MM ap-
proach.

The remainder of this paper is organized as follows: Sec. 2
briefly describes the nonlinear dynamic model of the gas tur-
bine studied in this paper. The STEKF-based MM approach is
described in detail in Sec. 3. Sec. 4 deduces the generalized
Jacobi matrix used in the STEKF by using the non-
equilibrium point analytic linearization method, and the gen-
eralized model of the mode set is obtained. In Sec. 5, the hier-
archical fault detection and isolation architecture is developed,
and the mode set automatic generation method is presented;
then, both the single fault and multiple faults are detected and
isolated in the simulation environment. Sec. 6 analyses and
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discusses the results of the proposed STEKF-based MM ap-
proach and compares it with the results of the EKF-based
MM approach. The conclusions of this paper are presented in
Sec. 7.

2. Nonlinear dynamic model of a gas turbine engine

In this section, the nonlinear dynamic model of the gas tur-
bine will be described briefly. This paper mainly studies the
fault detection and isolation of a two-shaft marine gas turbine
engine, the main components of the gas turbine include the
compressor, combustion chamber, compressor turbine and
power turbine. A schematic diagram of the gas turbine engine
shows in Fig. 1, where the propeller and reduction gearbox are
simplified as a load.

The nonlinear dynamic model of the engine was developed
in the environment of MATLAB/Simulink based on a previ-
ous work [17]. Considering the rotor dynamics and the vol-
ume dynamics, the main differential equations of the engine
model are shown in Eq. (1). A more detailed description of the
model can be found in Refs. [18-20]. The gas turbine consid-
ered in this paper is a marine gas turbine whose load has a
cubic relationship with the propeller speed which linearly
related to the power turbine speed. Therefore, the load power
was expressed as a cubic relationship with the power turbine
rotational speed.

Ny = 28 o mean, e (1 =T.) = mee, (1)
Ny =[P e, (7, = T,) - ON]
21Ys
T3 = i[k(cpgszc + LHV?]CCW,. — cpg];mcr ) —
Ble,
cpgT3(mC+wf—mCT)] (1)
1.33 :§T3 N RgT3(mC +w, —mCT)

14

3 1

p = (me, — mPT)RgT:t
) v,

5 _(m—TJP)RT,
v,

5

where 7, is the mechanical efficiency, J; and J, are the inertia
of the compressor shaft and power turbine shaft, respectively,
@ is the relationship coefficient between the power turbine
rotational speed and the load power, LHV is the fuel low heat-
ing value, V', V,and V5 are the component volumes, and T is
the relationship coefficient between mass flow and pressure.
The subscripts C, CT, PT, CC and g indicate the compressor,
compressor turbine, power turbine, combustion chamber and
gas, respectively.

Typical causes of gas turbine fault include fouling, erosion,
corrosion, and Foreign object damage (FOD). These faults
result in a change in the corrected mass flow (m) and the isen-

Table 1. Component fault and its description.

Effect of component fault Description

Change in compressor corrected mass flow AF,.
Change in compressor isentropic efficiency AF,.
Change in compressor turbine corrected mass flow AF .
Change in compressor turbine isentropic efficiency AF,,
Change in power turbine corrected mass flow AF
Change in power turbine isentropic efficiency AF,,

Fig. 1. Schematic diagram of the two-shaft marine gas turbine.
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Fig. 2. General architecture of the MM-based FDI approach.

tropic efficiency (77) of the components. In this paper, we only
considered the faults that will cause m and 7 decrease. There-
fore, six kinds of faults were investigated in this paper, as
shown in Table 1. In this table, F denotes the fault factor,
which equals to 1 when gas turbine in a healthy condition and
between 1 and 0 when the fault occurs. For instance, F,,. < 1
indicates that a compressor fault occurs and causing the com-
pressor corrected mass flow decrease.

3. The STEKF-based multiple model approach

Fig. 2 shows the general architecture of the MM-based FDI
approach [21]. In this architecture, a mode set that represents
the possible operating conditions (Namely, healthy and differ-
ent faulty conditions) of the gas turbine is obtained, and then,
a bank of Kalman filters is designed corresponding to each
mode in the mode set. For the bank of filters, given a set of
measurement parameters y and control variable u, each filter
will produce a filter residual vector 7. Because each mode
represents a possible operating condition of the gas turbine,
the filter residual of each filter will be different. The filter
residual of the mode that consistent with the current operating
condition will be close to zero, and the residual of the other
modes will be large. Hence, these filter residuals represent the
approximation of each mode and the current operating condi-
tion of gas turbine. Therefore, according to these filter residu-
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als, the hypothesis conditional probability evaluator will re-
cursively calculate the conditioned probability of each mode
by using Bayes’ law, and the sum of conditional probabilities
for these modes is always 1. Thus, the higher probability of
the mode, it is more likely to be consistent with the current
operating condition, so the mode can be detected and isolated
by using the maximum probability criteria.

