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Preface to ”Algorithms for Fault Detection and
Diagnosis”

Due to the increasing demand for security and reliability in manufacturing and mechatronic
systems, early detection and accurate diagnosis of faults are key points to reduce the economic losses
caused by unscheduled maintenance and downtimes, to increase safety, to prevent the endangerment
of human beings involved in the process operations and to improve reliability and availability of
autonomous systems.

Mechatronic systems are becoming more heavily digitalized, resulting in more data becoming
available for use in detecting and diagnosing faults. This led to a surge of academic effort for
developing novel algorithms for systems monitoring.

The development of algorithms for health monitoring and fault and anomaly detection, capable
of the early detection, isolation, or even prediction of technical component malfunctioning, is
becoming more and more crucial in this context.

This Special Issue is devoted to new research efforts and results concerning recent advances and
challenges in the application of “Algorithms for Fault Detection and Diagnosis”, articulated over a
wide range of sectors. The aim is to provide a collection exploring current state-of-the-art algorithms
within this context, together with new advanced theoretical solutions.

The Special Issue includes contributions on the following topics:

- Misalignment fault prediction of wind turbines based on a combined forecasting model

- Genetic algorithm adaptive template matching for offline shape motion tracking based on edge detection
- Blending filter-based thruster fault diagnosis and control recovery evaluation for reusable launch vehicles
- Fault diagnosis of rolling bearing using multiscale amplitude-aware permutation entropy and

random forest

- An intelligent warning method for diagnosing underwater structural damage

- A review of lithium-ion battery fault diagnostic algorithms

Francesco Ferracuti, Alessandro Freddi, Andrea Monteriu
Editors
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Abstract: Due to the harsh working environment of wind turbines, various types of faults are prone
to occur during long-term operation. Misalignment faults between the gearbox and the generator
are one of the latent common faults for doubly-fed wind turbines. Compared with other faults like
gears and bearings, the prediction research of misalignment faults for wind turbines is relatively
few. How to accurately predict its developing trend has always been a difficulty. In this paper, a
combined forecasting model is proposed for misalignment fault prediction of wind turbines based
on vibration and current signals. In the modelling, the improved Multivariate Grey Model (IMGM)
is used to predict the deterministic trend and the Least Squares Support Vector Machine (LSSVM)
optimized by quantum genetic algorithm (QGA) is adopted to predict the stochastic trend of the fault
index separately, and another LSSVM optimized by QGA is used as a non-linear combiner. Multiple
information of time-domain, frequency-domain and time-frequency domain of the wind turbine’s
vibration or current signals are extracted as the input vectors of the combined forecasting model and
the kurtosis index is regarded as the output. The simulation results show that the proposed combined
model has higher prediction accuracy than the single forecasting models.

Keywords: misalignment; fault prediction; combined prediction; multivariate grey model; quantum
genetic algorithm; least squares support vector machine

1. Introduction

The problem of energy shortage and environmental degradation in the world is becoming more
and more serious. Wind energy as environmentally friendly and renewable energy has attracted
increasing attention [1]. The cumulative installed capacity of global wind power has also steadily
increased in recent years [2]. Because wind turbines are often located in remote areas and the working
environment is poor, many wind turbines often fail during operation, which greatly reduces their work
quality and efficiency and increases maintenance costs [3]. Therefore, how to effectively decrease the
risk of fault during the operation of wind turbines has become a difficult problem.

At present, doubly-fed wind turbines (DFWT) have become the main units for large-capacity wind
farms [4]. Due to installation errors, deformation after loading or frequent wind speed fluctuations,
misalignment between the gearbox and the generator often happens [5]. The misalignment fault of
wind turbines belongs to a latent fault [6,7]. This is because when it happens in actual operation,
the unit’s operating parameters will not reach their early warning values immediately, but when
the fault accumulates to a certain extent, it will seriously damage the unit’s equipment and cause
unit shutdown [8]. Therefore, it is necessary to predict the latent trend of misalignment, which can
overcome the blindness of handling the fault and avoid more loss of human and material resources.

There are many commonly used signals for mechanical fault prediction, such as vibration signals,
current signals, temperature signals, pressure signals, etc. [9-13]. When the equipment fails, the
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amplitude of the mechanical vibration will increase [14]. Therefore, vibration signals often more
quickly and directly reflect the operational status of the equipment. Compared with vibration signals,
the current signals can be more easily obtained and are not easily affected by noise. Thus, in this paper,
the vibration signal and current signal are regarded as the signal sources to research the misalignment
fault of wind turbines.

After the fault signals are obtained, a reasonable and effective prediction method is necessary for
accurately predicting the future operational status of the equipment faults. At present, many scholars
have studied the prediction techniques for different types of faults [15-17]. In order to determine a
suitable forecasting model of misalignment fault in wind turbines, the commonly used prediction
methods are summarized in Table 1.

Table 1. Summary of common prediction methods.

Method Scope Advantage Disadvantage

i Not suitable f
Stationary random ot suitable tor

Time series prediction

sequence Short-term
forecast

Few samples demand
Simple model

non-linear systems
Not suitable for medium
to long-term forecasting

Support Vector Machine

Small sample Non-linear
system

High prediction accuracy
Relatively few samples

The selection of
parameters has an
impact on the accuracy
of the model

Least Squares Support
Vector Machine

Small sample Non-linear
system

Predictive calculation
speed is higher than
SVM Suitable for few
samples

The selection of
parameters has an
impact on the accuracy
of the model

Neural networks

Non-linear complex
system

Strong nonlinear
mapping ability
Adaptive learning ability

Local minimum problem
A lot of samples required

Grey prediction model

Data with specific trends
Short-term forecast

Few samples
High modelling accuracy

Incomplete consideration
Not suitable for

long-term forecasting

For the complex non-linear system, a single forecasting model is not enough to obtain ideal
prediction results. Therefore, in order to predict the mechanical fault accurately, the combined
forecasting model has attracted more and more attention from scholars. For example, in Ref. [18],
the improved Grey Model (GM (1,1)) and the Back Propagation (BP) neural network optimized by
Genetic Algorithm (GA) were used as the single forecasting models. The minimum sum of error
squares was used as the combination principle to assign appropriate weight coefficients to them. The
combined forecasting model had a smaller prediction error. Ref. [19] proposed a calculation method of
combined weight coefficients for the unequal weight of error. The combined forecasting model was
constructed by Multivariate Grey Model (MGM (1, n)) and Extreme Learning Machine (ELM) neural
network. The combined forecasting model was more suitable for predicting the trend of the bearing
fault. In Ref. [20], according to the minimum variance principle, Support Vector Machine (SVM) and
grey model were combined to make up the shortcomings of single forecasting models. In Ref. [21],
SVM was used as the combiner of forecasting models. The Kalman filter, BP neural network and
SVM model were used as single forecasting models. The prediction errors of the single forecasting
models were larger than that of the combined model. In Ref. [22], the BP neural network was used to
determine the weight coefficients of each single forecasting model. The combined forecasting model
using GM (1,1,0) optimized by Particle Swarm Optimization (PSO) algorithm and SVM optimized by
PSO achieved better prediction accuracy for the short-term load of a regional power grid.

Because the wind turbine is a complex non-linear system, when the misalignment fault occurs, the
fault signals have both certainty and randomness characteristics [23]. In addition, the misalignment
fault samples obtained in this paper are relatively few. It can be indicated from Table 1 that the grey
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prediction model is suitable for predicting deterministic trends with few samples, while Least Squares
Support Vector Machine (LSSVM) is suitable for predicting the non-linear and stochastic trends with
few samples and higher speed [24]. Therefore, the grey prediction model and LSSVM are selected to
be the prediction methods for the misalignment fault of wind turbines. In the grey prediction models,
the MGM (1, ) can use the multivariate characteristic parameters of the fault state as the inputs of
the prediction model [25], which can comprehensively reflect the fault state at the previous moment
and establish a more accurate prediction model. Therefore, this paper uses MGM (1, 1) to predict the
misalignment faults of wind turbines. Because MGM (1, 1) has the disadvantage of only being suitable
for short-term prediction, the rolling prediction method is used to improve MGM (1, ). Compared
with the combination of fixed weight coefficient, LSSVM can assign non-linear weight coefficients
to the prediction values of single prediction models dynamically, which makes the weight allocated
more reasonably. Therefore, in this paper, a combined forecasting model using LSSVM optimized by
quantum genetic algorithm (QGA) as a non-linear and variable weight combiner is proposed. The
output prediction values of both the LSSVM model optimized by QGA and the improved Multivariate
Grey Model (IMGM (1, n)) are input to the non-linear combiner to get the final predicted values.
The vibration and current signals from the misalignment fault simulation model of wind turbine
demonstrate that the combined forecasting model has higher prediction accuracy than the single ones.

2. Forecasting Method and Application

2.1. Multivariate Grey Model

In 1982, Professor Julong Deng of Huazhong University of Science and Technology proposed the
grey system theory, which has good adaptability to small samples and uncertain systems [26]. Because
the GM (1,1) model only uses single time series data and it cannot reflect the interaction between
multiple variables, some scholars have proposed a MGM (1, 1), where n is the number of variables.
The MGM (1, n) is not a simple combination of GM (1,1), but a generalization from the univariate

GM (1,1) to the multivariate case by solving 1 differential equations simultaneously [27].
(0)

It is assumed that x;
number of each data set.

The process of establishing a MGM (1, 1) prediction model is as follows:

(k),(i=1,2,...,m;k=1,2,...,m) is n sets of time series data, and k is the

(1)  Accumulate the original data to generate a new sequence data xfl) (k):
V() =Y %0 ()) M

(2) A system of n-ary first-order ordinary differential equations can be used to express MGM (1, n):

A
let = ﬂuxgl) + “12"9) 4o a4 by
a) ) M M,
- =au1x) tapx, 4+ ayx, +b 2)
) _ (1) () (1
ar = dn1Xy + An2X, +o Xy, + by
Equation (2) can be written in matrix form as:
dx® (¢
T() =AxY () +B 3)



Algorithms 2020, 13, 56

1
a1 A ... 4 xéli (k) by
ap| dazy ... 4y X k bz
where, A =| . . . .n ,X(l)(t) =2 ( ) ,B =
ap1 Ap2 .. Ann x£11> (k) by,

(3) By the method of least squares, the parameter matrices A and B can be estimated. Assume that

a; = |an,app, ..., a4, b,-]T, (i=1,2,...,n). The corresponding matrix can be expressed as:

a; = (L'L) LTy, @)
T
where, Y; = x92),x7@3),...,x%m)], L= (L, La,...,Lj,..., Ly ),
(P (2) + 2V (1) /2
M3+ @2)/2
L= / ) J and I is the unit matrix.

(9 (m) + D (m=1)) /2
(4) The predicted values of MGM (1, 1) can be obtained.

£V (k) = ACDXV (1) + AT (ACD Z1)B, (k=1,2,...) )
£9(1) = x0(1) (6)
£ =5V - %V (k-1), (k=2,3,...) @)

When n =1, MGM (1, n) model is transformed into GM (1,1) model.

2.2. Improved Multivariate Grey Model

Compared with GM (1, 1), MGM (1, 1) has the advantage of considering multiple input features at
the same time. However, both the GM (1,1) and MGM (1, n) are not suitable for medium to long-term
forecasting. Because the rolling prediction method can make the prediction model achieve medium to
long-term forecasting, MGM (1, n) is combined with the rolling prediction method in this paper to get
the improved MGM (1, n) prediction model IMGM (1, 1)). The schematic diagram of IMGM (1, n) is
shown in Figure 1.

Time series for )
establishing MGM(1,n) Predicted values

A0 0@ ) 00)

) 0E)
S0 P 0) 06
) @) g2 A e

) O )G 7 -1) =

i1 %
O || 06 B | N R
HG12) || g2 #9642

G r—2)|| 0672

DG+r-1) The predicted values for each cycle

Figure 1. Schematic diagram of the improved Multivariate Grey Model (IMGM (1, n)).
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In the IMGM (1, n), based on the establishing process of MGM (1, 1), the rolling update of the
modelling data is performed by adding the actual value corresponding to the previous step of the
current prediction point and removing the first one in the previous modelling data to achieve the
dynamic addition of new information. The modelling data is updated every time the model outputs

one predicted value.
©
1
data set input to the MGM (1, n) is j, which is xfo) (k),(i=1,2,...,m;k=1,2,...,jand j < m). The
number of cycles is T and the number of predicted steps for each cycle is one. The predicted process of
IMGM (1, n) is as follows:

Assume thatx; ' (k), (i =1,2,...,m;k =1,2,...,m) is n sets of sequence data. The number of each

e  Asshown in Figure 1, the original data {xfo) (1),x§0) (2),... ,xfo)(]‘)}, (i=1,2,...,n) are used to
establish the MGM (1, n). The model outputs one predicted value and j fitted values. The oldest
data xfo) (1) is removed and the actual data xfo) (j+1) is added to reconstruct the MGM (1, n).
The above steps are cycled T times.

e When T cycles are finished, T predicted values after xfo) (j) are obtained, and the final j fitted values

of each data set output from IMGM (1, n) are the average of the fitted values in the corresponding

order for all cycles.

Thus, the IMGM (1, n) is suitable for medium-long prediction. In the application of this paper,
the number j of each data set input to the MGM (1, n) model is 45. The number of T is 15. When the
15 cycles are finished, the 45 averages of the fitted values and 15 predicted values will be obtained.

2.3. LSSVM Optimized by Quantum Genetic Algorithm

The Least Squares Support Vector Machine (LSSVM) replaces inequality constraints with equality
constraints, regarding the sum of squared errors as experience losses of training set, transforming
quadratic programming problems into linear equations [28]. The Radial Basis Function (RBF) is simple
to calculate, requiring few parameters to be determined, and with strong generalization ability. The
equation of the Radial Basis Function (RBF) is as follows:

I — ;1
202

K(xi,xj) = exp(— ) 8)
where ¢ is the kernel width. In this paper, the RBF kernel function is used as the kernel function
of LSSVM. The regularization parameter y and the parameter o2 of the RBF kernel function have a
great influence on the prediction accuracy of LSSVM. If the value of y is too large or too small, the
generalization ability of the system will be deteriorated. The value of 02 will also affect the performance
of the model. Therefore, choosing appropriate parameters can give LSSVM a good prediction effect. In
this paper, the QGA is used to realize the adaptive selection of the parameters of LSSVM.

The QGA is an intelligent optimization algorithm combining quantum computing and genetic
algorithms, which was proposed by K. H. Han et al. [29]. The probability amplitude representation of
qubits is applied to the coding of the chromosome so that a chromosome can express the superposition
of multiple states. The operation of quantum revolving gate can update the chromosome, and
thus the optimal solution of the goal can be achieved [30]. Compared with GA, QGA has the
characteristics of small population size, strong optimization ability, high convergence speed and short
calculation time [31].

In GA, the commonly used coding methods for chromosomes are binary coding, real coding and
symbol coding. In QGA, chromosomes are encoded using qubits [32].

The state of a qubit can be expressed as:

o) = al0) + BI1) )
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where, a and § are complex constants and satisfy |a|* + |,B|2 = 1. Qubits are used to store and express a
gene. The gene can be in a “0” state or a “1” state, or any superposition state of them, which makes
QGA have better diversity characteristics than GA. Multi-state genes encoded by qubits are shown in
Equation (10).

t

| %11
q; = t
1,1

¢
Sy

t
'81,2

where, ¢! is the /™ chromosome of the ' generation; af and ﬁf L(i=12,...,mj=1,2,...,k) contain
the quantization information of the gene. k is the number of qubits of each gene and m is the number

t
m,1
t
m,1

t
m,2
t
m2

¢

Xk
¢
1k

[e4 [2%

af
ok ] (10)

mk

of chromosome genes.

For QGA, the quantum revolving gate in quantum theory is used to achieve population update.
The operations of selection, crossover and mutation of GA are not adopted. The matrix of quantum
revolving gate is expressed as Eequation (11):

1n

u(o;) = [ cos(0;) —sin(6)) ]

sin(0;)  cos(0;)

The update process is as follows:

[ = [ oo o | o] -

where, [a; Bi]" is the ith qubit of the chromosome. [a; B/]" is the new qubit after the update. 0; is the
rotation angle and it is determined according to a previously designed adjustment strategy [33].