3.1 Strong tracking extended Kalman filter

The STEKF is derived from the EKF, which introduces the
suboptimal fading factor into the estimation error covariance
matrix of the EKF. The role of the suboptimal fading factor is
to adjust the gain matrix in real time, and the forcing filter
residual has orthogonality or approximate orthogonality. The
STEKF has the following advantages: strong robustness
against model uncertainties and very good real-time state
tracking ability even when there is a state jump, regardless of
whether the system has reached a steady state [16]. The
STEKF will be introduced briefly in this section.

A discrete-time nonlinear system is shown in Eq. (2):

X = f o un) +wg
@
Yo =h(x ) +v,,
where x is the state variable, u is the control variable, y is the
measurement, and w and v are the process noise and the meas-
urement noise, respectively. These noises are assumed to be a
zero-mean Gaussian noise and the covariance is Q and R,
respectively.
Introducing the suboptimal fading factor into the estimation
error covariance matrix (P;) and assuming the factor is 2, the
modified P, can be obtained as:

B=4, AR5 A"+ Q. ©)

The suboptimal fading factor can be recursively solved by
Eq. (4):

E[(x; ~ 3)(x; — )] = min W

E[(yk)r(yMﬂ.)] =0,k=0,1,2,....7=1,2,...

The second equation of Eq. (4) is called the orthogonality
principle, whose physical meaning is that the residual error
series should be made mutually orthogonal at each step, and it
makes the filter robust to the uncertainty of the model. The
STEKEF algorithm is shown in Table 2, and more detailed in-
formation can be found in the Ref. [16].

The STEKF overcomes the shortcomings of the traditional
EKF, so the STEKF-based MM approach will has better ro-
bustness to the model uncertainty than the EKF-based MM
approach. Meanwhile, it will force the filter residuals follow
the normal distribution and satisfy Bayes’ law. However, the
MM-based FDI approach is a model-based approach and usu-

Table 2. The STEKF algorithm.

The prediction step

)2/; = j()‘e;—l Sy y)

b= ﬂk—lAPA:AT +0

The measurement update step

K, =PRC"(CRC"+R)"
S, =C(AP A" +Q)C" +R
7o =y —h(x)
X =x,+K,7,
B =(I-K.O)F
Ay A 21
{1, A, <1
LA}
M, ]
N, =V’-CQC" - BR
M, =CAP' A'C"
7’ k=0
Vl=1 pVl +r.0)" ,
1+p

A =

k

k=1

Notation

G
Ox
o D)
Ox
tr[-] denotes the trace of a matrix

p denotes forgetting factor
B denotes softening factor

Table 3. The EKF algorithm.

The prediction step

;Ck = .f(i’-;—l’ukfl)

B =AR, A" +Q

The measurement update step

K,=PRC"(CRC"+R)"
S, =CPC" +R

7=y —h(x)

X =x,+K,7,

B =(-K.OF

Notation

_ af(fflwuk,l)
- ox
_Oh(x)
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A

C

ally requires a sufficiently difference between models, while
the STEKF has a “Smoothing” effect on model. The “Smooth-
ing” effect on models result in the difference between models
will not significant, which makes fault detection and isolation
more difficult. To solve the problem mention above, an effec-
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tive solution approach was used in this paper. When updating
the model probability, the traditional EKF was used to calcu-
late the filter residuals and the covariance matrix of the filter
residuals. The suboptimal fading factor was introduced during
the filtering and state estimation so that the above-mentioned
problem can be addressed effectively. To evaluate the per-
formance of the method proposed in this paper, it was com-
pared with the traditional EKF method. The EKF algorithm is
shown in Table 3, and detailed information can be found in
Ref. [5].

3.2 Hypothesis conditional probability

In the MM-based FDI approach, the mode set represents all
possible current conditions of the gas turbine, including
healthy and different faulty conditions. At a given discrete
time k, each filter will produce a filter residual vector, which
represents the approximation of each mode and the current
operating condition of gas turbine. The hypothesis conditional
probability was used to represent the approximation of these
modes and the current condition. Hypothesis conditional
probability p;(k) is defined as the probability that the gas tur-
bine operating condition is m; (i = 1, 2...n denotes the number
of the modes) when given a measurement vector y, at discrete
time £, that is:

p,-(k):Pr[m:m,-ly(tk):yk]' (%)

The hypothesis conditional probability at a given time k of
all modes can be recursively calculated from the values at time
k-1 and the conditional probability densities for the current
measurement ), as shown in Eq. (6):

Ly )P (k=1
()= "f_—(yklly )p.(k=1)
PIWACAVAMHCE)

©)

where f.(y/i,vi.;) denotes the conditional probability density of
the i-th mode when the measurements is y, and p{(k-1) denotes
the hypothesis conditional probability of the i-#4 mode at time
k-1. The Gaussian conditional probability density function is
shown in Eq. (7).

! viSv] (7

/| E/J'/'

y(t oy (151)

(7

m; syk—l) = |1/2 exp[

(272_)717/2 Sj

where m is the dimension of the measurement parameters, S; is
the innovation vectors, and v; is the filter’s residual vectors,
and these vectors can be obtained in the filtering process.

3.3 Fault detection and isolation logic

By comparing the hypothesis conditional probabilities of
these modes that represent the possible operating conditions
of gas turbine, it is possible to detect and isolate the fault of
the gas turbine. If the current operating condition of the gas

turbine is consistent with the j-z2 mode m;, then the filter re-
sidual of mode m; will be close to zero, so the corresponding
conditional probability densities will be close to maximum.
Meanwhile, the filter residuals of the other modes are larger
than that of mode m;, and the conditional probability densities
are smaller than that of mode m;. According to Eq. (6), with
recursively calculation, the hypothesis conditional probability
of mode m; will increase until close to 1, while the hypothesis
conditional probability of the other modes will decrease until
close to 0. Therefore, the maximum probability criteria can be
used to detect and isolate the fault, as shown in Eq. (8).

J = arg max p,(k) ®)

where j represents the j-th mode that is consistent with the
current operating condition of the gas turbine.

4. Jacobian matrix determination based on analytic
linearization

The STEKF estimation accuracy and computational cost
depend on the calculation frequency of the Jacobian matrix.
However, the calculation of the Jacobian matrix of the gas
turbine nonlinear dynamic model is complicated, so some
methods have been proposed, such as periodic updates or di-
rect calculation offline, but they will increase the estimate
error [9]. In addition, the MM-based FDI approach used in
this paper needs to design a bank of filters, so it will have a
large computational cost if using the existing methods. To
overcome these problems, in this paper, the non-equilibrium
analytic linearization method was used to derive a generalized
analytic expression for the Jacobian matrix under the non-
equilibrium point.

4.1 Non-equilibrium linearization

The engine model as shown in Eq. (1) is a nonlinear system
as shown in Eq. (9). The elements of the vector F are equal to
1 when the gas turbine is in healthy condition, and at least one
element is less than 1 when a fault occurs.

x=f(x,Fu)+w

y=h(x,F)+v ©)

where x denotes the state variable, x = [N, N,, T5, P3, P, P
u denotes the control variable, u = wy; y denotes the output
variable, y = [ N, N,, Tp, P, Ty, Py, T, PS]T; F denotes fault
factors, F = [Fer Fyes Foners Fyers Fprs Fypr]'-

At arbitrary point (x; Fj, u;), a Taylor expansion was per-
formed on Eq. (9), and the high order terms were ignored. A
linearization model as shown in Eq. (10) can be obtained [22]:

x=f(x,F,u)+LAx+MAF + N Au

10
y=h(x,F)+EA+HAF (19)
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where
L :al(xi’l;;’ui)’Mi :i(xi’l:;’ui)sNi :z(xi’F;’ui)
Ox oF Ou
Oh Oh
E=—x,F),H =—(x.,F).
R TER NN

And f{x;, F;, u;) represents the function value of f(x, F, u) at
the point (x;, F;, u;). Similarly, A(x;, F;) represents the function
value of A(x, F) at the point (x;, F;, u;). These values are zero
when the gas turbine is operating in a steady state condition
and non-zero during a transition condition.

Eq. (10) can be rewritten as Eq. (11):

x=Lx+[M, N, ]{ﬂ +d,
(1)
y=Ex +[H‘. OJ{IZ} +e,

where,

d, = f(xi’F;’ui) —Lx,—MF, - Ny,
e =h(x,F)-Ex,—HF,.

Therefore, the Jacobian matrixes are as follow:
A=L.,B=[M, N |C=E,D=[H, 0].

The Jacobian matrixes are dynamic matrixes and change
with the operating condition of gas turbine. The elements in
the matrixes are determined by the parameters of the gas tur-
bine nonlinear model. Thus, if the generalized expressions of
the Jacobian matrix are determined, it is possible to determine
the Jacobian matrix quickly based on the current parameters of
the nonlinear model.

4.2 Jacobian matrix

Fig. 3 shows the decomposed modules and the information
flows of the nonlinear model. As shown in this figure, the
models of the main component are decomposed into several
sub-modules, and each sub-module includes a nonlinear equa-
tion. For instance, the model of the compressor is decomposed
into the temperature sub-module, the corrected mass flow sub-
module and the isentropic efficiency sub-module. Linearized
each sub-module, the linearization model of the component
can be derived by symbolic computation according to the
information flows between sub-modules. Then, the general-
ized expression of the Jacobian matrix can be derived by lin-
earization of the nonlinear model. In this paper, the derivation
of the Jacobian matrix at a non-equilibrium point is briefly
described below.

The analytic linearization method can only be directly per-
formed on the expression, but for the gas turbine nonlinear
model, the component map cannot be presented as an expres-
sion instead of as a look-up table. But the mass flow can be

Compressor

Power Turbine

A =1;‘. \.'E-'
—>| Lan T Fy) |-’| Lol B L) |—>| STt o) | j

m._

ume Module

Fig. 3. Modules and the information flow of the gas turbine nonlinear
mathematical model.

expressed as a function of rotational speed and pressure ratio
(Namely, m = f(N, x)) and the efficiency can be expressed as a
function of mass flow and rotational speed (Namely, # = f(m,
N)). In addition, the mass flow and the efficiency will be
changed when the fault occurs; in other words, the mass flow
and the efficiency can also be expressed as a function of the
fault factors. Hence, the mass flow and the efficiency sub-
modules can be expressed as Eq. (12).