Before using QGA to optimize the parameters of LSSVM, the fitness function needs to be defined
first. In this paper, the Root Mean Square Error (RMSE) is used as the objective function. The calculation
formula of RMSE is shown in Equation (13):

n

ming(y,0%) = |13 (vi = 5)° (13)

i=1

where, y; is the actual value of the ith sample; §; is the predicted value of the ith sample; ¥ € [Vmin, Ymax),
o2 e [azmin, azmax], i=1,2,...,n. The idea of parameter optimization of LSSVM model is to search
2] through the iterative of QGA to minimize the objective function. The
flow chart of QGA is shown in Figure 2. In this paper, the searching range of the regularization
parameter y is set to [0.1, 100], the searching range of the parameter 02 of kernel function is [0.01, 100],
the maximum number of iterations is 200 and the population size is 20, and the coded length of the
quantum chromosome is 20.

for a set of parameters [y, o
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Initialize the parameter
yand o®

Initialize the population Q(t,)

Obain the p
amplitude of qubits

Get the next generation
ion Q(t+1)

Calculate individual fitness
and retain the best individual

Is the termination
criteria satisfied?

Update the population by
the quantum revolving gate

Output the optimal
solution

Figure 2. The flow chart of the Least Squares Support Vector Machine (LSSVM) optimized by quantum
genetic algorithm (QGA).

2.4. Combined Prediction

The combined prediction was first proposed by Bates. ]. M and Granger. C. W. J. The combined
forecasting model is constructed by assigning different weights to the prediction values of single
forecasting models [34]. The classification of combined prediction can be divided into the following
two types:

e According to the functional relationship between the combined and the single forecasting
models, the combined forecasting model can be divided into linear and non-linear combination
prediction [35].

e According to the weight coefficients of the single models, the combined forecasting model can be
divided into fixed weight and variable weight combination prediction [36].

The linear combination prediction has relatively large errors and has great limitations, while the
fixed weight combination prediction cannot dynamically adjust the combination weight, therefore it is
necessary to use a non-linear and variable weight combined forecasting model. For example, neural
networks and SVM are non-linear combiners, and these two combination methods can realize non-linear
and variable weight combination of the single forecasting models. However, neural networks are
not suitable for processing few samples data. There will be overfitting problems and the prediction
accuracy is not satisfactory [37]. SVM or LSSVM has obvious advantages in solving few samples,
non-linear and high-dimensional problems [38]. Therefore, LSSVM optimized by QGA is adopted in
this paper as a non-linear and variable weight combiner. The flow chart of the proposed combined
prediction is shown in Figure 3.
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Input feature
parameters

LSSVM optimized by QGA
(QGA_LSSVM)

IMGM (1,n) prediction model

The QGA_LSSVM combiner

Output the
predicted values

Figure 3. The flow chart of combined prediction.

2.5. Evaluation Criteria for Forecasting Models

2.5.1. Accuracy Test of Grey Prediction Model

After the grey prediction model is established, the model can be used to predict effectively only
after the accuracy test is qualified. The posteriori error test is adopted in this paper. The equations of
posteriori error test are as follows.

The posteriori error ratio C:

-3
TS5

where, S; is the standard deviation of the original sequence and S, is the standard deviation of the

C (14)

residual sequence.
The small error probability P:

P = P{le(i) - | < 0.674581}, (i = 1,2,...,k) (15)

where, ¢(i) is the residual error and ¢ is the residual average.

The smaller the value of C and the greater the value of P, the higher the grade of the grey prediction
model. Generally, the accuracy grade of the grey prediction model can be divided into four levels
which are shown in Table 2.

Table 2. The precision grade of accuracy test.

Precision Grade C P
Level 1 (Good) C<035 095<P
Level 2 (Qualified) 035<C<05 0.80 <P <0.95
Level 3 (Barely qualified) 05<C<0.65 0.70 <P <0.80
Level 4 (Unqualified) 0.65<C P<0.70

Where the precision grade of grey prediction model is the maximum of the grade of P and the grade of C.

2.5.2. Forecasting Evaluation Index

In order to compare the prediction effects of the combined model and the single ones, the following
3 indexes are calculated.

Assume thaty = (y1, 2, ..., yn) is the actual value of the data, = (f1, 92, . .., Jn) is the predicted
value, and ¥ is the average of the actual value.
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Root Mean Square Error (RMSE):

N
RMSE = | <) (vi=i)*, RMSE € [0, +0) (16)

The closer the RMSE is to zero, the smaller the prediction error and vice versa.
Mean Absolute Error (MAE):

N
1 A
MAE = NZM — i, MAE € [0, +o0) 17)

i=1
The closer the MAE is to zero, the smaller the prediction error and vice versa.
Coefficient of determination (R?):

,)2
,R?€|0, 1] (18)

(vi—-7)

<

(vi—

=

"

—

|
Mz|=z

Il
-

The larger the R? is and the closer it is to 1, the better the fitting effect of the prediction model and
vice versa [39].

3. Signal Acquisition and Feature Extraction

3.1. Signal Acquisition

A 1.5 MW wind turbine is taken as the research object in this paper. The three-dimensional
model of the 1.5 MW wind turbine drive system is established by Solidworks, and then it is imported
into ADAMS for dynamic simulation. In the dynamic simulation model, parallel misalignment,
angular misalignment and comprehensive misalignment are simulated. The acceleration signal of the
high-speed output of the gearbox is used as the vibration signal (details in literature [40]). In MATLAB,
the wind turbine and its control system are established to obtain the stator current for misalignment
faults (details in literature [41]). The simulation model of the wind turbine is in the Maximum Power
Points Tracking (MPPT) stage, in which the input speed is 81.3°/s, and the vibration signal and stator
current signal are obtained under parallel misalignment fault for researching.

3.2. Feature Extraction

3.2.1. Time-Domain Feature Parameters

Time-domain analysis is used to directly obtain the time-domain statistical parameters of fault
signals in the time domain. It can simply and intuitively represent the changes of the fault signals.
The time-domain feature parameters include dimensional parameters and dimensionless parameters.
Assume that the signal obtained is a discrete sequence x;, (i = 1,2,3,...,N) with finite length, where
N represents the number of data points of each sample. Three commonly used time-domain feature
parameters are used in the paper. The equations are as follows.

Root Mean Square (RMS):

(19)

The RMS represents the average energy measure of the signal and is very stable [42].
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Kurtosis:
1 N
K=Y ot 20
i=1

The kurtosis is highly sensitive to early faults and impact signals, but its stability is poor [43,44].

Kurtosis index:
K

K; = 1)
f
X?{MS

The kurtosis index is very sensitive to the impact of vibration signals [45].

3.2.2. Frequency-Domain Feature Parameters

Time-domain analysis can only briefly and roughly represent the fault of the device, but it cannot
find the inherent cause of the fault. Frequency-domain analysis can transform the signal from the
time-domain to the frequency-domain through Fourier transform. Different frequency components
are clearly displayed to find the fault frequency. Assume that x;, (i = 1,2,3,...,N) is a finite-length
discrete time series and the sampling frequency is f.. The calculation equation of commonly used
frequency-domain feature parameters are as follows.

Mean Square Frequency (MSF):

1 fon @?*S(w)dw

MSF = 47T2f52. j(;n S()do (22)
Centroid Frequency (FC): .
wS(w)dw
FC = 27_1(](6-% (23)
Variance Frequency (VE):
P B (@ 2mfFOS @) MSE - FC? 24)

- 4m2 f2 fon S(w)dw

R N .
where S(w) is the power spectrum of the signal. S(w) = X(w)-X(w), X(w) = Y, x;e /™. w is the
=
discretized angular frequency. l

3.2.3. Time-Frequency Domain Feature Parameters

The Empirical Mode Decomposition (EMD) improved by mirror extension is used to process the
vibration signal [46]. The advantage of this method is the suppression of endpoint effects. The energy
entropy, which is suitable for non-stationary and non-linear complex signals [47], is extracted from the
processed vibration signal.

Assume [48]:

2 n
Ei= flci(t)| dt=Y"|<3], (25)
k=1
n
E=YE (26)
i=1
Ei
pi = Er (27)

10
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The equation of energy entropy P; is as follows:

n
P ==Y pilog,opi (28)
i=1

where, i = 1,2,3...1; xj is the amplitude of each discrete point; E; is the energy of each Intrinsic Mode
Function (IMF) component, and E is the total energy of the signal. After vibration signals at different
times being decomposed by IEMD, the number of IMF may be different. Therefore, the correlation
coefficient method is used to determine the effective number of IMF components. Assume that the
non-stationary signal x(t) is decomposed into a finite number of uncorrelated components x;(t) by
IEMD. The correlation coefficient between each IMF and the original signal can be calculated as:

Pxix = (29)

£ 20 £ v

where, i =1,2,...,nand 0 < | Px,x| < 1. The larger the correlation coefficient, the greater the degree of
correlation and vice versa. When | pxix| > 0.1, it usually indicates that the IMF has a good correlation
with the original signal [49].

The stator current signal obtained from the simulation model is decomposed into 4 layers by
the Dual-tree Complex Wavelet Transform (DTCWT) [50]. The obtained 5 sub-band signals are
reconstructed and the sample entropy is calculated. Sample entropy can obtain better and more stable
results with less data and has stronger robustness [51]. For finite sequences N, the equation for the
sample entropy Se; is as follows:

Em+1 (}’)

=m

Se(m,r,N;) = —In ———=
B (r)

(30)

where, m is the number of dimensions of the constructed vector, 7 is a given threshold, and B" (r) is the
average of the maximum distance between two m-dimensional vectors.

3.3. Feature Vectors and Normalization

The input speed of the dynamic simulation model of the wind turbine drive system is set to be
81.3°/s. Afterwards, 60 segments of vibration and current signals of parallel misalignment faults are
collected. The time-domain, frequency-domain and time-frequency domain feature parameters of
each signal segment are extracted to construct feature vectors. After extracting the time-frequency
domain feature parameters of the vibration signal, the correlation coefficients of the first three IMFs of
the vibration signal decomposed by IEMD are all greater than 0.1. Therefore, the first three IMFs are
selected as effective components in this paper. The feature parameters of vibration and current signal
are listed in Tables 3 and 4.

Table 3. The indexes of feature vector for vibration signal.

Feature Vector Feature Index
Vibrati Time domain root mean square, kurtosis, kurtosis index
ibration ;
. mean square frequency, center of gravi
features library Frequency domain 1 a v gravity

frequency, frequency variance
energy entropy of the first 3 IMF
components of IEMD

(9 dimensions)
Time-frequency domain

11
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Table 4. The indexes of feature vector for current signal.

Feature Vector Feature Index

Time-domain root mean square, kurtosis, kurtosis index
mean square frequency, center of gravity
frequency, frequency variance

5 sample entropy obtained by 4-layer
decomposition of DTCWT

Current )
features library Frequency-domain

(11 dimensions)
Time-frequency domain

The fault feature parameters have different orders of magnitude. In order to facilitate the
processing of data and ensure that the program runs faster when it converges, the Mapminmax
function is used to normalize the time-domain, frequency-domain and time-frequency domain feature
parameters in this paper. The equation of Mapminmax function is as follows:

_ Ymax = Ymin

Yy '(JC - xmin) + Ymin (31)

Xmax ~ ¥min
where, x is an unnormalized matriX, ¥, is @ minimum value of the normalization interval, and Ymax
is a maximum value of the normalization interval. The feature parameters are normalized to the
range [0, 1] in this paper.
For the vibration and current signals, multivariate feature parameters with 9 dimensions and
11 dimensions are used as input vectors in this paper. Because the kurtosis is sensitive to early
faults [43,44], the kurtosis is selected as the output of the prediction model.

4. Fault Prediction Results and Discussion
4.1. Fault Prediction Results and Discussion of Vibration Signals

4.1.1. The Results of IMGM (1, n)

The MGM (1, 1) is suitable for the prediction of few samples and the required number of modelling
is usually between 5 and 60 [52-54]. Therefore, the collected 60 vibration signal samples are divided
into the first 45 samples and the last 15 samples according to the ratio of 3:1. The first 45 samples are
used to construct an IMGM (1, n) prediction model. The indexes of the posteriori error test calculated
from the fitted values are listed in Table 5.

Table 5. The precision grade of the Multivariate Grey Model (MGM (1,9)) and IMGM (1,9) for vibration signal.

Method C P Precision Grade
MGM (1,9) 0.4952 0.8667 Qualified
IMGM (1,9) 0.4880 0.9048 Qualified

It can be shown from Table 5 that the models of MGM (1,9) and IMGM (1,9) belong to the
qualification grade, so they can be used for prediction. Because the C value of IMGM (1,9) is smaller
and the P value of IMGM (1,9) is larger, IMGM (1,9) is more suitable for predicting the kurtosis of
vibration signals than MGM (1,9). Figure 4 shows the prediction results of MGM (1,9) and IMGM (1,9)
of vibration signals.

12
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The result of MGM(1,9) without rolling The result of MGM(1,9) with rolling

—6— Actual values —6— Actual values
51 | —*—Fitted values I 5 —¥— Fitted values i
—+— Predicted values H —*— Predicted values

Kurtosis of Vibration Signal
Kurtosis of Vibration Signal
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Figure 4. The result of MGM (1,9) and IMGM (1,9) for vibration signal. (a) The result of MGM (1,9); (b)
the result of IMGM (1,9).

In Figure 4, the predicted and fitted values of MGM (1,9) and IMGM (1,9) both fluctuated up and
down around their actual values. The forecasting evaluation indexes of IMGM (1,9) and MGM (1,9)
are listed in Table 6. For the fitted values, the RMSE and R? of IMGM (1,9) is nearly the same to that of
MGM (1,9), while the MAE of IMGM (1,9) is better than that of MGM (1,9). For the predicted values,
the RMSE, MAE, and running time of the IMGM (1,9) are smaller than those of MGM (1,9). The R? of
IMGM (1,9) is larger than that of MGM (1,9). Therefore, IMGM (1,9) improves the prediction accuracy
of MGM (1,9) for misalignment fault vibration signal of wind turbine. This is because when predicting
the last 15 points, the data used to establish the MGM (1,9) model has always been the first 45 points,
and the data has not been updated with the increase prediction steps. However, the modelling data of
IMGM (1,9) is updated by adding the actual value corresponding to the previous step of the current
prediction point. The modelling data is updated every time the model output one predicted value.
Hence, the IMGM (1,9) can be one of the single prediction models input to the combined forecasting
model for vibration signal.

Table 6. Comparison of forecasting evaluation indexes of MGM (1,9) and IMGM (1,9) for the vibration signal.

Method Date Set RMSE MAE R? Time(s)
Fitted values 0.1946 0.1313 0.9071

MGM (1,9) Predicted values 0.5047 0.4086 0.3392 1.8776
Fitted values 0.1959 0.1232 0.9053

IMGM (1,9) Predicted values 0.4349 0.3358 0.5673 1.6780

4.1.2. The Results of LSSVM Optimized by QGA

The LSSVM optimized by QGA (QGA_LSSVM) is also adopted to predict the kurtosis of
misalignment fault. The same first 45 samples are used to train the LSSVM model. The other 15
samples are used as the testing set. The results are compared with the LSSVM optimized by GA
(GA_LSSVM) and the LSSVM optimized by Grid Search (Grid Search_LSSVM). The parameters [y, 02]
obtained by the three prediction models are listed in Table 7.

13
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Table 7. The optimized parameters for the vibration signal.

Method y a?
QGA_LSSVM 100 99.9658
GA_LSSVM 55.8399 58.4184
Grid Search_LSSVM 89.5265 28.8621

The three forecasting models are established based on the optimized parameters in Table 7. The
corresponding forecasting evaluation indexes are listed in Table 8.

Table 8. The forecasting evaluation indexes of the vibration signal.

Method Date Set RMSE MAE R? Time(s)
T
csw T wm o om
conimw T o,

In Table 8, for the training set, the indexes of Grid Search_LSSVM show that it has smaller
prediction errors of training set than GA_LSSVM and QGA_LSSVM. For the testing set, the RMSE
and MAE of QGA_LSSVM are smaller than those of GA_LSSVM and Grid Search_LSSVM. The R? of
QGA_LSSVM is the largest and its running time is the shortest. Therefore, compared with the results of
Grid Search_LSSVM and GA_LSSVM, QGA_LSSVM has the best prediction accuracy and the shortest
running time, so it can be one of the single forecasting models input to the combined forecasting model
for vibration signal.

4.1.3. The Results of the Combined Forecasting Model

In this paper, the prediction results of IMGM (1,9) and QGA_LSSVM are used as the inputs of
QGA_LSSVM combiner and the actual kurtosis values of the vibration signal are used as the output.
The comparison of predicted results between the single forecasting models and combined model are
shown in Figure 5.

Comparison of i prediction and single p The absolute value of relative error
55 T T T T 20 T T T T
—S—IMGM(1.,9) \ 18 F —6—IMGM(1,9)
—©—QGA-LSSVM —C—QGA-LSSVM
5| |[7© Combined prediction —E— Combined prediction x
—6— Actual values

N
—_—

)

Kurtosis of Vibration Signal
=3

The absolute value of relative error for vibration signal/%
3

46 48 50 52 54 56 58 60 46 48 50 52 54 56 58 60

Sample sequence/n Sample sequence/n
@ (b)

Figure 5. Comparison of the combined forecasting model and the single forecasting models for
vibration signal. (a) The prediction result from the 46th points to the 60th points; (b) the absolute value
of relative error.
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In Figure 5a, the fluctuation range of IMGM (1,9) around the actual value is the largest. The
prediction results of QGA_LSSVM and the combined forecasting model are closer to the actual value.
Figure 5b shows that the absolute value of relative error of IMGM (1,9) is significantly large. From the
46th predicted points to the 51th predicted points, the absolute value of relative error of the combined
forecasting model is less than that of QGA_LSSVM. After the 53th predicted point, they have similar
absolute value of relative error. Therefore, the combined forecasting model has a smaller absolute
value of relative error than the two single forecasting models. It can also be shown from Table 9 that,
for the training test, the forecasting evaluation indexes of the combined forecasting model are near
to those of QGA_LSSVM and better than those of IMGM (1,9); but for the testing set, the indexes of
the combined forecasting model are the best in Table 9. Thus, compared with the single forecasting
models, the combined forecasting model improves the prediction accuracy and reduces the running
time for the vibration signal.

Table 9. The forecasting evaluation indexes of the vibration signal.

Method Data Set RMSE MAE R? Time(s)
Comt i TR oUW 0
oo T o om g,
MOM9)  piiivaiees a0 s MO

For vibration signal, the optimal parameters of the combiner are [y, 02| = [24.5174, 9.4170).
4.2. Fault Prediction Results and Discussion of Current Signal

4.2.1. The Results of IMGM (1, n)

The collected 60 current signal samples are also divided into the first 45 samples and the last 15
samples according to the ratio of 3:1. The first 45 samples are also used to construct an IMGM (1, n)
prediction model. Eleven feature parameters of the current signal are used as inputs and the kurtosis is
used as output. The indexes of the posteriori error test of current signal are listed in Table 10.

Table 10. The precision grade of MGM (1,11) and IMGM (1,11) for the current signal.

Method C r Precision Grade
MGM (1,11) 0.6378 0.7632 Barely qualified
IMGM (1,11) 0.4002 0.8857 Qualified

In Table 10, MGM (1,11) is barely qualified grade and IMGM (1,11) belongs to the qualified
grade. Therefore, IMGM (1,11) is more suitable for predicting the kurtosis of the current signal
than MGM (1,11). The prediction results of MGM (1,11) and IMGM (1,11) of the current signal are
shown in Figure 6.
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, The result of MGM(1,11) without rolling N The result of MGM(1,11) with rolling
—6— Actual values —6— Actual values
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Figure 6. The result of MGM (1,11) and IMGM (1,11) for the current signal. (a) The result of MGM (1,11);
(b) the result of IMGM (1,11).

By comparing the prediction results in Figure 6a,b, the predicted fluctuation range of IMGM (1,11)
is obviously smaller than that of MGM (1,11). It is because when predicting the last 15 points, the data
used to establish the MGM (1,11) has always been the first 45 points, and the data has not been updated
with the increase prediction steps. However, the modelling data of IMGM (1,11) is updated by adding
the actual value corresponding to the previous step of the current prediction point. The modelling data
is updated every time the model outputs one predicted value. Hence, when predicting the kurtosis of
a current signal with a large rising slope, the IMGM (1,11) has significantly better prediction accuracy
than that of MGM (1,11). The forecasting evaluation indexes of IMGM (1,11) and MGM (1,11) are listed
in Table 11. For the fitted values, the RMSE of IMGM (1,11) is nearly the same to that of MGM (1,11),
while the MAE and R? of IMGM (1,11) in the table is better than those of MGM (1,11). For the predicted
values, the RMSE, MAE and running time of the IMGM (1,11) are smaller than those of MGM (1,11).
The R? of IMGM (1,11) is much larger than that of MGM (1,11). Therefore, compared with MGM (1,11),
IMGM (1,11) improves the prediction accuracy and stability of the current signal, and it can be one of
the single prediction models input to the combined forecasting model for current signal.

Table 11. Comparison of forecasting evaluation indexes of MGM (1,11) and IMGM (1,11) for the

current signal.

Method Data Set RMSE MAE R? Time(s)
Fitted values 0.0898 0.0690 0.6267

MGM (1,11) Predicted values 0.4594 0.3732 0.2725 1.9489
Fitted values 0.0893 0.0563 0.7265

IMGM (1,11) Predicted values 0.1723 0.1216 0.7546 1.8974

4.2.2. The Results of LSSVM Optimized by QGA

For the current signal, Grid Search_LSSVM, GA_LSSVM and QGA_LSSVM are also used for
prediction. The same first 45 current samples are also used to train the LSSVM. The other 15 samples
are also used as the testing set. The optimized parameters [y, 02| obtained by the three prediction
models are listed in Table 12.
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Table 12. The optimized parameters for the current signal.

Method Y o?

QGA_LSSVM 100 100
GA_LSSVM 26.2473 53.0292
Grid Search_LSSVM 108.9959 30.3934

The three forecasting models are established based on the optimized parameters in Table 12. The
corresponding forecasting evaluation indexes are listed in Table 13.

Table 13. The forecasting evaluation indexes of the current signal.

Method Data Set RMSE MAE R? Time(s)
Gusamnis T Ghs e e 2w
caisw eSS e eam
ccrissw T Gtn o Gem e

For the training set, the Grid Search_LSSVM has smaller errors than GA_LSSVM and QGA_LSSVM.
For the testing set, all of forecasting evaluation indexes of QGA_LSSVM are better than those of
GA_LSSVM and Grid Search_LSSVM in Table 13. Thus, QGA_LSSVM has a good prediction effect not
only for the vibration signal but also for the current signal, and QGA_LSSVM can be one of the single
forecasting models input to the combined forecasting model for the current signal.

4.2.3. The Results of the Combined Forecasting Model

The prediction results of IMGM (1,11) and QGA_LSSVM are used as the inputs of the QGA_LSSVM
combiner, and the actual kurtosis values of the current signal are used as the output. The predicted
results are shown in Figure 7.

Comparison of combined prediction and single prediction The absolute value of relative error
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Figure 7. Comparison of the combined forecasting model and the single forecasting models for current
signal. (a) The prediction result from the 46th points to the 60th points; (b) the absolute value of
relative error.

Figure 7a indicates that, compared with IMGM (1,11), the prediction results of QGA_LSSVM and
the combined forecasting model are closer to the actual values. In Figure 7b, the absolute value of
relative error of QGA_LSSVM and combined forecasting model is within 6%. The absolute value of
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relative error of IMGM (1,11) is much larger than those of other models. In Table 14, for the training set,
the forecasting evaluation indexes of the combined forecasting model are near to those of QGA_LSSVM
and better than those of IMGM (1,11), but for the testing set, the indexes of the combined forecasting
model are the best. Therefore, it is proved by current signals that the combined forecasting model has
a higher prediction accuracy with less running time.

Table 14. The forecasting evaluation indexes of the current signal.

Method Data Set RMSE MAE R? Time(s)
T
Qo s e
moMoT) e O ome o iwm

For the current signal, the optimal parameters of the combiner are [y, %] = [35.2214, 100].

5. Conclusions

To improve the prediction accuracy of single forecasting models, this paper proposes a combined
forecasting model using LSSVM optimized by QGA as a combiner to predict the misalignment fault of
wind turbines based on vibration and current signals. The specific method is to extract the time-domain,
frequency-domain and time-frequency domain feature parameters from the signals at first. After being
normalized, the extracted features are used to predict by IMGM (1, n) and QGA_LSSVM separately
and the predicted values are then regarded as the inputs of the combiner, which dynamically assigned
non-linear weight coefficients to them. The simulation results indicate that the prediction accuracy
of the combined prediction model is higher than those of single models and the running time is
shortened. This new model is suitable for fault prediction with deterministic and random trends. In
future research, the kurtosis predicted by the proposed model will be combined with the kurtosis
threshold to achieve early warning of wind turbine misalignment faults.
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Abstract: The estimation of the Instantaneous Angular Speed (IAS) has in recent years attracted a
growing interest in the diagnostics of rotating machines. Measurement of the IAS can be used as a
source of information of the machine condition per se, or for performing angular resampling through
Computed Order Tracking, a practice which is essential to highlight the machine spectral signature in
case of non-stationary operational conditions. In these regards, the SURVISHNO 2019 international
conference held at INSA Lyon on 8-10 July 2019 proposed a challenge about the estimation of the
instantaneous non-stationary speed of a fan from a video taken by a smartphone, a pocket, low-cost
device which can nowadays be found in everyone’s pocket. This work originated by the author to
produce an offline motion-tracking of the fan (actually, of the head of its locking-screw) and obtaining
then a reliable estimate of the IAS. The here proposed algorithm is an update of the established
Template Matching (TM) technique (i.e., in the Signal Processing community, a two-dimensional
matched filter), which is here integrated into a Genetic Algorithm (GA) search. Using a template
reconstructed from a simplified parametric mathematical model of the features of interest (i.e., the
known geometry of the edges of the screw head), the GA can be used to adapt the template to match
the search image, leading to a hybridization of template-based and feature-based approaches which
allows to overcome the well-known issues of the traditional TM related to scaling and rotations of
the search image with respect to the template. Furthermore, it is able to resolve the position of the
center of the screw head at a resolution that goes beyond the limit of the pixel grid. By repeating
the analysis frame after frame and focusing on the angular position of the screw head over time, the
proposed algorithm can be used as an effective offline video-tachometer able to estimate the IAS from
the video, avoiding the need for expensive high-resolution encoders or tachometers.

Keywords: machine vision; machine diagnostics; instantaneous angular speed; SURVISHNO 2019
challenge; video tachometer; motion tracking; edge detection; parametric template modeling; adaptive
template matching; genetic algorithm

1. Introduction

Rotating machinery are fundamental components of mechanical systems for most of the industrial
applications, as mechanical power is commonly obtained in the form of torque at a rotating speed.
Electrical motors, internal combustion engines and motors in general, in fact, convert some sort of
source energy into mechanical energy which is transferred to the final user through a mechanical
transmission (e.g., a gearbox) which provides speed and torque conversion.

The speed is then a piece of essential system information, usually kept under control to accomplish
a determined work. As a general consideration, feedback controllers can easily maintain their process
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variable (i.e., the speed in this case) close to its setpoint, but noise and disturbances may affect the
controlled system instantaneous output causing the variable to depart from and oscillate around its
desired value. The appearance of damages in the system has then repercussions on the instantaneous
speed, which can be used as a source of information of the machine health condition per se.

The information about the instantaneous speed is fundamental for machine diagnostics also
in other ways. In the field of Vibration Monitoring (i.e., a particularly successful kind of condition
monitoring based on vibration records) for example, it is very common to use measured or estimated
information about the Instantaneous Angular Speed (IAS) to perform the so-called Order Tracking [1].
In fact, most of rotating machines are affected by phenomena which are locked to particular angular
positions (e.g., the intake of a 4 strokes diesel engine lasts from 0 to 7 radians of the main shaft and
is periodic of 47; a gear featuring a wheel with M teeth whose N** tooth is damaged features an
anomalous meshing pattern at angle %\I of the wheel’s shaft with a periodicity of 27t). Furthermore,
in the case of non-stationary acquisitions, the spectral signature of the machine can only be found after
synchronization of the Fourier analysis on the shaft rotation (i.e., the spectrum is not given as a function
of the frequency, but as a function of the orders of a reference shaft). Unfortunately, commercial Data
Acquisition Systems (DAQ) are not efficient in sampling at constant angular increments of the reference
shaft, so that resampling algorithms are used, based on the additional information of the angular
position of the reference shaft over time [2-5].

The growing interest of the signal processing community in the IAS information is demonstrated
by the increasing number of publications involving the estimation of the instantaneous frequency
as well as the creation of a special issue on IAS processing in the Journal of Mechanical Systems &
Signal Processing [6] and of a conference dedicated solely to condition monitoring in non-stationary
operations [7]. In addition, at the international conferences Surveillance 8 (in 2015) [8] and SURVISHNO
(in 2019), contests about IAS estimation were organized. The IAS is in effect spreading in many fields
of diagnostics of rotating machinery, especially for motors and gearboxes.

Particular applications for motors diagnostics involve electrical motors [9-11], internal combustion
engines [12-16], and hydraulic engines too [17].

Gearbox diagnostics was also covered from a general point of view [18-21] as well as considering
particular applications (e.g., windmills [22]) or focusing on relevant components such as the
bearings [23,24].

Machining processes can also be subject to diagnostic analysis through the IAS estimation.
The milling cutting force, for example, is proved to be reflected by the IAS [25,26].

1.1. Instantaneous Angular Speed (IAS) Review

The IAS information is, in simple terms, a measure of the rotation speed of a rotating component
of a machine defined at an angular resolution corresponding to at least one value per revolution [26].
From a physical point of view then, the IAS is defined starting from the angular position a(t) of a
shaft as:

M

A measure of this quantity can be obtained using analog sensors such as the tachometer-dynamo
which translates the rotational speed into an electrical signal, or with analog angular position sensors
such as the resolver. Nevertheless, such devices can nowadays be considered obsolete and are often
substituted by more reliable digital sensors, whose signals can be processed to produce an estimate:

Ax
(Z)(t)éﬂ;d)—)a)forAtaO )
In particular, two strategies can be put in place. One involves the measurement of the angle Ax
swept in a constant interval of time At by the shaft. Nevertheless, the angular measurements can be
affected by larger errors than the time measurements’ ones. A second more widespread and accurate
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method consists of measuring the time elapsed between successive pulses (Elapsed Time ET = At)
corresponding to a known swept angle Ax which is a characteristic of the sensor (e.g., an encoder).
An analysis of the resolution and the speed estimation error can be found in [27].

In any case, all these methods involve the use of an additional sensor (generally referred to as a
generic “tachometer” but not to be confounded with the tachometer-dynamo sensor). The interest of the
scientific diagnostics community then has recently moved to IAS estimation from the easily available
accelerometric signals, fundamental for vibration monitoring, going “encoder-less” or “tacholess”.
In this regard, several different approaches are possible [7].

In particular, the simplest idea is to track a shaft-speed related harmonic (possibly showing a good
Signal to Noise Ratio-SNR) from its corresponding peak in a time-frequency representation of the signal
(i.e., a Spectrogram, computed for example via a Short Time Fourier Transform). This can be made
more accurate by averaging the tracks from multiple harmonic orders, which can also be automatically
selected by the algorithm (e.g., Multi-Order Probabilistic Approach-MOPA, Ceptrsum-based MOPA,
or ViBES).

A second approach to the IAS estimation is the demodulation of a shaft-speed related harmonic
exhibiting good SNR. This follows the idea that vibration signals can be modulated by the revolution of
the shaft so that phase demodulation can recover the shaft speed from the band-pass isolated harmonic
of interest.

Demodulation can also be performed using the Teager-Kaiser Energy Operator.

Finally, the two main procedures of tracking and demodulation can be exploited together as
implemented in the Vold-Kalman filtering.

At any rate, both the measurement and estimation of the IAS have some limitations. In the first
case, the use of high-resolution encoders allows to get reliable and accurate estimates of the IAS, but
the angular sensors can be very expensive and need to be mounted on a shaft added for the purpose.
On the other hand, the second case exploits the cheap and reliable accelerometers which can be added
on a machine without special design updates. The estimated IAS, however, is less accurate and less
reliable, and needs computational time.

In this article then, the measurement of the IAS is tackled at the scope of testing an offline, low-cost
video-tachometer approach, as suggested by the SURVISHNO 2019 challenge (see Supplementary
Material). The question was “how far is it possible to carry out relevant analysis from a video or a
rotating fan acquired by a smartphone which can reach a maximum rate of 30 frames per second?”.