{m =f,(N,z,F,) 12)

n=1,(mN,F).

Linearized Eq. (12) by using the central difference method,
as shown in Eq. (13).

e 13)

m=Du +m —Du
n=Du,+n—Du,

where D,,, D, denote the linearization matrix, and u,, = [N 7
Fl'uy=[m NF)', = [Ny Fil's ;= [Ny, F)

The other sub-modules shown in Fig. 3 can be directly lin-
earized. The component linear model can be derived accord-
ing the relationship between the sub-modules that form the
component model by using symbolic computation. Finally, the
nonlinear equation shown in Eq. (1) can be linearized, and the
intermediate variable of the equation can be eliminated ac-
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cording to the relationship between the components as shown
in Fig. 3. The analytic linearization equation of Eq. (1) at arbi-
trary point is shown in Eq. (14).

TS = AtST; + Br3u13 + T;i - AzST;i _stu
}.)3 = Ap3P3 + Bp3” + Pz: - Ap}Ei - Bp3“

I B[)4up4 +P, - B,mu

13i

3 p3i

. Y (14)
P = Ap5P5 + Bp5up5 +B, - Ap5P51 + Bpsu

s%psi

N/ =A4,m+Bu, + Nli —A,n, +B,u

nl

NP=A n +B u

np''p np”~np

nli

+NP5A n,+B, u

np” " pi npi

where u contains state variables, fault factors and control vari-
ables. Rewriting Eq. (14) as a state space model, the variables
are divided into two sets, one set of state variables and one set
of fault factors and a control variable. In this paper, there are
six state variables, and the control variables are the fuel flow
and the six fault factors. Similarly, according to Fig. 3, the
linearization equation of the measurement parameters can be
derived by the analytic linearization method. Thus, the ana-
lytic expression as shown in Eq. (11) can be obtained. The
analytic linearization process indicates that the analytic ex-
pression of the Jacobian matrix does not change with the op-
erating conditions, but the Jacobian matrix will vary with the
operating conditions because it is a function of the gas turbine
parameters.

It is important to note that the proposed Jacobian matrix de-
termination approach needs to call the engine nonlinear model
only once in each step, and then, the Jacobian matrix can be
obtained according the analytic expression. Traditional ap-
proaches, such as the perturbation method, need to call the
engine nonlinear model 14 times to obtain the perturbations
and then used to generate the Jacobian matrix [23]. Therefore,
the computation cost of the proposed approach is less than that
of the traditional approach and more suitable for on-line appli-
cations.

4.3 The model of the mode set

The effect of fault on the gas turbine measurement parame-
ters is similar to the effect of the control variable. When the
gas turbine is in the healthy condition, the fault factors are
equal to one, namely, F' = 14, and will change when the fault
occurs. For example, when the compressor occurs a fault that
causes a decrease in the corrected mass flow, then F,,. < 1, and
the other fault factors remain 1. The gas turbine measurement
parameters will deviate from the healthy condition, so these
deviations may be considered as a result of the change in fault
factors. Conversely, fault can be implanted into the healthy
model by changing the fault factors. Considering the role of
control variables, the fault factors were regarded as control
variables in this paper. By changing the value of the fault fac-
tors, it can control the healthy model to become the corre-
sponding faulty model. Therefore, as shown in Eq. (15), the

fault factors are considered as the control variables, and dif-
ferent fault models can be obtained by changing the fault fac-
tors which control the healthy model. Finally, the model of the
mode set is:

q
= f(IYb 7))
J=1
control variable (1 5)
9q
y=h(x[) bz,,0])
J=

where 1 denotes the real control variable, namely wy, }7.bz;
denotes the virtual control variables consisting of the fault
factors, g represents the number of possible faults in the gas
turbine. In this paper, the value is 6. b, represents the fault
severity of the j-4 fault, and it is a scalar. z; is a 6x1 vector
representing the location of the fault. When a fault occurs, the
value of the corresponding element in z; is 1, and the value of
other elements is 0. In addition, when the gas turbine is in a
healthy condition, }7,bz; is a 6x1 unit vector, and it is a 6x1
nonzero vector in the event of a fault. Therefore, the mode set
that includes the healthy mode and the different faulty modes
can be obtained from Eq. (15), and this will contribute to the
automatic generation of the model set, which will be described
in detail in Sec. 5.

5. Implementation of MM-based FDI approach

In this section, the hierarchical detection and isolation archi-
tecture was developed for both single and multiple faults in
the gas turbine, and the automatic generation method of the
mode set was proposed based on the non-equilibrium analytic
linearization model.

5.1 Hierarchical detection and isolation architecture

In this paper, six component faults corresponding to the six
fault factors mentioned in Table 1 were investigated. Hence,
the total number of modes in the mode set is seven, where
mode 1# corresponding to the healthy condition and modes 2#
to 7# corresponding to the six different faulty conditions. The
hierarchical architecture is shown in Fig. 4.

In this architecture, fault detection and isolation is divided
into multiple levels, and each level is activated in sequence.
The first level is the single fault detection and isolation level,
assuming the gas turbine starts from the healthy condition.
Thus, the mode set in this level has a healthy mode and the 6
different faulty modes correspond to 1 % decrease in each
fault factor with respect to health condition. When starting to
detect and isolate faults, only the first level is activated, and
the other levels are deactivated. When a fault is detected and
isolated, the algorithm will activate the next level and deacti-
vate the previous level, and the mode set in the next level will
be automatically generated according the result of the previous
level. This will be described in detail in the next part.
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Fig. 4. Hierarchical detection and isolation architecture.

For instance, as shown in Fig. 4, if the compressor mass
flow fault is detected and isolated in the first level, then the
mode set of level 2 will be obtained according the result, and
mode 1# corresponds to the compressor mass flow fault with a
1 % decrease, while mode 2# corresponds to a compressor
mass flow fault with more severity, considering a 2 % de-
crease. Modes 3#-7# correspond to double concurrent faults,
including a compressor mass flow fault with a 1 % decrease
and one of the other different faults with a 1 % decrease. The
mode set of the third level and the subsequent levels are ob-
tained similar to level 2.

5.2 Mode set automatic generation method

In this section, an online automatic generation method is
proposed, and the online automatic generation of the seven
modes in the model set is described in detail.

Table 4 shows the possible fault modes in level 1 and level
2 of the hierarchical architecture [15]. In level 1, there are only
7 modes, but in level 2, there are 42 modes, mainly classified
into 6 sets, with each set corresponding to one of the possible
detection and isolation results. For instance, if the compressor
mass flow fault is detected and isolated in level 1, then the
first set will be selected as the mode set of level 2. However,
the kind of fault occurs cannot be known before it is isolated,
so all possible modes need to be obtained in advance. And
then, the modes are chosen according to the result of the pre-
vious level. However, the number of the possible modes is too
large to practical application. Therefore, in this paper, an on-
line automatic generation method was proposed to overcome
the problem mentioned above. In this method, when a fault is
detected and isolated, the matrix }7,bz which consisting of
the fault factors defined in Eq. (15) will be known, and the
new matrix corresponding to the next level can be calculated
based on the previous level. Then, the mode set of the next

Table 4. Operating modes corresponding to various possible two con-
current scenarios.

Operating modes
Levels
1# 2# 3# 44 S# 6 #
Level 1 P1 P2 P3 P4 P5 P6 P7
” P2 P2 P2 P2 P2 P2
2%) | P3 P4 P5 P6 P7
P P3 P3 P3 P3 P3 P3
P2 | (2%) P4 P5 P6 P7
P4 P4 P4 P4 P4 P4 P4
P2 P3 2 %) P5 P6 P7
Level 2
Ps P5 P5 P5 P5 P5 P5
P2 P3 P4 2 %) P6 P7
6 P6 P6 P6 P6 P6 P6
P2 P3 P4 P5 (2 %) P7
P7 P7 P7 P7 P7 P7 P7
P2 P3 P4 P5 P6 (2 %)

Table 5. Mode set automatic generation algorithm.

Step 1: Determine the type and number of the current faults
m, = find (pu/lper tever > 0:98)
Z = ﬁ”d(ﬂppu- /evel(:’mi) <)

n=numel(z,)

Step 2: Generating the fault factors matrix AFe v Of the next level
for k=I:n
Ernttonet (Z:(K)52) = F iy 1o (2,(K), ;)3
Bt (200, 2,(R) + 1) = F iy o (2,(K), 1) = 5,5

end

Step 3: Automatic generate the mode set of the next level according the
Eq. (15)

= SIE bz

y=hG Y by7,,0)

Notation

Pupper lever denotes the hypothesis conditional probability matrix of the 7
modes in the previous level, a 7x 1 matrix;

Fypper ever denotes the fault factors matrix of the next level, a 6x7matrix;
Frexiever denotes the fault factors matrix of the previous level, a 6x7 matrix
s; denotes the increased severity in the next level, a scalar. s; = 0.01 in this

paper.

level can be obtained based on the healthy mode through the
control of the new matrix consisting of fault factors.
Therefore, to generate the mode set in the next level is
mainly to obtain the matrix >7,bz; in the next level. The
proposed on-line automatic generation algorithm is shown in
Table 5. This algorithm first determines the number and loca-
tion of the fault modes that occurred in the previous level ac-
cording to the results, namely, the hypothesis conditional
probability vector pyer v and the matrix £, 0. For the
hypothesis conditional probability vector, a threshold is se-
lected to determine the occurrence of the fault. Then, the ma-
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trix of the next level, F e, 18 Obtained. Finally, this matrix
will be implanted in Eq. (15), and the seven possible fault
modes will be obtained based on the healthy model through
the control of the matrix to realize the automatic generation of
the model set. With this algorithm, the mode set of each level
can be automatically generated according to the results of the
previous level and does not need to be obtained in advance. In
this paper, it is assumed that the severity of the fault increases
with the activated level of the hierarchical architecture and the
severity of each fault is equivalent to the decrease of fault
factors. In this paper, assuming the fault factors decrease by s;
each time, namely, 0.01.