In order to answer the question, the field of computer vision was explored so as to point out
the main approaches to shape detection and image recognition at the scope of extracting the angular
position a(t) of the fan from the video and then obtain an estimate of the IAS.

1.2. Brief Literature Review of Computer Vision

Computer (or Machine) Vision is a scientific discipline that deals with Machine Learning applied
to digital images and videos coming from cameras as well as any other visual representation derived
from various sensors such as ultrasonic cameras, range sensors, radars, tomography devices, etc.
The objective is transforming visual images into descriptions of the world by extracting data and
features, producing then information which is fundamental in decisional processes. Applications of
Machine Vision to industrial processes include automatic inspection (e.g., to detect manufacturing
defects), surveillance and security (e.g., detection of events, face recognition, etc.), motion control,
navigation and human-machine interaction (e.g., robots, autonomous vehicles, etc.), modeling objects
or environments, improving human vision (e.g., medical image analysis and detection), or organizing
information (e.g., image classification databases, etc.).

Anyway, according to the need of the particular application, this article is interested only in a small
sub-domain of Machine Vision algorithms, namely object recognition (i.e., finding and identifying
objects in an image or video), video tracking (i.e., locating a moving object over time using a camera),
and motion estimation (i.e., determining motion of a body from two following 2D frames).
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In order to obtain the angular position of the fan a(t), in fact, all the three domains are needed.
First, the subject must be identified in a frame. Then, its position and orientation should be compared
to the subject in previous or in a reference frame. This way the motion can be tracked from frame to
frame. In general, two main categories of algorithms can be found in the literature [28-30]. Direct
methods are based on the pixel information, while indirect methods make use of features such as
corners or particular points of the subject. Feature-based methods minimize an error measure based
on distances in the feature space, while direct methods minimize an error measure based on direct
image information collected from all pixels in the image (i.e., typically the pixel brightness, which is
usually computed from the RGB color image at a pre-processing stage).

Complete reviews of approaches to image processing and face recognition (i.e., a common
application of object recognition) can be found in [31-33] from which it is clear that Neural Networks
strongly entered the game of machine vision (in particular for feature-based methods). However, all
the reviews also agree in pointing out a common foundation of the processing: Template Matching
(TM).

Template Matching [34] is a technique in digital image processing for finding small parts of an
image which match a template image (i.e., an image designed to serve as a model). TM is often
considered a very basic and limited approach to computer vision, but it is actually involved in many
old and new techniques. In [35] for example, TM is taken into account only for reference-comparison
inspection of mass-produced integrated circuits precisely aligned on a conveyor (i.e., equal objects,
with the same location, scale, and orientation in the image). In fact, the limitations of traditional TM
are well known [34-36] and can be summarized as: (a) noise, illumination changes, and occlusions,
(b) background changes and clutter, (c) rigid and non-rigid transformations and scale changes (i.e.,
images are a projection of a 3D scene onto a 2D plane), (d) high computational cost.

Point (a) is commonly tackled first at a pre-processing stage, when the RGB color image is
translated into a pixel-wise single channel brightness information (i.e., the luminance) and edge
detection is performed, and later by focusing on the stability and robustness of the selected similarity
measure, which affects also point (c). Examples of standard similarity measures are the pixel-wise sum
of differences of the search image and the template, the sum of products (or cross-correlation) among
them, the Best-Buddies-Similarity based on Nearest-Neighbor matches of features, the Deformable
Diversity Similarity [36]. Limitations in (b) and (d) are often faced with the simple trick of using masks
to remove non-interesting areas (i.e., providing a search window), or otherwise, reducing the number of
sampling points by decreasing the resolution. Point (c) was sometimes dealt with the implementation
of multiple templates with different scales and rotations (e.g., eigenspaces) or with Deformable Part
Models (DPM) or Deformable Template Matching [37]. This paper anyway focuses on the exploitation
of the Genetic Algorithm for dealing with rigid transformations and scale variations in the template.

1.3. GA and Template Matching: A Review

Evolutionary Algorithms are recently enjoying new success in the scientific community for
generating good solutions to optimization and search problems without relying on assumptions about
the underlying fitness landscape (i.e., they perform derivative-free optimization).

A Genetic Algorithm (GA) is a heuristic algorithm inspired by Charles Darwin’s theory of natural
evolution via natural selection, where the best individuals are more prone to reproduction and have
better offspring.

When focusing on TM, GA can be found in several applications and in different fields, from
manufacturing (i.e., Integrated Circuits quality inspections) to security and surveillance (i.e., animals
recognition or face recognition) up to medicine (i.e., nodulus recognition in Computed Tomography
CT scans) as found in [38—42]. In particular, in [38] GA is used to speed up the TM by shrinking the
image to be processed. More refined employment of GA can be found in [39], where face recognition is
performed by TM using a T-shaped template isolating eyes, nose and mouth, resized by GA to find a
better match when the size of search image and template is different. In [40] further improvement is
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proposed, as a Deformable Template generated as a Point Distribution Model (PDM) is adapted by
GA to measure characteristic landmark points (i.e., vertices, nodes, markers, etc.) on cattle images for
morphological assessment of bovine livestock. The idea of generating a template through a model
optimized by GA was applied also in [41] and in [42] for automatic detection of lung nodules in
chest spiral CT scans. Nevertheless, all three applications show some weaknesses. In [40], because
of the scope of the analysis, the deformable template is GA adapted to locate landmark points on
the cattle PDM profile, but this does not allow to extract clear and unique information about scale,
orientation, or center of the template shape, which remains a parametric function (i.e., the template
is not a digital image). In [41], a two-step GA is proposed for real-time shape tracking. The first
step optimizes the template which is not directly generated by a mathematical model but comes
from a mathematical mask (characterized by 3 parameters) on a digital image template, while the
second optimizes orientation and center position the template (but does not accounts for the scale).
Nevertheless, the higher computational efficiency of using a two-steps GA rather than a single step GA
is not justified. Finally, in [42], the template is actually halfway between the parametric function and
the digital image: a simple parametric function is used in this case to generate multiple images which
will be used as multiple templates (different scale and rotation). Nevertheless, GA is set up to perform
a discrete rather than a continuous search of the best matching template in terms of rotation, scale, and
center position. This limits the potential of GA-TM of getting sub-pixel accuracy [30].

As a result of these considerations, a novel GA-adaptive TM technique is proposed in this work.
In particular, GA is integrated into the TM so as to reconstruct a digital template from a simplified
parametric geometrical model (which acts as a mask) whose parameters can be continuously optimized
in terms of scale, rotation, and center position so as to maximize a similarity measure and to find
the best match. This not only overcomes the well-known issues of the traditional TM related to
deformations in the search image with respect to the template but enables to resolve the position of the
center at a resolution that goes beyond the limit of the pixel grid, allowing an effective shape tracking
which is used in this paper for implementing an offline video-tachometer able to estimate the IAS of
the SURIVSHNO 2019 fan from the video, avoiding the need of expensive high-resolution encoders
or tachometers.

2. Materials and Methods

This work is meant to propose an inexpensive but effective video-tachometer using a 30 fps (i.e.,
frames per second) video from a mobile phone. The target is the IAS estimation of the SURIVSHNO
2019 fan. The raw dataset is then composed by a bunch of sequential digital color pictures, each of
them corresponding to a matrix of pixels (i.e., “picture element”: the smallest addressable element of
the digital image) updated during a full scan of the camera image sensor. The dataset is described in
Section 2.1. In Section 2.2 the principle of TM is introduced, while in Section 2.3 the GA is integrated
into TM. Finally, the overall methodology for estimating the IAS is reported in Section 2.4.

2.1. Data Description: the SURVISHNO 2019 Challenge Video and Its Critical Issues

As already introduced, Computer Vision deals with the understanding and interpreting of visual
representations such as digital images and videos, as well as other representations which will not be
considered in this paper. A video is the electronic medium for recording and displaying a moving
visual media, namely a chronographic sequence of photographic shots which forms a representation
of the visual world and can capture motion. The representation of the visual characteristics of an
object is converted by image sensors into digital signals that can be processed by a computer and made
output through a screen as a visible-light image. The 2D digital image is spatially discretized in a
number of addressable elements (i.e., the pixels-px) organized in rows and columns to cover the entire
image space. The standard full-HD High-Definition Television (HDTV) system uses a resolution of
1920 x 1080 px with 16:9 aspect ratio, so that each of the 2,073,600 pixels stores three-channels color
information. Trichromacy, in fact, mimics the animal vision which uses three different types of cone
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cells in the eye to perceive not only light intensity but also its spectral composition (i.e., color). A very
common set of primary colors is that defined by the RGB color model, an additive model in which red,
green, and blue light are added together to reproduce a broad range of colors. In particular, graphics
file formats usually store RGB pictures as 24-bit images (i.e., RGB24 format), where RGB components
are 8 bits each, so that each color intensity can be rendered at 256 levels (normalized to unity between 0
and 1 or, more commonly, with integers between 0 and 255), leading to a potential of 16,777,216 (about
16 million) colors.

Therefore, in digital imaging systems (e.g., digital cameras, mobile phones, etc.) the acquisition
corresponds to an interrogation of each pixel photo-sensor so that the full image is recorded; to produce
a video this image recording is repeated in time at a given sampling frequency (commonly 30 fps).
Nevertheless, the pixel sensors can be either interrogated simultaneously (i.e., global shutter) or, more
frequently in mobile phones, one after the other in a predetermined sequence (i.e., rolling shutter).

In the particular case, the SURIVSHNO 2019 video is a sequence of 1298 RGB24 images acquired
at 30fps for a duration of 43.3 s. All the frames are recorded at a full-HD resolution of 1920 x 1080 px
with 16:9 aspect ratio. The RGB color image depicts a front view of a fan composed by 10 blades,
coupled to a spindle by a hexagonal shaft and an 8.8 screw. The first frame of the video is reported in
Figure 1.

Figure 1. The first frame of the video, digitalized as a 1080 x 1920 x 3 matrix: full-HD resolution of
1920 x 1080 (16:9 aspect ratio), where each pixel color is represented as a triplet of intensities for the
three-color components namely red, green, and blue (RGB additive trichromacy color model).

The IAS of the fan is unknown, nevertheless, it can be recognized as strongly non-stationary by
watching the video. Some typical issues of non-stationary cases, in fact, arise. In particular, spatial
aliasing due to the rolling shutter effect of the camera can be easily noticed. As the fan is spinning
counterclockwise at an increasing rotational speed, the blades on the left side appear to get thicker
while the blades on the right side appear to become thinner as the video progresses in time. This is
visualized in Figure 2, in contrast to Figure 1.
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Figure 2. The thousandth frame of the video. The rolling shutter effect is highlighted as a deformation
of the blades.

Aliasing is a typical issue of digital signals. A digitally reconstructed image, in fact, will differ
from the original image (i.e., analog) because of the spatial discretization (i.e., the sampling) so that
visible patterns or deformations can compromise the quality of the reconstruction.

Temporal aliasing, determined by the sampling frequency or, in case of videos, by the frame rate
of the camera, is a major concern of Digital Signal Processing. In videos, because of the limited frame
rate (N.B., limited with respect to the rotating speed of the object), a rotating object like a fan or a wheel
looks like turning in reverse or too slowly. A similar effect is probably experienced by any human
beings in the form of an optical illusion called “wagon-wheel effect” which may occur even under
truly continuous illumination because of the human visual perception.

Sampling at 30 fps, in accordance with the Nyquist sampling theorem, allows to correctly picture
phenomena which are bandlimited to half the sampling rate (i.e., 15 Hz, the Nyquist frequency) without
aliasing. In the SURIVSHNO 2019 video, the fan starts from a standstill and accelerates up to values
lower than the Nyquist frequency, so that temporal aliasing does not occur. Nevertheless, by looking
at the video, the optical illusion of a reverting direction of rotation occurs anyway as the brain cannot
recognize the 10 equal blades of the fan, so the exceeding of 1,5 Hz causes a reversal of the perceived
direction of rotation.

A final issue is related to the autofocus of the camera. When taking photos, in fact, a convex
lens is used in the camera to focus incoming light onto a photo-sensor array (e.g., a Complementary
metal-oxide-semiconductor-CMOS-photo-sensor). In order to ensure crisp and clear images, the optical
system commonly uses a control system and a motor to optimize the distance between the lens and the
sensor. This can obviously lead to distortions of the image during the video.

To summarize, three main issues should be tackled:

e  Spatial Aliasing related to the rolling shutter effect,
e  Temporal Aliasing due to the 30-fps sampling rate given the 10 equal blades of the fan,
e  Additional autofocus distortions.

Nevertheless, a workaround can be found to simplify things. First, the spatial aliasing occurs
when the object moves faster than a limit speed dictated by the rolling shutter clock. Being the fan
is rotating around its center, the higher the distance from the center, the higher the tangential speed,
so that, focusing on a part of the image very near to the center (i.e., the fan-locking screw head), the
spatial aliasing effect is minimal.
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Second, the temporal aliasing, in this case, is more a visualization issue rather than a real problem
for the analysis. The fan speed, in fact, is always lower than 10 Hz, so that if the attention is brought to
a feature that occurs just once per revolution (i.e., the 8.8 logo on the fan-locking screw head) rather
than the blades (which are 10 and not distinguishable), no temporal aliasing occurs.

Finally, the autofocus distortions can be accounted for, together with other perspective distortions
by implementing the adaptive TM introduced in the following sections. In the SURVISHNO 2019
challenge video acquisition, in fact, the camera was almost but not perfectly aligned to the fan axis, so
that, during the revolution, the center of rotation moves in a small region, while the image undergoes
slight deformations.

2.2. Matched Filters and Template Matching

The problem of finding parts of a search image which match a template image is just a
bi-dimensional extension of the common unidimensional Signal Processing (SP) problem of detecting
the presence of a template signal in a search signal, typically a noise-affected measurement. This
problem was first solved in the mid-40s by North, Vleck, and Middleton [43—46] as a response to the
immediate need to improve radar performance during World War II [43]. In the original framework,
the issue with radar is to highlight the presence of an echo (i.e., a known template) exhibiting little
power and obscured by noise in a received signal (i.e., the search signal). Assuming a Gaussian
white noise (i.e., with a flat power spectrum), the noise contributes with equal undesired power at all
frequencies, while the signal, on the contrary, shows a bandlimited spectral content. Considering a
transmitted pulse (i.e., a rectangular function), its spectrum is described by a sinc pulse (i.e., a sinc
function) which is theoretically defined over the whole frequency axis but has practically most of the
power bound to low frequencies. A matched filter is then a linear time invariant filter that maximizes
the signal-to-noise power ratio highlighting then the presence of the template in the search signal.
Intuitively, it is then a filter that emphasizes the frequency where the template power is contained (i.e.,
the low frequencies) while attenuating those where the only noise is present. If the template is known
then, it is sufficient to use the template spectrum for designing the best filter frequency response.

The filter impulse response to be convolved with the search signal (i.e., for discrete signals, s[n],
where 7 is the sample index related to time by the sampling period) is then just the time-reversed
version of the template #[1] of finite length N (N.B., more in general, for complex search signals, the
conjugated time-reversed). The filter is then said to be “matched” to the template. See Equations (3)
and (4) for the discrete Matched Filter impulse response definition (f[n]).

In the Matched Filter output a peak occurs (i.e., the amplitude goes “considerably” greater than
the rest of the output signal y[n] in the time domain) when the template signal is detected. By playing
a bit with the notation, the convolution of the search signal with the time-reversed version of the
template (s[n] * h[n] in Equation (5)) is equivalent to the cross-correlation of the template (as it is) with
the search signal (rs[n] in Equation (6)). In the same way, if the cross-correlation shows a peak for a
given delay (or lag) k, then the template is detected.

slk] -K<k<K
tn] = tn] n=0,...,.N-1<K (3)
tn] =0 -K<n<0VN-1<n<K

h[n] = t[-n] 4
yln) = sl ehfn) = Y hln—Ks[K ©)
vl =Y ksl = Y tKlslk o+ n] = rsln) ®

The same consideration holds also when the problem is extended to a discrete 2D search signal
such as a monochromic image where the light intensity s[n, m] is a function of the spatial coordinates 1
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and m over the pixel grid (i.e., a matrix). This problem is referred to as TM. Given a known template
F[n, m] of size N x M, it is possible to perform cross-correlation by simply moving the center of the
template over each pixel of the search image pixel-grid of size | X K and calculate the sum of the
pixel-wise products of s and f over the area spanned by the template f. In a more rigorous formulation:

1. The template f is placed at (19 + N /2,mqg + M/2) in a matrix t of the same size [1, m] of the search
matrix s[n, m] (Equation (7)),
g

2. The entrywise product (also known as Hadamard or Schur product, here
finding the matrix st[n, m] (Equation (8))

) is performed

3. The correlation ry at (119 + N /2, mo + M/2) is obtained by summing all the components in st[n, m]
(Equation (9))

4. By letting np and mg vary in therangeng = 1,...,]-N+1 vmy =1,...,] = M+ 1, the whole
cross-correlation matrix is computed.

s[jk] 1<j<]JVv1<k<K

tln, m] = £[n, m] n=ny,...,ng+N <J; m=myg, ..., mg+M<K @)
tn,m] =0 l<n<ngVng+N<n<];l<m<mgVmy+M<m<K
mo=1,...,]-N+1Vmy=1,...,]-M+1
st[n,m] = s[n,m| o t[n, m] 8)
] K .
ris[no + N/2,my+M/2] = Z},Zl Zk:l st k| )

If the template is present in the search image, the cross-correlation features a maximum. The
template detection becomes then a search for the maximum. This implies that the cross-correlation can
be used as an effective similarity measure.