5.3 Case study description

To verify the effectiveness of the proposed approach, the
nonlinear MM-based FDI approach, which based on the
STEKF, was developed for detection and isolation of both
single and multiple faults of a two-shaft marine gas turbine in
the simulation environment. The performance of the approach
was analysed in different fault scenarios and conditions. In
addition, the effects of Q and R on the MM-based FDI ap-
proach performance were also investigated. Therefore, three
cases were mainly investigated in this paper.

The first case mainly focuses on the detection and isolation
of single fault with different severities under steady state con-
dition and transient condition. In this case, the detection factor
and the isolation factor were introduced to evaluates the per-
formance of the proposed MM-based FDI approach.

The second case mainly focuses on the fault detection and
isolation of multiple faults with different severities under a
steady state condition. It is assumed that a compressor mass
flow fault with a 1 % decrease and a compressor turbine mass
flow fault with a 2 % decrease occur in the gas turbine, and
the results of the fault detection and isolation were analysed.

The third case mainly focuses on investigating the effects of
0.1*Q and 0.1*R on the performance of the proposed MM-
based FDI approach.

In this paper, it is assumed that, during the detection and
isolation of multiple faults, the time between the occurrences
of faults is sufficient for the MM-based FDI algorithm to de-
tect and isolate the first fault. The analysis and discussions of
the results are presented in the following section, and all these
results were compared with that of the traditional EKF-based
MM approach.

6. Simulation results and analysis

In this section, the results of the case studies mentioned in
the previous section were analysed and discussed. In this pa-
per, it is assumed that the initial condition of the gas turbine is
in healthy condition, it means that the initial value of the hy-
pothesis conditional probability of the mode that corresponds
to the healthy condition is 1, while the initial value of the hy-
pothesis conditional probability of other modes is 0.
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Fig. 5. Schematic of the detection threshold, the detection time, the
isolation time and the transient time.

Considering the poor tracking ability of the Kalman filter
for the mutation condition and to avoid the problem that the
hypothesis conditional probability of the mode is close to 0
and changes slowly when the fault occurs in this paper, a
minimum hypothesis conditional probability of 0.001 was set
for each mode.

6.1 Fault detection and isolation factors

To detect and isolate faults, the detection and isolation
threshold p,e0a Was introduced. The detection threshold is
used to indicate that the current condition has changed when
the probability of the current mode decreases to the threshold.
The isolation threshold is used to indicate that the current con-
dition is ensured when the probability of a new mode in-
creases to the threshold. In this paper, it is assumed that the
detection threshold equals the isolation threshold, and the
threshold value is 0.98, as shown in Fig. 5. The detection and
isolation threshold in this paper is only used for determining
the fault detection and isolation time, and it does not affect the
false alarm and the missing alarm.

In addition, to analyse the detection and isolation perform-
ance of the proposed approach, the detection factor (f;) and
isolation factor (f)) were introduced. They are defined as the
ratios of the detection time and isolation time to the transient
time caused by the fault, respectively. When the value of the
factor is greater than 1, it means that the detection time or the
isolation time is greater than the transition time caused by the
fault. It indicates the fault can be detected and isolated, but not
in real time. When the value is less than 1, it indicates that the
fault can be detected or isolated in real time. The defined de-
tection and isolation factors are shown in Eq. (16), and Fig. 5
shows schematic of the detection time, isolation time, and
transient time.

{fd = Alecion / AL, iion (16)

f; = At{sulalioﬂ /Atn'am‘!tion *

6.2 Single fault detection and isolation

In this case, the detection and isolation of a single fault with
different severities in the two-shaft marine gas turbine under
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steady state and transient conditions were investigated. The
six faults mentioned in Sec. 2 were detected and isolated by
using the proposed STEKF-based MM approach and com-
pared with the results of traditional EKF-based MM approach.
In this case, the severities of the injected fault include 1 %,
3% and 5 % decreases, and all faults occur at t = 5 s. Table 6
shows the detection time, isolation time, and transition time of
both the proposed approach and the traditional approach.

Table 6 shows that, for single fault detection and isolation,
with the fault severity increase, the detection time and the
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can be detected and isolated in real time.