Nevertheless, this basic approach to TM is effective only when the template is a crop from an
acquired reference image, and the search image is acquired under the same conditions (i.e., illumination,
scale, orientation, fixed background, etc.). That is why in [35] TM is considered only for quality
inspection of precisely aligned integrated circuits.

The limitations of traditional TM, as already introduced in Section 1, are well known [34-36] and
are here summarized:

(a) noise, illumination changes, and occlusions in the search image,

(b) background changes and clutter,

(c) rigid and non-rigid transformations, rotations, and scale changes (i.e., images are a projection of a
3D scene onto a 2D plane),

(d) high computational cost.

Nevertheless, in this particular application (i.e., the SURVISHNO 2019 fan), as introduced in the
previous sub-section, it was proposed to solve the issue of aliasing by focusing on the fan-locking
screw head region. This reduction of the search space performed by cropping the image around the
center of rotation is beneficial also according to points (b) and (d), as the background is effectively
removed, while the computational burden is lightened.

The overall pre-processing is described in the next subsection, which treats about the edge
detection performed on the basis of the monochromic image obtained from the brightness of the
original RGB24 image. This helps in relieving the issues in point (a).

Finally, point (c) is addressed by exploiting the GA for dealing with rigid transformations and
scale variations of the template to obtain a better match.
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2.3. Image Preprocessing

In order to maximize the performance of the TM, a preprocessing of the image is essential. Three
fundamental steps were chosen, based on the literature [47]:

e  Image cropping
e  Gray monochrome conversion and image binarization (thresholding)
e  Edge Detection

The first step is fundamental for removing the issues related to the background and in particular
for improving the computational speed.

The second step is used to prepare the image for edge detection, limiting the effect of noise,
illumination changes and occlusions in the search image. In this analysis, in fact, the edges are used
as features to enhance the TM. The hybridization of template-based and feature-based approaches is
not new (e.g., [48,49]), and allows to overcome the well-known issues of the traditional TM related
to scaling and rotations of the search image with respect to the template. This will be the subject of
Section 2.4.

2.3.1. Image Cropping

The image cropping is meant to remove the background, solving issues related to changes and
clutter in part of the image of little relevance. Furthermore, decreasing the overall number of pixels in
the image, the computational burden is reduced.

In this analysis, the image is shrunk from a matrix of 1080 x 1920 px to a matrix of 191 x 191 px,
by cropping in the square region defined by the row indices in the range 475 + 665 px and the column
indices in the range 485 + 675 px. The result is presented in Figure 3 for two frames of the video.

(@) (b)

Figure 3. First (a) and thousandth (b) frames of the video. Notice how the image (b) is out of focus and
the center of the screw is translated upwards. N.B., The selected x coordinate goes from left to right,
while the y coordinate goes from the top to the bottom, differently from the standard.

2.3.2. Gray Monochrome Conversion and Image Binarization (Thresholding)

Conversion of an arbitrary color image to grayscale is not a unique procedure in general, as a
different weighting of the color channels can effectively represent the effect of shooting black-and-white
film. A common strategy is to use the principles of photometry and colorimetry to calculate the
grayscale values so as to have the same relative luminance (i.e., the density of luminous intensity per
unit area in a given direction) as the original color image. Given the RGB intensities (i.e., values in
the range 0 + 255 for the RGB24 file format or normalized to 0 + 1) provided by the three channels R,
G, and B, the luminance Y is defined as a weighted sum of these components. In this analysis, the
coefficients from the ITU-R Recommendation BT.601 standard, revision 7 [50] are taken, so as to find:

Y=0,29 R + 0,587 G + 0,114 B (10)
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The formula reflects the eye color photoreceptors sensitivity, which has a maximum in the
green-light region. Notice that, in general, human-perceived luminance is commonly referred to as
brightness, while luma is the luminance of an image as displayed by a monitor.

The so obtained grayscale image is displayed in Figure 4a.

Figure 4. (a) Original grayscale: Grayscale conversion of the first frame of the video (Figure 3a) using
luminance [50]; (b) Otsu threshold: Comparison of Otsu’s thresholding [51]; (¢) Adaptive thresholding
(Bradley) [52,53] with sensitivity: 0,99; (d) Not-Sobel filtering [54,55] applied to the grayscale image
in (a).

Once the gray monochrome image is obtained, thresholding is implemented. The goal of
thresholding is to classify pixels as either dark (0) or light (1) to produce a black and white (i.e., binary)
image based on the luminance information.

In its simplest implementation, the threshold is a constant set by the user, and the pixels’ luminance
is compared against this value. An automatic selection of the threshold was implemented by Otsu [51]
as a Fisher’s Discriminant Analysis performed on the intensity histogram. Otsu’s threshold is then
determined by minimizing intra-class intensity variance, or equivalently, by maximizing inter-class
variance (N.B., the two classes are obviously dark vs. light).

Nevertheless, illumination changes in the image can lead to a bad classification. In this case,
an adaptive threshold such as the Bradley’s could perform much better [52]. The idea is to use a
local threshold which can vary within the image as it is adapted to the average of surrounding pixels.
Typically, a moving window of approximately 1/8th of the size of the image is used for computing
the local mean intensity. Matlab implementation [52] also allows to tune the threshold using a
scalar “sensitivity” in the range 0 + 1: high sensitivity value leads the thresholding of more pixels as
foreground (i.e., class 1, light), at the risk of including some background pixels (i.e., class 0, dark).

Thresholding, in fact, is commonly used to separate foreground objects from their background,
reinforcing the action of the image cropping.

Comparing Figure 4c to Figure 4b, the robustness of Bradley’s adaptive thresholding to illumination
changes is highlighted. Furthermore, it can be noticed that the circle in the image background is
removed, improving the robustness to background changes and clutter.
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2.3.3. Edge Detection

The objective of edge detection is to find the locations in a grayscale image where the change in
intensity (i.e., Y) is sufficiently large to be taken as a reliable indication of an edge [35]. One of the most
common detectors is the Differential Gradient edge detector called Sobel-Feldman filter [54], which
uses two 3 x 3 windows convolved with the image to produce two directional pieces of information (i.e.,
approximated gradients) added to find the resulting magnitude. Finally, the magnitude information
undergoes thresholding to produce a binary image of the edges (automatic heuristic threshold
selection [55]), as reported in Figure 4d, where the logical not operator is applied to highlight the edges
in black. As can be easily noticed in the picture, the edges are filtered and isolated very effectively, but
the illumination affects the result.

By comparing Adaptive thresholding and Sobel filtering (i.e., Figure 4c vs. Figure 4d) it is clear
how robustness to illumination changes is important in the analysis. Hence, in this work, the edge
detection is left to Bradley’s adaptive thresholding, to produce a search image with thicker edges more
robust to noise, illumination changes, and background clutter (i.e., Figure 4c).

To summarize, the finally selected preprocessing is reported in Figure 5.

N\ e .
RGB24 ‘ Crop to Monochrome Bradley’s Edge
1080x1920px ; - b
frame from 191x191px conversion adaptive Highlighted
video ‘ (screw head) ITU-R BT.601-7 thresholding Search Image
N Y . )

Figure 5. Preprocessing scheme.

2.4. GA-adaptive Template Matching

In traditional TM, as described in Section 2.2, the template is selected as a cutout from one larger
reference search image and compared to all the successive test search images using the cross-correlation.
The position of maximum correlation testifies the match, proving the template detection. This obviously
works very well in case of a fixed framing camera depicting an object which translates on a plane
orthogonal to the optical axis of the camera. Nevertheless, in case of rotations, scale changes or
non-rigid transformations (N.B., images are a projection of a 3D scene onto a 2D plane, so that
movement on a plane non-orthogonal to the optical axis of the camera can lead to deformations),
the method cannot be used unless some technical device is implemented, such as using multiple
templates with different scales and rotations (e.g., eigenspaces) or using Deformable Part Models
(DPM) or implementing Deformable Template Matching [37]. Nevertheless, in this particular work,
the Genetic Algorithm was selected to deal with rigid transformations of the template. The GA was
used for adapting a parametric template so as to get the maximum correlation (i.e., the best match).
The complete cross-correlation function (i.e., correlation for all the delays or lags) is never computed in
this case; the GA is exploited for optimizing at the same time not only the scale and the orientation
but also the location of the parametric template in the search space, so as to obtain an hybrid of the
template-based and feature-based approaches which allows to overcome the issues of the traditional
TM (i.e., scaling and rotations).

Notice that, in the SURVISHNO video, the framing is fixed, but the fan revolution occurs in a plane
non-perfectly orthogonal to the optical axis, so that, during the revolution, the center of rotation of the
fan moves in a small region, while the image undergoes slight deformations. These perspective-related
deformations are neglected by the here-introduced algorithm, but relative translations of the locking
screw head hexagon and the underlying hexagon (lying on two different planes) are allowed by
breaking the template adaptation in three successive GA steps.
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2.4.1. Template Parametric Model

The template parametric model arose from the exploitation of the geometrical features of the
search image. In particular, three characteristic features were defined in order to determine the angle
of rotation of the fan. The first two are related to the regular hexagonal shape of the screw head and
the underlying driving shaft. The third is the resistance class logo (i.e., 8.8), which enables to discern
the orientation of the screw and consequently that of the fan.

The three characteristic features are highlighted in Figure 6.

Figure 6. Geometrical edge features highlighted on the first frame of the video (Figure 3a): Outer
hexagon model in red and its center in green, inner hexagon model in magenta and its center in cyan,
8.8 logo model in yellow, and the finally tracked vertex in blue.

Two parametric models for the edges are then built. The first represents a hexagon inscribed
in a circumference and is governed by the coordinates of the center (i.e., the location), the radius of
the circumference in which the hexagon is inscribed (i.e., the scale), and the angle of rotation of the
hexagon. The second is the 8.8 logo, modeled as 5 circles, around one of the diagonals of the screw
hexagon, as reported in yellow in Figure 6. This is governed by five parameters: a size parameter
ruling the radii of the circles and the height of the writing, a width parameter giving the distance of
the two 8 characters, a shift parameter allowing uneven positioning of the two 8 characters around
the main axis, a radial distance of the writing from the center of the screw hexagon (either positive
or negative to cover both sides of the reference axis with respect to the center of the screw), and an
angular deviation from the reference axis, whose information is considered as a known input given the
desired diagonal of the screw.

Given these two geometric models, a binary template of size 191 X 191 px can be produced as a
function of these 13 parameters plus thickness information. The characteristic parameters are reported
in Table 1. The ideal path from the model, defined in the continuous pixel space, can be used as a mask
for lighting (i.e., turning to 1) the pixels covered by such a filter. The path thickness is obviously a
relevant parameter, but to avoid overcomplicating the model, the thickness was pre-set to a constant
value of 30 px for the hexagons (t and # in Figure 7), while it is related to the scale parameter s for the
8.8 logo (thickness = r1 —r, = 3,5s).
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Table 1. Characteristic variables of the three parametric templates. The 13 independent variables are
highlighted in red, t and # parameters are constants, while the other parameters are derived.

Parameter Description Parameter Description

X, Ye Center of the outer hexagon (OH) R” Distance of 8.8 logo from (X[, Y})
R Radius of the inscribing circle (OH) do Deviation from ax slope direction
0 Rotation of the OH s=r Logo size = hollow circles radii
t Thickness of OH 1 Logo’s circles radii 7y = 4,5s

X, Y. Center of the inner hexagon (IH) 3 Logo’s dot radius 13 = 2,255
R’ Radius of the inscribing circle (IH) h Logo’s height i = 5,55
o4 Rotation of the TH w Logo’s width w = wq + w,
t Thickness of the TH wy Logo’s width ratio w, = wy/w
ax 8.8 intercepting diagonal of IH w1, Wy Distance of “8” from Logo’s dot

(Xc'Yc')

ax

(@) (b) (©)

Figure 7. Binary templates after Genetic Algorithm (GA) optimization on the first frame (Figure 3a)
with characteristic parameters highlighted in red (overall, 13 independent parameters, as reported
in Table 1): (a) Outer hexagon template; (b) Inner hexagon template; (c) 8.8 logo template. N.B., The
pictures “quantization” effect is determined by the 191 x 191 px grid of the search image, which dictates
the final template resolution.

As highlighted in Figure 7, three different templates were actually generated, as the template
adaptation was performed in three different subsequent GA optimizations, exploiting in the following
steps the knowledge acquired from the previous optimization.

In particular, the optimized outer hexagon path is used as a mask for cropping the search image
and further remove the background, improving the following GA search. Then, from the optimized
inner hexagon, the diagonal on which the 8.8 logo lies is detected (i.e., “ax” in Figure 7b,c, found by
summing the pixels intersecting the three diagonals and seeking the maximum), and the information
is used as input for the last GA optimization.

It is important to point out that using a parametric template-mask defined on a continuous search
space and implementing a GA optimization of the match between the corresponding discrete template
image and the search image, it is possible to obtain a parametric estimation that goes beyond the pixel
grid, leading to a super-resolution (i.e., similar to what obtained in [30]).

2.4.2. Objective Function

The change of paradigm from traditional TM to GA-adaptive TM is related to the use of GA for
the estimation of the optimal parameters maximizing the match of the parametric template to the
search image. In order to evaluate “how good” a reconstructed template is (N.B., reconstructed on
the basis of the selected parameters), an objective function (commonly called utility function when
referred to maximization problems or cost function when dealing with minimizations) is needed. In
order to keep the link between TM and GA-adaptive TM, a possible utility function is the correlation
function (i.e., r in Equation (11)). Nevertheless, in the literature, other commonly found functions
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are the Sum of Absolute Differences (i.e., SAD) or the Sum of Squared Differences (i.e., SSD), usually
implemented as cost functions for a minimization problem.

In order to select the best objective function for this particular implementation, two considerations
are fundamental. First, in this work the template is reconstructed to the same size (] x K = 191 x 191)
of the search image so that all the objective functions can be easily implemented as:

r(param) Z] le ) t[j, k|param]s|j, k| (11)
SAD(param) Z Zk 1|t‘[], param] - s[j, K] | (12)
SSD(param) Z] 1Zk | t[],kipamm ]-s ],k]) (13)

where t[], klparam] is the reconstructed template as a function of the corresponding parameters (i.e.,
param, see Figure 7) and s[j, k] is the search image (e.g., a frame processed to obtain the result in
Figure 4c).

Second, the f and s are binary, so that the possible results for single pixel information can be
summarized as in Table 2:

Table 2. Correlation r, Sum of Absolute Differences (SAD) and Sum of Squared Differences (SSD)
comparison for binary images.

t s - r SAD SSD
1 1 1 0 0
1 0 0 1 1
0 1 0 1 1
0 0 0 0 0

From Table 2, it is clear that SAD and SSD are equivalent in the case of binary images. Another
relevant consideration regards the fact that correlation can be used for maximizing the match (i.e., the
similarity), while SAD and SSD are suitable for minimization of the mismatch (i.e., the difference).
Nevertheless, correlation rewards the similarity of white pixels (i.e., the 1) only, but neglects the black
pixels (i.e., the 0). On the contrary, SAD and SSD penalize only the different pixels, or in other words,
rewards both the white matching and the black matching pixels. As a result of this, the correlation was
used as a utility function for the first GA (so that, thanks to the selected template shape Figure 7a, the
8.8 and JD logos are not accounted in the match), while the SAD was selected as a cost function for the
second and third GA optimization.

2.4.3. Genetic Algorithm Optimization

Optimization is the selection of the best element from a set of available alternatives according
to some criteria. In a more formal way, given an objective function f : S — R which links the search
space of feasible solutions to the corresponding utility or cost, the optimization process seeks to find
the element x, € S such that f(x,) < f(x) ¥ x € S (minimization) or such that f(x, ) > f(x) Yx€ S
(maximization). Fixing a target for convenience, in the simplest case, an optimization problem
corresponds to the minimization of a cost function over a search space obtained by constraining the
overall Euclidean space. Or, argminf(x). From a mathematical point of view, the minimization of

a function typically involves dgrsivatives. Then, the more a function is complex (e.g., defined on a
wide multidimensional support, non-continuous, or with non-continuous derivatives, featuring many
local minima, etc.), the harder is the computation of such derivatives, so that the optimization may
become very tricky in practical cases. Furthermore, the optimization is very likely to get stuck into
local minima in the vicinity of an initial guess value for the optimum location (local optimization),
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with no guarantees (unless particular properties of the cost function i.e., convexity) that the result
corresponds to the actual global minimum (global minimization).
In general, the assessment of the performance of an optimizer can be expressed in terms of:

e  Exploration: the optimizer discovers a wide region of the search space,
e  Exploitation: the optimizer “pounds the pavement” on a limited but promising region,
e  Reliability: repeatability of the fund solution.

It is important to highlight that exploration and exploitation are competing properties. Local
optimizers show very good exploitation at the expense of a very poor exploration. On the contrary, a
good global optimizer should sacrifice exploitation to gain in exploration and speed. This is usually
obtained taking advantage of heuristic or meta-heuristic techniques implementing some form of
stochastic optimization.

An important category of global population-based metaheuristic optimization algorithms is the
Evolutionary. An evolutionary algorithm (EA) uses mechanisms inspired by biological evolution, such
as reproduction, mutation, recombination, and selection. Candidate solutions to the optimization
problem play the role of individuals in a population, and the cost function determines the quality of a
solution. A “direct search” is performed to find the best individuals within the population according
to their quality. These best individuals are then selected to determine the offspring, namely the new
trial solutions, which will substitute lower quality individuals.

The most famous EA is the Genetic Algorithm, developed by John Holland introduced genetic
algorithms in 1960 based on the concept of Darwin’s theory of evolution. The GA evolutionary cycle
starts initiating a population randomly and evaluating the quality of each individual on the basis of his
genotype. The best individuals are then selected to produce via modification the new offspring, while
the worst are discarded. Modifications are stochastically triggered operators such as the crossover (the
offspring is a random mix of the genotypes of their parents) or the mutation (the offspring features new
genes which were not present in the parents). The first is important to ensure exploitation, while the
second guarantees exploration of the search space of all possible genotypes. Finally, a new population
is ready for starting again the cycle until some stopping criteria are met. The cycle is outlined in

Figure 8.
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[ Selection H Modification ]
? ‘ Modified offspring
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Initiate &
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Figure 8. The GA evolutionary cycle.
The GA selected inputs in this work were:

e  Population Size: N, = 100.

e  Elite Count: 5%. It defines the number of best individuals selected as a percentage of Nj.

e Crossover Fraction: 80%. It defines the offspring quantity at the next generation as a percentage of
Np. As the total N, is fixed, the percentage of discarded individuals equals the crossover fraction.

e Default mutation: Shrinking Gaussian. Each newborn features a degree of random mutation
which decreases in time according to the linear law: g = 041 (1 -c %) Where g =1,c=1,and
g is the generation index, increasing with time.

e  Stopping criterion: maximum number of generations G = 40.
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2.5. Overall Methodology

Finally, the overall methodology to be repeated for all the frames in the video is summarized in
the following steps:

1.  GA optimization of the outer hexagon template (Figure 7a) to match the search image (e.g.,
Figure 4c).

@) The outer hexagon path is used to make a mask isolating the foreground of interest and
improving the next step.

2. GA optimization of the inner hexagon template (Figure 7b) to match the search image cropped
using the outer hexagon path as mask.

O The inner hexagon path is used to make a mask for isolating the foreground of interest
and improving the next step.

O The three inner hexagon diagonals are tested to find the diagonal around which the 8.8
logo is reported.

3. GA optimization of the 8.8 logo (Figure 7c) to match the search image cropped using the inner
hexagon path as a mask.

Thanks to this procedure, all the 13 parameters of interest (Figure 7) can be estimated in all the
frames of the video. The position of the 8.8 logo is used to identify a unique vertex of the inner hexagon,
from which it is easy to derive the angular position of the screw (and then the angular position of the
fan) over time.

IAS Estimation

Once the 13 parameters of interest are available over time, several different IAS estimations can be
obtained. In this work, two methodologies are compared.

The first and simplest consists in differencing the angle over time and rescaling over the time
interval determined by the sampling frequency (i.e., 30 fps — f; = 30 Hz). Being a(n) is the angle of
the vertex identified by the 8.8, and t = n At = n/ f;, it is easy to write:

w(t) = da = Aa [rad/s] (14)

For this to be accurate, the angle signal should first be “unwrapped” (i.e., corrected by adding
multiples of +2m when absolute jumps between consecutive elements are greater than 7 radians).
Furthermore, a perfect recognition of all the three templates is required. Nevertheless, even if the
match for two hexagons is good for all the frames, it is not the same for the 8.8 logo, which, in some
cases (often at a determined angle because of illumination issues), is confounded with the manufacturer
logo “JD” (e.g., see Figure 6). In this case, an error of about £ radians should be compensated in a
pre-processing stage.

The second method is based on phase demodulation via the Hilbert analytic signal of a fan
speed-related harmonic [7,56]. In this particular case, it was noticed that the signal corresponding to
the coordinates of the center of the outer hexagon (i.e., X, Y. in Figure 7a) features a speed-related
harmonic because of the not perfect alignment of the optical axis of the camera with the fan axis,
leading to a circular movement of the tracked center point.

In a mathematical framework:

1. The analytic signal is computed via Hilbert transform
Qan(t) = x(t) +iy(t) = A(n)e®") (15)
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2. The instantaneous frequency is defined as

£ = =220y (16

3. From which, a more suitable discrete-time (t = n At) implementation can be derived [56]

fs x(n)y(n+l)—x(n+1)y(n))

f(n) = 5—atan| x(m)x(n+1) +y(n)y(n +1)

17)
Despite the “unwrap” and the error compensation, the IAS estimated from the two methods could
still be noisy, with large observable discontinuities which are unphysical and incompatible with the
principle “Natura non facit saltus”, so that a smoothing could be required.
Both the methods were tested on the data to validate the two IAS estimates.

3. Results

The application of the here described GA-adaptive TM led to the estimation of a set of 13
parameters fully specifying the selected template model over time (i.e., frame after frame).

As an example, the first two parameters obtained after the first GA step are the coordinates of the
outer hexagon in the search space. These are reported in Figure 9. As can be seen from the picture,
the X, coordinate shows some jumps. These can be put in relation with the autofocus. In the same
way, it is easy to notice that the coordinate Y, is subject to a variation of the first-order statistics (i.e.,
the mean value) over time. This is highlighted by the estimation of the moving average (order: 50
samples) reported in yellow in the graph.
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Figure 9. Outer hexagon coordinates over time (frame index). The moving average of the estimated
parameter Y, is added in yellow. N.B., The selected y coordinate ranges from the top to the bottom of
the displayed image (e.g., in Figure 6), differently from the standard.

Similar graphs are available for all the 13 optimized parameters. The position of the inner hexagon
center and the 8.8 logo vertex were then used to compute the angular position of the fan over time.
As can be seen in Figure 10, the angle increments over time are quite uniform if the green, red and
magenta points are not considered. In order to get a more consistent estimate, these points should
be compensated. As introduced, the green points (360° error) can be avoided by performing and
“unwrap” of the angle signal, while the red and magenta points correspond to a wrong localization
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of the 8.8 logo, which is confounded with the JD logo, so that the 180° error can be distinguished
and compensated.

Fan angular position variation over a time increment
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Figure 10. Fan angular position variation (angular increments Aa) over time (frame index). In green
are the points for the “unwrap”, in red and magenta are the errors to be compensated (8.8 logo missed).

From the compensated angular increments over time, Ag, it is easy to obtain the IAS estimate by
normalizing this signal with respect to the constant At = 1/ f;, as indicated in Equation (14).

For the sake of comparison, Hilbert phase demodulation was performed on the
running-mean-removed Y, signal so as to produce a second IAS estimate (Equation (17)). The two
estimates were then lowpass filtered to produce a more physically reasonable result. The IAS signals
after a FIR1 lowpass filter (order: 50 samples, cutoff: 0,1 f;/2) is reported in Figure 11.

Estimated IAS
T T
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Figure 11. Final Instantaneous Angular Speed (IAS) estimates from the SURVISHNO video.

As can be noticed in Figure 11, the two methods lead to overlapping results. This, then, increases
the confidence in the reliability and accuracy of the proposed video-tachometer procedure for the
IAS estimation.
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4. Discussion and Conclusions

The paper presented a novel method for implementing a cost-effective video-tachometer through a
GA-adaptive Template Matching. The target was an offline implementation, as the proposed algorithm
is not optimized enough and results slow if running on nowadays PCs. To give an idea, the software
execution takes, per each frame, about 2s for the first GA, 2s for the second GA, and 10s for the third GA
when using MATLAB R2018b on a machine with 8 GB of ram and an INTEL i7-7700 CPU at 3,60 GHz.
Clearly, for obtaining just the Hilbert demodulation estimate of the IAS, only the first optimization
step is needed, so that the computational burden can be strongly reduced, but it is not enough for
real-time implementation.

In any case, the method proved to be effective in estimating the IAS of the fan despite the limits of
the SURVISHNO 2019 video, acquired using a mobile phone. In fact, the wise selection of the search
space effectively dealt with spatial aliasing (i.e., the rolling shutter effect), temporal aliasing (i.e., because
of the 10 equal blades of the fan combined with a 30-fps sampling rate), and the additional autofocus
distortions. Furthermore, the GA-adaptive implementation of TM reconstructing the binary edge
template from a geometrical parametric model demonstrated its robustness to illumination changes
and noise in general, as well as to rigid and non-rigid transformations. The issue of background
changes and clutter was also tackled both in a pre-processing stage, by cropping and binarizing the
search frame, and in the three-step GA optimization, exploiting the information from the previous
stages for further focusing the TM on a smaller region of interest.

The here described GA-adaptive TM has the great advantage of allowing the localization of the
template with a super-resolution that goes beyond the pixel-grid discretization. This allowed obtaining
a robust and reliable estimate of the IAS, avoiding the need of expensive high-resolution encoders
or tachometers, which are otherwise necessary for non-stationary machine diagnostics. When the
speed is variable, in fact, the machine signature can only be highlighted by resampling the signal
synchronously with the angular position of a reference shaft (i.e., performing the so-called Computed
Order Tracking to get to the order domain). This way, the events which are phase-locked to the
reference shaft (e.g., the intake of a 4 strokes diesel engine to the crankshaft, or the meshing of a
broken tooth of a gearwheel to the supporting shaft, etc.) are put in evidence. Furthermore, the IAS is
considered a precious diagnostic information per se, so that the analysis of IAS anomalies is spreading
in the field of condition monitoring.

To conclude, given the here underlined strengths, the proposed signal processing gives an effective
and reliable tool able to foster the IAS-based condition monitoring, setting the state of the art for
video-tachometric acquisitions.

Supplementary Materials: The video was downloaded online during the international conference SURVISHNO
2019 at https://survishno.sciencesconf.org/resource/page/id/18.
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Abstract: Security enhancement and cost reduction have become crucial goals for second-generation
reusable launch vehicles (RLV). The thruster is an important actuator for an RLV, and its control
normally requires a valve capable of high-frequency operation, which may lead to excessive wear or
failure of the thruster valve. This paper aims at developing a thruster fault detection method that can
deal with the thruster fault caused by the failure of the thruster valve and play an emergency role in
the cases of hardware sensor failure. Firstly, the failure mechanism of the thruster was analyzed and
modeled. Then, thruster fault detection was employed by introducing an angular velocity signal,
using a blended filter, and determining an isolation threshold. In addition, to support the redundancy
management of the thruster, an evaluation method of the nonlinear model-based numerical control
prediction was proposed to evaluate whether the remaining fault-free thruster can track the attitude
control response performance under the failure of the thruster valve. The simulation results showed
that the method is stable and allowed for the effective detection of thruster faults and timely evaluation
of recovery performance.

Keywords: reusable launch vehicle; thruster valve failure; thruster fault detection; Kalman filter

1. Introduction

The successful flight of Colombia in 1981, the first space shuttle of the United States, pioneered the
partial reuse of a space launch vehicle [1]. However, it had high launch costs and a long preparation
period. Applying the learning experience from this shuttle mission [2], NASA implemented the
second-generation reusable launch vehicle (RLV) research program. At present, X-37B has been
successfully launched several times, with the longest orbiting flight time of 718 days [3], demonstrating
a breakthrough in RLV technology.

As anew type of aerospace flight vehicle, the effects of system failure caused by various actuators,
sensors, or system components are of more concern to researchers. Statistics from the Federal Aviation
Authority (FAA) and the National Transport Safety Board (NTSB) show that among the flight accidents
over the past decade, hardware and system failure were the main cause of loss-of-control during
flight [4]. Considering the harsh aerospace environment and the complexity of aerospace tasks, there is
a call for intelligent fault tolerance control that can handle component faults and does not increase
hardware complexity, cost, and mass [5].

RLV reentry usually relies on the thruster to supplement the aerodynamic actuator for attitude
control. Specifically, during orbit, deorbit, and initial reentry phase, the thruster is the main actuator
for the attitude control of the RLV.

Currently, the pulse width modulation (PWM) method [6,7] is mainly used for thruster control
in spacecraft. When a duty cycle of a thruster is modulated using this method, the thruster can be
considered as a continuous actuator. Its advantage lies in the application of the continuous multivariable
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control method to the RLV’s attitude control. However, the PWM method requires a thruster that
is capable of high-frequency operation, which may lead to excessive wear of the thruster valve. In
addition, the PWM duty cycle of the thruster system is subject to a certain practical limit [8].

One common approach to detect and isolate spacecraft thruster faults is to install pressure,
temperature, and electrical sensors on the thrusters. The use of these additional sensors makes
the fault detection and isolation quite simple and robust, as these sensors can assist in the direct
detection of thrust. However, the need for additional sensors adds to the complexity, mass, and
volume requirements of the spacecraft. This type of system is used, for example, on NASA'’s space
shuttle orbiter [9]. When such extensive sensing is unavailable, an online fault diagnosis approach for
thrusters can play an emergency role in the cases of hardware sensor failure or work as a supplementary
reference for online monitoring [10].

A maximum-likelihood-based approach was proposed in the literature [11,12] to detect leaking
thrusters for the space shuttle orbiter’s reactive control system jets; the soft failure was used to
designate a fuel or oxidizer leak in a vehicle reactive control system jet. For the fuel leak, it only
described the state in which one valve was open and the jet did not fire, but it did not consider
the fuel leak after valve wear and other valve failure cases. In the literature [13,14], fault detection
and isolation methods were developed based on the exponentially weighted recursive least squares
estimation using an accelerometer and angular rate sensors. A neural network then provided adaptive
control reconfiguration to multiple destabilizing hard and soft thruster faults. However they did
not provide an analysis of the failure caused by thruster valves, or, more particularly, the impact of
thruster failure caused by valve performance degradation on the RLV or spacecraft. A nonlinear
fault detection observer was designed in literature [15] to realize active fault tolerance tracking and
RLYV attitude control, combined with adaptive sliding mode technology, by the actuator redundancy.
However, the fault detection observer was assumed to be idealized and less affected by the sensor
noise and disturbances. In the literature [16], a velocity-free nonlinear proportional-integral control
allocation scheme was provided for the fault-tolerant attitude control of flexible spacecraft under
thruster redundancy. A uniform actuator fault model was established, but the system states before and
after the fault were not considered; moreover, the noise signals that approximate the control input
were also not regarded, leading to an output error from the model. The literature [17] proposed a
sliding mode observer with an equivalent output injection to reconstruct external disturbances and
actuator faults and developed a sliding mode-based attitude controller using an exponential reaching
law. The exponential reaching law relies on the state of the system and the corresponding formation of
the estimated parameters, although in the theoretical design process, the authors described the partial
failure of the thruster using the thruster fault modeling. However, it could not detect faults under low
thrust conditions due to the thruster leakage in the simulation verification process. The simulation
results also showed that the fault detection time frame of the designed sliding observer was more than
6 s. In literature [18], an observer-based fault-tolerant controller was constructed such that the states of
the resulting closed-loop systems were uniformly and ultimately bounded in the presence of model
parameter uncertainty, external disturbances, time-varying input delay, actuator faults, and actuator
saturation. However, the controller gain matrix and observer gain matrix were required to be designed
for satisfying the results of the uniformly and ultimately bounded system. This method helped in
dealing with several problems at the expense of optimal control performance in different situations,
and the fixed gain of the observer did not consider the requirements of specific fault detection such as
false alarm rates, fault detection rates, and fault detection time.