To evaluate the performance of the proposed approach in
transient condition, the fault injected during the transient con-
dition was investigated. In this case, the relative fuel flow
decreases linearly from 1 att=5 s to 0.8 at t =25 s, while the
compressor mass flow fault with 1 % decrease is injected at t
=15 s, and the result shows in the Fig. 8. The figure shows
that the proposed approach can still detect and isolate the fault

Table 6. The detection and isolation time of the STEKF and the EKF.

isolation time will decrease. This is mainly due to the more Fault mod Sover , . ; . .
obvious difference between modes that with more serious ault mode overtty | famr | fasr | fwwr |t
fault, resulting in a faster change in the hypothesis conditional 1 6.60 | 634 | 886 | 8.64 | 17.00
probability of these modes. Comparing the detection time and Mode 2 3 526 | 522 | 550 | 5.50 | 18.36
the isolation time of the two approaches, it can be seen that 5 516 | 512 | 526 | 524 | 18.76
both approaches can detect and isolate the fault accurately, 1 500 | 542 | 696 | 596 | 13.98
and the detection time and the 1solat.1c?n time of the proppsed Mode 3 3 514 | 508 | 528 | 516 | 1548
approach are shprter th.an th.e traditional apPrQach. Fig. 6 P 508 | 506 | 516 | 508 | 16.94
shows the detection and isolation results when injecting a 1 %
. . 1 7.84 7.64 | 12.12 | 11.90 | 16.02
decrease in each fault factor at t = 5 s, corresponding to the Mode 4
first row of each mode in Table 6. It needs to mention that the o 3 544 | 534 | 584 | 584 | 17.04
p; in the Fig. 6 and the subsequent figures indicates the hy- 5 524 | 512 | 546 | 528 | 1654
pothesis conditional probability of each mode which is de- 1 644 | 58 | 828 | 738 | 1428
fined by Eq. (6). Mode 5 3 518 | 5.08 | 550 | 730 | 16.22
Fig. 7 shows the detection factor and the isolation factor of 5 508 | 5.06 | 520 | 6.18 | 13.52
both approaches for each fault with different severities. The 1 984 | 902 | 1674 | 1554 | 17.76
figure shows that the devtection' anFl isolatign factors in’ both Mode 6 3 570 | 556 | 644 | 776 | 14.88
aftpplro?cl_le; decrea;e rfaplldlél Wlﬂjl 1ncrza§e 11n 'the_sever_ltyfof 5 536 | 518 | 564 | 614 | 1584
ault. It indicates that fault detection and 1solation 1s easier for
. - . 1 5.78 540 | 7.16 | 622 | 15.84
a more serious fault. In addition, as seen from Fig. 7, both the Mode 7 3 10 | 506 1528 | 514 | 1276
detection factor and the isolation factor for single fault detec- o - . - - -
tion and isolation are less than 1, indicating that these faults 3 506 | 504 | 512 | 508 | 13.60
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Fig. 6. The detection and isolation results of the STEKF based multiple model approach and the EKF based multiple model approach when injected
each fault with 1 % decrease.
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Fig. 8. The detection and isolation results of the STEKF-based MM
approach and the EKF-based MM approach under transition condition.

accurately under a transition condition, but the detection and

isolation time is longer than that under a steady state condition.

In addition, the detection and isolation time of the proposed
approach is shorter than the traditional approach.

6.3 Multiple faults detection and isolation

In this case, multiple fault detection and isolation was stud-
ied by using the proposed approach and compared with the
results of the traditional approach. Suppose the faults do not
occur simultaneously and the time intervals between the faults
are sufficient for the MM-based FDI algorithm to detect and
isolate the first fault. In this paper, assume that a 1 % decrease
in the compressor mass flow is injected at t =5 s and a 2 %
decrease in the compressor turbine mass flow is injected at t =
25 s. The MM-based FDI approach based on the hierarchical
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Fig. 9. Multiple faults detection and isolation results of the proposed
STEKF-based MM approach under steady state condition.
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Fig. 10. Multiple faults detection and isolation results of the EKF-
based MM approach under steady state condition.

architecture described in Sec. 5 was developed to detect and
isolate the multiple faults. The hypothesis conditional prob-
abilities of each mode in different levels of the two approaches
are shown in Figs. 9 and 10, respectively.

Figs. 9 and 10 show that, for the first fault, the detection and
isolation time is the same as in single fault detection and isola-
tion. For the second fault, although both approaches can accu-
rately detect and isolate the fault, the proposed approach has a
slightly longer detection and isolation time than the traditional
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Fig. 11. Multiple faults detection and isolation results of the proposed
STEKF-based MM approach under transition condition.

method. In addition, the proposed mode set automatic genera-
tion method can generate the mode set of the next level ac-
cording to the detection and isolation results of the previous
level. Thus, each level can maintain seven possible modes,
which greatly reduces the computational cost.

Similarly, for the above described multiple faults, the pro-
posed approach and the traditional approach were used to
detect and isolate the faults under a transient condition. In this
case, the relative fuel flow starts to decrease linearly from 1 at
t =5 s and decreases to 0.8 at t = 40 s, while the first fault is
injected at t =15 s, and the second fault is injected at t = 30 s.
The results for detection and isolation by two approaches are
presented in Figs. 11 and 12. These figures show that the two
approaches can still accurately detect and isolate the injected
faults. However, the detection and isolation time required by
two approaches are longer than that under steady state condi-
tions, and the time taken by the proposed approach to detect
and isolate the second fault is longer than that of the tradi-
tional approach.

As seen from the above results for single and multiple fault
detection and isolation, the performance of the proposed mul-
tiple model approach based on STEKF is similar to that of the
traditional multiple model approach based on the EKF in sin-
gle fault detection and isolation. However, for multiple fault
detection and isolation, the detection time and the isolation
time of the proposed multiple model approach based on
STEKEF is slightly longer than that of the traditional approach,
especially for detecting and isolating the second fault.