Literature [19] showed that any motion-based fault detection and isolation is reliant on the
accuracy of the measurement data used, thus, great care has been taken here to obtain highly accurate
angular and translational acceleration estimates from the gyros and accelerometers. The motion-based
method presented in this work was used and extended in this research.

Unlike previous studies, in this study, the failure of thruster valves, including valve wear and
leakage failure in addition to valve jams and difficulty in closure, was investigated. We proposed
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a detection solution for the failures based on motion state estimation with particular consideration
of the noise that affects the RLV operation in initial reentry, on-orbit, and de-orbit phase, which is
caused by electromagnetic radiation in near-Earth space [20]. In this paper, a physical filter was used
in combination with a Kalman filter to suppress the input interference of the approximate control of
the thruster valve, enhance the consistency of physical input and algorithm model input, improve the
accuracy of motion state estimation, and thereby improve the fault detection rate.

The paper aims at developing an online thruster fault detection method that can handle thruster
valve failure and does not increase more hardware complexity or cost.

Firstly, the failure of thruster valves under different working conditions was analyzed, and the
thruster model caused by valve failure was established.

Then, on the basis of the thruster model, a motion-based blending filter fault detection method is
proposed. The blending filter was used to estimate the thruster state and suppress the noise signals that
approximate the control signal. The fault detection was conducted by comparing the variance-based
function of the observed output in a certain time window with the threshold.

Finally, based on the thruster redundancy, a nonlinear model-based numerical control prediction
method is proposed to evaluate whether the remaining fault-free thruster can track the attitude control
response performance under thruster valve failure, and conducted for longitudinal attitude control as
an example.

2. Blending Filter-Based Thruster Fault Detection

2.1. Equations and Model

Ignoring the installation gap error of the thruster, the following can be assumed:

e  The RLV can be treated as an ideal rigid body and any elastic vibration can be ignored;

e  The dynamic characteristics of the navigation system can be ignored, and the feedback state of the
vehicle can be regarded as the ideal state.

For longitudinal attitude control, it can be assumed that § ~ 0, @ =~ 0, and, ignoring the earth’s
rotation, the flight dynamics equations [21] can be written as follows:

h = Vsin(6 - )

_ D _ pusin(6-a)
—Tmy _r—zz
. -V 0—
g:q_#_i_w , 1)
0=gqg
- _ M
=1

where £ is the altitude of the flight vehicle, V is the velocity, a is the angle of attack (AoA), 0 is the
pitch angle, g is the pitch rate, my, is the mass of the flight vehicle, L and D are the lift force and drag
force, respectively, u is the product of the gravitational constant and the mass of the Earth, r is the
distance from the flight vehicle to the center of gravity, I, yis the moment of inertia, and M is the pitch
moment that is the input and is induced by the thruster.

The thruster valve is normally used to control the thrust from the thruster. When the thruster
valve is open, the thrust produced by the thruster is not adjustable, so according to the thruster valve
switching state, the fault-free thruster has only two states: normal-rated thrust and no thrust. The
mathematical description of this can be written as follows:

ouU=0
H_{Ruzl’ @

where F is the normal rated thrust of the thruster, U is the switch command of the thruster valve that
represents the control input, 0 is the command to turn off the thruster valve, and 1 is the command to
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turn on the thruster valve. In this paper, the control signal refers to the physical signal corresponding
to the switch command of the thruster valve (control input).

2.2. Thruster Model Based on Valve Failure

Figure 1 shows the basic principle of the thruster. By supplying power to the coil, the electromagnet
generates a magnetic force that drives the thruster valve to either switch on or off, so the fuel combines
with the catalyst and, after heating, generates injection gas to provide reaction thrust to the RLV.

Fuel Valve Heater and Catalyst

Electromagnet
\m_Comrol signal
\hysical filter

Figure 1. Structural diagram of the thruster.

For this study, the possible thruster faults caused by the failure conditions of the thruster valve are:
Fault A: The thruster valve is closed; a control signal is activated to turn on the valve, but the
thruster valve does not open and a pipe jam fault occurs, that is:

U(k=1) =0

F; =0, when { uk) =1 . 3)

Fault B: The thruster valve is open; a control signal is applied to turn off the valve, but the thruster
valve does not close and the pipeline cannot be closed, that is:

Uk -
F; = F,wh . 4
1 ’w"’”{u(k):o @
Fault C: The thruster valve is open; after a control signal is given, the valve-closing performance
of the fuel pipe attenuates so that it is not completely executed in accordance with the control signal,
and the valve only partially closes, that is:

Fi(k-1)=F, U(k-1) =1
{ Fi(k) = tF,U(k) = 0 ' ®)

where 7 refers to the ratio of the incomplete closing distance to the width of the nozzle after
performance degradation.

2.3. Blending the Physical Filter and Kalman Filter for Fault Detection

The Kalman filter conducts timely calculations, has a small cache space, and estimates based on
sensor feedback data. In this study, we used the aforementioned filter to estimate the attitude angular
rate of the RLV.

The state variables x € R" of the discrete time process can be estimated by the Kalman filter and
can be described by the following discrete random difference equations:
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X = AXk,1 +Buk,1 +Wji_1
z; = Hx+vy

, (6)

where the random signals wy_; and vy represent the process noise and observation noise, respectively.

They can be assumed to be white noises and are independent of each other. Their probability density

obeys the normal distribution of expectation 0, variance Q and expectation 0, variance R, respectively.

The Kalman filter comprises the prediction part based on the time series, and the correction

and updating part based on the measurement feedback, wherein the prediction part is given by the
following formulae:

)A(I: = AX_1+Buy_q

d , @)
P = AP_AT+Q

where X, represents the forward-calculation state variables, P is the forward-calculation error
covariance, and X;_; and Pj_; are the initial estimations.
The measurement feedback correction formulae are:

K; = P H'(HP H” + R)™'
)A(k = )A(}: + Kk (Zk bl H)A(]:) (8)
Py = (1 - KkH)P];

where K is the Kalman filter’s gain, z; represents the observation variables, X is the updated estimate,
and Py is the updated error covariance.

In the longitudinal attitude control of a thruster, the short-cycle mode manipulation moment has
a greater influence on the pitch rate. In this study, the pitch rate was used as a variable state of the
fault detection and the Kalman filter was designed for the state of estimation, and combined with
Equation (1). The equation of the state of the thruster longitudinal attitude fault detection can be

expressed as follows:
MAt

9 =g+ ——, )
¥

where q; is the pitch rate at the next moment, g;_1 is the pitch rate at the current time. The approximate
interval time of the thruster control command is At. Equation (9) is obtained using the forward Euler
method. The filter can be used for the estimation of one dimensional or multidimensional random
process. In Equation (6) the pitch rate is the state variables, A=1, B = 1/I;, H is considered an
ideal sensor gain of 1, and uy_; refers to the pitch moment generated during the interval time of
thruster control command. In the system design, the related allowable deviation range is given for
the state variable and the observation owing to the uncertainty caused by noise. Therefore, the white
noise variances Q and R can be set according to the deviation range of the state variable and the
observation variable.

In this study, the state estimation of the Kalman filter is combined with the physical feedback and
the prediction calculation. It is used as a software algorithm that predicts a follow-up state based on
the model of a current state, and it is necessary to consider the consistency between the model input
and the input of the physical system. If there is an approximate control signal noise in the input of the
physical system, it may lead to the following: one is that the input of the physical system will deviate
from the input of the model; the other is that the input of physical system has a great influence on the
sensor data generated by the actual physical system, which is then introduced into the Kalman filter
for state estimation. These challenges may result in the failure of the Kalman filter to estimate the state,
as shown in Figure 2.

In the RLV flight, several thruster missions, including on-orbit, de-orbit, and initial reentry, are
performed in the near-earth space environment. However, electromagnetic radiation in the near-earth
space environment is very complex [22]. Furthermore, the noise caused by electromagnetic induction
or charging effect of the vehicle can easily interfere with the control signal [23]. However, the vehicle
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control input usually works within a certain frequency band. For example, the flight attitude control
command period is 20 ms, the guidance command period is 100 ms, and the no-command state still
sends the reference pulse based on the command period. Therefore, in this study, a bandpass physical
filter was introduced and applied before the control signal input in order to suppress the approximate
control signal noise. The input position of the physical filter is shown in Figure 1. The approximate
control signal noise outside the frequency band, which is caused by electromagnetic radiation in space,
will be suppressed after passing through the physical filter. This ensures that the state estimation
performed using the Kalman filter is more accurate. A sample circuit diagram of the physical filter is
shown below in Figure 3.

—— Kalman filter state estimation
— The actual data

02 05 1 15 2 25 3

Time (s)

Figure 2. Kalman filter state estimation under the interference of approximate control signal noise.

1/2 Vdd

1/2 Vdd

k>
] 1/2 Vdd

(a)

(09p) aseud

Magnitude (ab)

Frequency (Hz)

(b)

Figure 3. Example of a bandpass filter: (a) bandpass filter circuit diagram; (b) frequency
response diagram.
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The filter is designed using the FilterLab 2.0 software; the passband frequency is from 10 Hz to 50
Hz, which meets the control input period.

The introduction of the physical filter improved the input consistency between the model and the
physical system as shown in the simulation results given in Figure 4. Blending the physical filter and
Kalman filter results in a smaller state estimation bias in comparison to the Kalman filter.

Kalman filter state estimation
Blending filter state estimation
The actual data

-0.2
0

0.5 1 1.5 2 25 3
Time (s)

Figure 4. Blending of the physical filter and Kalman filter state estimation under the interference of
approximate control signal noise.

In the attitude loop, the onboard calculation period is typically in the order of several tens of
milliseconds. In this paper, the residual deviation between the predicted output of the blending filter
(2r) and the sensor measurement feedback (z;) was used as the observation output in each period for
three types of faults, that is:

Y = Zx — ik

. 1
1 = Hxp+v — HX; (10)

Fault-free condition: E[r] =0, their probability density obeys the normal distribution of
expectation 0, variance R.

Fault condition: E[r] # 0

A variance test is used for the residual evaluation for a selected time frame, and analysis; see
Section 4.1.

Establishing the binary hypothesis:

HO: fault-free

H1: fault

The designed fault detection function (weighted sum of squared residuals) was:
A =1l A My, (11)

where Ay = dia g(O',%), o are the 1, group standard deviation, then Ay ~ x?(m), m equals the dimension
of z.
The fault-free was determined by:
A < Tp. (12)

The fault was detected by:
/\k > TD. (13)

To determine the Tp according to the requirement of the system false alarm rate Pr:

Pr =ar, (14)
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then,
Pr = f )(z(m)d/\ =ar — Tp, (15)
Tp

where a7 is the expected value.

3. Thruster Control Recovery Evaluation Based on Proposed Fault Detection

An RLV is a highly maneuverable vehicle that can implement missions of on-orbit, de-orbit, and
reentry in the atmosphere. For different missions, the attitude control response needs to achieve
different performances according to guidance commands, but when the working thrusters fail, the
attitude control response performance will be affected. As an important actuator for an RLV, the
thruster is usually designed with redundancy to ensure a safe flight. Based on the redundancy of
the thruster, stopping the thruster failure and quickly selecting the fault-free thruster to recover the
attitude control response performance are very helpful to improve the fault-tolerant ability of the RLV.

This section describes the nonlinear model-based numerical prediction method that was used to
evaluate whether the remaining fault-free thrusters can track the attitude control response performance
under the failure of the thruster valve.

The attitude control response includes the following parts:

Overshoot < 0.%

Rise time <t
Settling time < tg
Steady-state error <e..

In the RLV’s longitudinal attitude loop, it has a plurality of thrusters for pitch control; the force
generated by a single thruster is F, the maximum thrust generated by the thrusters is Fy;4x, and the
fault boundary of the thruster is Fj,,4, as shown in Figure 5.

x Center of gravity

Figure 5. Thruster positions diagrams.

For RLV longitudinal attitude control, the thrusters provide directional impulses in the +y-axis.
Considering the RLV’s longitudinal attitude nonlinear model from Equation (1), M represents the
operating pitch moment of thrusters,

1
M =Y FiLU;, (16)
i=1

where F; corresponds to the output of the i thruster, see Equation (2), Uj is the switch command of
the i thruster valve for two states 0 and 1. The command to turn off the thruster valve is 0, and that to
turn on the thruster valve is 1. L; is the distance from the acting force to the center of gravity of the RLV.
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In this study, when the fault was detected, the working thrusters were isolated and the other
thrusters were employed to track the attitude control response performance. It is important to note that
multiple thruster control allocation schemes may satisfy the attitude control response performance;
however, minimum consumption of energy is the foremost objective for control allocation strategy:

J= min{slrs2r' =Sy},

k , 17
= Lhibj =12 a7

where S; represents each thruster control allocation scheme of energy consumption in a selected time
frame, v; is the number of working thrusters at each control period and ] is the priority objective for
the control allocation strategy.

An allocation scheme for thruster control that can satisfy the attitude control response of
performance was determined in three steps.

The first step was to calculate the gain K}, according to the required rise time after the attitude
angle control command was given. The specific algorithm is as follows:

Algorithm 1: K, gain numerical calculation for rise time requirement

Input: «,,

Output: ¢, ¢, a

Control variable: M

1 Initialization Equation (1) state and parameters.

2 for (K, =mn ton,)do
3 for (1=0to¢.)do
4 RK45 output iterative assignment
5 if 0<r<t. then
Dema = (acmd _a) / (t,f _t)
6 € =9ema —4
q.cmd - eq /K ¥4
Mcmd = (dcmd - q) : [}/
Determining the thruster control number based on M,
8 end
9 Calculate operating moment input M to RK45
10 end
11 K, is determined according to the principle of minimum «,,, — o deviation when
1. arrives
12 end

where g4 is the pitch rate reference command, a4 is then given command of the AoA, ¢, is the
deviation between the pitch rate reference command and the feedback, K}, is the adjustment gain in the
limit range 11y n5] of the RLV's pitch acceleration, g, is the reference pitch acceleration, and M4 is
the expected control moment. RK45 is the Runge-Kutta method including Equation (1).

The second step is to calculate the control moment and identify the thruster control allocation
scheme satisfying the steady-state error requirement based on Algorithm 1. The specific algorithm is
as follows:
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Algorithm 2: Nonlinear model-based numerical control

Input: «,,,

Output: «

Control variable: M

1 Initialization Equation (1) state and parameters.
2 Calculate K, by Algorithm 1
3 for(z =1toN)do

4 RK45 output iterative assignment

5 if 0<z<z. then

6 Calculate operating moment input M to RK45 based on Algorithm 1
7 else

8 €y =g — A

9

if e, >e. or e, <—e. then

10 for (j=—nton)do
11 Thrst,,, = Jj
12 M, =Thrst,,, -M,
13 e; =,  — RK45(M,)
14 if —e< e'j <e. then
15 Save Ml to command set
16 end
17 end
18 In the command set, determine M by the principle of the minimum
energy consumption
19 else
M=0
20 end
21 Calculate operating moment input M to RK45
22 end
23 end

where ¢, is the deviation between the AoA command and the feedback, Thrst;;, is the remaining
fault-free thruster working number, M is the control moment from a single thruster, M is the control
moment for each control period, and M is an assumed control moment. The condition of |e,|< e, the
algorithm used a circular prediction calculation by the Runge-Kutta method (RK45) to match it with
M input and the flight dynamics model; M; was replaced in turn from rest fault-free thruster [ 1] at
each cycle to find the optimized control moment.

The third step is to evaluate whether the remaining fault-free thruster that can track the attitude
control response performance under the failure of the thruster valve using the nonlinear model-based
numerical control prediction. The prediction flow chart is as following Figure 6:
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. Entry evaluation process

Is there a fault in the
thruster valve?