6.4 Effect of model uncertainty on fault detection and isolation

In this section, the effect of model uncertainty on the
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Fig. 12. Multiple faults detection and isolation results of the EKF-
based MM approach under transition condition.

performance of the nonlinear multiple model fault detection
and isolation approaches was investigated. In this case, the
influence factors that cause model uncertainty in the perform-
ance of the fault detection and isolation algorithm were stud-
ied, such as the inaccuracy of the system noise covariance Q
and the inaccuracy of the measurement noise covariance R.
The results of single fault detection and isolation show that
with the fault severity increase, the differences between these
modes that represent the possible operating conditions of the
gas turbine will more significant, and the fault will be easier to
detect and isolate. In other words, fault detection and isolation
is more difficult for the injected fault with 1 % decrease than
the fault with 3 % and 5 % decrease. Therefore, a fault with 1
% decrease was selected in this section to investigate the ef-
fect of model uncertainty on the performance of the fault de-
tection and isolation algorithm and to compare the robustness
of the STEKF-based MM approach to model uncertainty with
that of the EKF-based MM approach.

6.4.1 Effect of system noise covariance Q

In this section, the effect of model uncertainty caused by the
inaccuracy of the initial system noise covariance Q on the
performance of the two algorithms was investigated. In this
case, by artificially reduce the system noise covariance to
0.1*Q, and the other parameters remain unchanged. The se-
verities of the injected fault are decreased by 1 %, and each
fault occurs at t = 5 s. The results of detect and isolate the
injected fault by using the proposed STEKF-based MM ap-
proach and the traditional EKF-based MM approach are pre-
sented in Fig. 13.

As seen from the figure, the approach proposed in this pa-
per can still accurately detect and isolate the injected faults
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Fig. 13. The detection and isolation results of two approaches when the initial system noise covariance is 0.1*Q.
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Fig. 14. The detection and isolation results of two approaches when the initial system noise covariance is 0.1*R.

even when the initial noise covariance of the system is inac-
curate. In contrast to the case corresponding to Fig. 6, the
detection and isolation time of all modes except the com-
pressor turbine efficiency fault are increase, and for the
compressor turbine efficiency fault, the probability of other
modes will varying but does not influence the isolation result.
For the multiple model fault detection and isolation ap-
proach based on the EKF, although the injected fault eventu-
ally can be accurately detected and isolated, but for the com-
pressor mass flow fault, the hypothesis conditional probabil-

ity of the mode corresponding to the power turbine effi-
ciency fault will increase and may lead to incorrect fault
isolation. In addition, when a compressor turbine efficiency
fault is injected, the probability of the mode corresponding
to the compressor efficiency fault will increase to greater
than 0.98, which may cause a false alarm. By comparing the
detection and isolation results of the two methods, it indi-
cates that the proposed method has better robustness to the
model uncertainty caused by the inaccuracy of initial system
noise covariance.
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6.4.2 Effect of sensor noise covariance R

The effect of the model uncertainty caused by the inaccu-
racy of the initial sensor noise covariance R on the perform-
ance of the two approaches was studied. In this case, by artifi-
cially reduce the sensor noise covariance to 0.1*R, and the
other parameters remain unchanged. Consequently, the sever-
ities of the injected fault are decreased 1 %, and each fault
occurs at t = 5 s. The fault detection and isolation results of the
two approaches are shown in Fig. 14.

As seen from the figure, the approach proposed in this paper
can accurately detect and isolate the injected fault, but the
detection and isolation time is increased than the case corre-
sponding to Fig. 6. For the traditional multiple model ap-
proach based on the EKF, when the initial sensor noise co-
variance decreased to 0.1*R, the hypothesis conditional prob-
ability of each mode fluctuated during detection and isolation
process, especially for the power turbine mass flow fault. This
is mainly due to the poor robustness of the EKF to model un-
certainties, whereas the robustness of the STEKF to model
uncertainty makes the detection and isolation results less af-
fected.

7. Conclusion

In this paper, the gas turbine nonlinear fault detection and
isolation approach based on multiple models was studied.
An improved STEKF-based MM approach was proposed to
overcome the shortcoming of poor robustness to model un-
certainty of the traditional EKF-based MM approach, and to
keep the filter residuals follow Gaussian distribution to sat-
isfy the Gaussian density function. In addition, a mode set
automatic generation method was also proposed in this paper,
in which the mode set of the current level will be automati-
cally generated according to the results of the previous level.
The approach proposed in this paper was applied to fault
detection and isolation of a two-shaft marine gas turbine
engine and compared with the results of traditional EKF-
based MM approach. The results show that the performance
of the approach proposed in this paper and that of the tradi-
tional approach are similar for single fault detection and
isolation, and in multiple fault detection and isolation, al-
though the detection time and the isolation time of the pro-
posed approach are slightly longer than that of the traditional
approach, but it more robust to mode uncertainty than the
traditional approach.
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