()

Quit evaluation process

YES
4
1, Random given maximum guidance step
command;
2, Calculate algorithm 1 /Load Kp table ;
3, Calculate algorithm 2 ;

Does it satisfy the step
response performance
equirements of guidan

no—>()

Quit evaluation process
& Alarm report

YES

v

Isolate the original
working thruster group

Quit evaluation process
& Report

Figure 6. Thruster control recovery evaluation based on fault detection.

In conclusion, the multi-thruster, from a working equivalence point of view, can be regarded as
a single thruster. The upper limit of the thruster can be set, and fault detection and isolation can be
conducted based on the three types of faults, with the isolation state either turned on or off for all of
the types. A numerical calculation method based on a nonlinear model was used to evaluate control
recovery and determine if the fault-free thruster could track the attitude control response performance
following failure of a thruster valve.

4. Results

In this study, the RLV flight numerical simulation from the deorbit to the initial reentry phase
was used to verify the feasibility and performance of the proposed method. The state of the vehicle in
the example was as follows: the Mach number M, = 25, AoA initial state was 0°, AoA command was
a = 40°, thrust generated by a single thruster F; = 3.87 kN [12], distance from the moment vector to the
center of gravity Ly = 26.86 m, and moment of inertia I, = 651,470 kg-mz. The nonlinear flight dynamics
model in Equation (1) was employed for verification. The 1796 U.S. standard atmosphere model [24]
was used in this study and the example vehicle data were comparable to the space shuttle [25].
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4.1. Thruster Fault Detection

»  State estimation

Considering the three fault types A, B, and C, the state estimation and fault-free status comparison

were made among the three fault types using the blended Kalman filter, as shown in Figures 7-9.

q(s)

0.2

q(°fs)

Blended Kalman filter state estimation

— The actual data

0.2l Blended Kalman filter state estimation
Tl —— The actual data
025 N . " " . 12 . . . "
0 0.5 1 15 2 25 3 0 05 15 2 25
Time (s) Time (s)
(a) (b)

Figure 7. Type A fault vs. fault-free state estimation: (a) type A fault state estimation; (b) type A
fault-free state estimation.

Figure 7 depicts the state estimation of the type A fault and the fault-free state using the blended
Kalman filter. The thruster valve was closed in the previous time period, with an initial pitch rate of
0°/s, and, after a command to turn on the valve was given, the fault-free thruster generated a thrust to
create an incremental pitch rate, as shown in Figure 7b. Figure 7a displays the type A fault state, that
is, it was turned off in the previous moment, with a pitch rate of 0°/s; no response output occurred
after a thrust command was given at the latter point as the valve was stuck. As shown in the above
figures, the state estimation of the blended Kalman filter was consistent with the actual data trend in
the fault and fault-free conditions, and the deviation was in the range of +0.1°/s.

3.4

T T T 2.25 T T
Blended Kalman filter state estimation
— The actual data

Blended Kalman filter state estimation
— The actual data

32

q('ls)
q(*/s)

0 0.5 1 1.5 2 25 3
Time (s)

@

Figure 8. Type B fault vs. fault-free state estimation: (a) type B fault state estimation; (b) type B
fault-free state estimation.
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Figure 9. Type C fault vs. fault-free state estimation: (a) type C fault state estimation; (b) type C
fault-free state estimation.

Figure 8 depicts the estimations of the type B fault and the fault-free state. On the premise that
the RLV had a pitch rate at the initial moment of 2°/s, the thruster valve in the previous time period
was turned on, and, after a command to turn off the valve was given, the thruster should close under
the fault-free state and the pitch rate should have been maintained at around 2°/s. Figure 8a displays
the type B fault state, that is, after a command to turn off the valve was given, the valve was stuck
and did not close. Under the condition of the above-mentioned type B fault and the fault-free state,
the state estimation of the blended Kalman filter agreed with the trend of the feedback data, with a
deviation within the range of +0.1°/s.

Figure 9 displays the estimation of the type C fault and the fault-free state. As shown above, when
the vehicle had an initial pitch rate of 2°/s, the thruster valve at the previous time was turned on, and,
after a command to turn the valve off was given, the thruster did not completely close, indicating
a type C fault. Here, it was assumed that the ratio of the valves” incomplete closing distance to the
nozzle width was 7 = 0.2 after the performance had been attenuated under the limit conditions. As
the type C fault is a small thrust-related leakage problem, the pitch rate increment will be slowly
generated, as shown in Figure 9a. The pitch rate should fluctuate around the initial pitch rate of 2°/s
under the fault-free state, as shown in Figure 9b. The state estimation method adopted in this paper, as
mentioned above, remained consistent with the trend of the observed data, with a deviation within the
range of +0.1°/s.

»  Variance test

In this study, based on the above-mentioned state estimation of the blended Kalman filter, the
residual deviation between the state estimation of the pitch rate and the sensor feedback in each period
was compared and considered as the fault detection condition. The variance in the 3 s time window
was counted; a fault could be ascertained when it was outside of the given threshold. Figure 10
shows a comparison of the residual deviation between the type A, B, and C faults and the fault-free
state, respectively, and its variance in the 3 s time window was counted. As shown in Table 1, the
minimum variance of type A, B, and C faults was more than 0.01, however the maximum variance of
the corresponding fault-free state was less than 0.00006, therefore, a threshold which was an order of
magnitude larger was selected as the decision condition to obviously distinguish the fault state from
the fault-free state. In addition, the mean test data in Table 1 further shows that a significant difference
exists between the mean value of fault-free residual and that of fault residual within 3 s.
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Figure 10. Type A, B, and C fault residuals vs. fault-free residuals: (a) type A fault residuals vs.
fault-free residuals; (b) type B fault residuals vs. fault-free residuals; (c) type C fault residuals vs.
fault-free residuals.

Table 1. Thruster fault detection.

Fault Type DIri-group) meanri.group| Fault-Free
D [rk-group] mean [rk-group]
A 0.067100 —0.542500 0.000062 —0.000512
B 0.127900 —0.514600 0.000064 —0.000223
C 0.010700 —0.124600 0.000026 —0.000087

»  False alarm rates and fault detection rates test

In this study, the process noise was zero mean white noise with a standard deviation of Q'/2, and
the standard deviation of noise changed from 1 x 1078 to 1 x 1073. Each simulation took 1000 data
points, chi-square degree of freedom m = 1, false alarm rate at = 5%, look-up table Tp = 3.84. The
test results for the false alarm rates are given in Figure 11.

Figure 11a shows that the false alarm rate varies from 3.5 to 6.5, suggesting that the threshold
determined by the formula did not meet the requirement (ar = 5%) as shown in Figure 11a. Increase the
correction coefficient B¢, Tp, = BcTp. fc was obtained through simulation and validation calculations,
which increases with 0.01 per step from . = 1. For each f. test, 10,000 data points were used to verify
the false alarm rates ar = 5% And from the test, . = 1.15. After correction, Figure 11b shows the false
alarm rates varied between 2.5 and 5.0 and met the requirements of the 5% false alarm rate. Due to
the existence of approximate control signal noise in the system, the noise is not suppressed after the
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extended Kalman filter (EKF) based solution is employed. As shown in Figure 11c, the false alarm
rates varied from 16 to 26, and these rates are much higher than that of the blending filter solution.
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Figure 11. False alarm rates test: (a) blending filter solution false alarm rates test by Tp; (b) blending
filter solution false alarm rates test by correction Tp; (c) extended Kalman filter solution false alarm
rates test by correction Tp.

Several faults are presented in this paper for the fault detection rates test. The first group was
1000 A-type faults; the second group was 1000 B-type faults; the third group was 1000 C-type faults;
the fourth group contained mixed faults i.e., 1000 B-type and C-type mixed faults. The Tp, was used
in this test and the test results are given in Table 2.

Based on the classification of class A, B, and C faults, it was easy to distinguish the fault classed
based on the state of the control input of class A faults which is different from that of class B and C
faults. The class B and C faults produced different thrust so the A; from fault detection functions were
different and could be classified by comparing their values. All multiple thrusters received the same
control command, and the results suggest that class B and C faults can be part of the same group of
control thrusters at the same time. Hence, when class B and C failures occur at the same time, the thrust
generated is greater making fault detection easier. The blending filter solution has a high detection
rate of A-type, B-type, B and C mixed faults i.e., at than 90%, and a good detection rate of 87.8% was
obtained for type C leakage faults as they are not easy to detect as shown in Table 2. However, owing
to the lack of the suppression function of approximate control signal noise, the EKF based solution
showed worse performance than the blending filter solution in the fault detection rates test. The test
results are shown in Table 2.
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Table 2. Fault detection rates test.

Miss Ratio Pyg (%)

Fault Detection Rates Pp (%)

Fault Type Fault Number EKF Solution/ EKF Solution/
Blending Filter Solution Blending Filter Solution
A 1000 27.40/8.40 72.60/91.60
B 1000 18.00/6.30 82.00/93.70
C 1000 32.10/12.20 67.90/87.80
B&C 1000 10.60/3.80 89.40/96.20

4.2. Thruster Control Recovery Evaluation

This section describes the reference response curve employed to determine whether the remaining
fault-free thruster can track the attitude control response performance under the failure of the thruster
valve, as shown in Figure 12.
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Figure 12. Angle of attack (AoA) reference response curve and the number of working thrusters in the
fault-free state: (a) An AoA reference response curve in the fault-free state; (b) the number of working

thrusters in the fault-free state.

The thruster configuration refers to the space shuttle’s data [9]. The RLV includes 38 main thrusters
and 6 moving thrusters. The thruster evaluation was studied with reference only to the main thrusters.
In accordance with the RLV redundancy configuration, the RLV longitudinal attitude control was
configured as {-10,...,-2,-1,0,1,2,...,10}, where “~" indicates the +y-axis impulse generated.

Figure 12 shows an AoA reference response curve and the thruster operation input in the fault-free
state. In the rise time period, in order to shorten the rise time and the settling time, more thrusters
were needed to generate the expected thrust.

To conduct a simplified analysis of the number of operating thrusters and their operation time, as
shown in Figure 12b, 1 s was taken as the unit time, assuming that a thruster was operating at full load
for one second, i.e., two states including 1 s continuously turned on or 1 s continuously turned off.

Figure 13 displays the AoA step response output and thruster operation input under type A, B,
and C faults and fault-free conditions. During the rise time period, as shown in Figure 13b, the thruster
shows a type A fault in the period of 2-5 s and stopped operating. During this period, the blended
Kalman filter was used to diagnose and isolate the faulty thruster and, based on the reference response
curve, the remaining fault-free thruster was employed to evaluate the control recovery performance
using Algorithm 1 and Algorithm 2. The red part in Figure 13b represents the number of thrusters and
the working time for the type A fault. During adjustment of the working thruster, the AoA response
was as shown in Figure 13a, and to improve the settling time after fault tolerance, both the given pitch
rate and the overshoot were increased, while the pitch angle was adjusted by the controller to reach
the steady-state requirement.
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Figure 13. Response output and the number of working thrusters for the type A, B, and C faults and
the fault-free state: (a) AoA response output for the type A fault and the fault-free state; (b) the number
of working thrusters in the type A fault and fault-free state; (c) AoA response output for the type B
fault and the fault-free state; (d) the number of working thrusters in the type B fault and fault-free
state; (e) AoA response output for the type C fault and the fault-free state; (f) the number of working
thrusters in the type C fault and fault-free state.

In the stage of the attitude angle feedback control, as shown in Figure 13d, the thruster showed
a type B fault in the period of 35-39 s, the thruster was turned on at the previous time and did
not close at the latter time when the command to turn off was given. The steady-state error then
increased, and the controller isolated and switched over the thruster, as shown in Figure 13d. To
rapidly reduce the steady-state error, the number of active thrusters was increased, and after the
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steady-state error was adjusted, the number of thrusters was reduced according to the principle of
energy consumption optimization.

In the steady-state stage, as shown in Figure 13f, at 44 s, the two thrusters were in operation, then
were closed after a command was given, but in the period of 45-48 s, the thruster was not fully closed
due to a type C fault, hence, only one thruster closed. At this stage, the steady-state error increased,
and a new demand for operating the thruster was given. After adjustment, the steady-state error
stabilized, and the performance requirements were met, as shown in Figure 13e.

In the above cases, after the failure of a thruster valve, the remaining fault-free thrusters can
satisfy the recovery control performance.

4.3. Running Time and Stability Testing of the Algorithm

This section describes the 1000 cases of random thruster valve failures and AoA command settings
that were used to evaluate the running time and stability of the algorithm on the computer, as shown
in Figure 14a,b.

Number

Type A fault Type B fault Type C fault 39 40 41 42
Fault types AoAcmd(®)
(@) (b)

250

AoA command
- AoA response output in different fault state

150

Number

3
8

501

L . . . . . . 0
OO 10 20 30 40 50 60 70 80 32 34 36 38 4 42 44 46 48 5
Time (s) Time(s)
(9 (d)

Figure 14. Running time and stability tests of thruster fault detection and control recovery evaluation:
(a) random fault assignment statistics; (b) random AoA command given statistics; (c) AOA response
output based on the thruster fault detection and control recovery; (d) running time statistics for
each sample.

The computer configuration is: Intel(R) Core(TM) i5-4200H CPU @ 2.80GHz, RAM 4.00GB,
Windows 8 operating system.

Figure 14c shows that the algorithm has good stability in evaluating whether the remaining
fault-free thruster can track the attitude control response performance under the failure of a thruster
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valve. At the same time, Figure 14d shows that the algorithm can complete a fault detection and
performance recovery evaluation between 3.2 s and 4.8 s.

5. Discussion

The PWM method is a mature technology of thruster control and is widely used [6-8], but its
high-frequency on/off thruster valve operation and valve lifetime are the main causes of the failure
problems studied in this paper. Motion-based diagnosis has been proven to be effective [19], and
Kalman filtering has been applied in engineering for a long time, however, some shortcomings existed
in the proposed research of motion-based fault diagnosis. The approximate control signal noise
has a serious impact on Kalman filter model-based state estimation. The frequency of the noise is
different from that of the control signal. Therefore, a bandpass filter was introduced to suppress the
approximate control signal noise. At the same time, Kalman filtering was used to estimate the motion
state and to detect the failure of the thruster valves. The simulation shown in Figure 11 showed that
the results met the criterion of the false alarm rates of 5% by blending the filter detection. In addition,
to support the redundancy management of the thruster, a recovery evaluation method of employing
the remaining fault-free thruster to track the command performance under the failure of a thruster
valve was employed; Figure 14 demonstrates the effectiveness of this method. The algorithm running
time and stability were tested in 1000 cases, as shown in Figure 14. The running time was between
3.2 s and 4.8 s, and the algorithm operated stably without a dead cycle.

In this study, several thruster missions, including on-orbit, de-orbit, and initial reentry, were
assumed to be performed, in which the atmospheric density is close to vacuum. In the future,
the extended application of this method, such as the aero-assisted orbital transfer mission, will be
focused on, in which the atmospheric density is in the low-density state. In addition, the redundancy
management of actuators will also be one of the key research directions in the future.

6. Conclusions

In this paper, the fault types of a thruster valve were analyzed, and three types of thruster valve
failure states were examined. By adding a physical filter, the potential influence of the approximate
control signal noise on the Kalman filter state estimation was reduced, meanwhile, the residual data
was analyzed according to the effective detection and the fault threshold was given in combination
with the statistics of the variance. For the three types of fault diagnosis, the threshold generated by the
above method was clear and fault detection could be achieved in a short time window. In addition, a
controlled recovery evaluation scheme was proposed, combining a nonlinear model-based numerical
control prediction, to determine whether the remaining fault-free thrusters can meet the requirements
of command performance tracking. Finally, the simulation demonstrated that this method can detect
the thruster fault within a certain time window, quickly evaluate the recovery performance, and
run stably.
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Abstract: A rolling bearing is an important connecting part between rotating machines. It is
susceptible to mechanical stress and wear, which affect the running state of bearings. In order to
effectively identify the fault types and analyze the fault severity of rolling bearings, a rolling bearing
fault diagnosis method based on multiscale amplitude-aware permutation entropy (MAAPE) and
random forest is proposed in this paper. The vibration signals of rolling bearings to be analyzed
are decomposed into different coarse-grained time series by using the coarse-graining procedure in
multiscale entropy, highlighting the fault dynamic characteristics of vibration signals at different scales.
The fault features contained in the coarse-grained time series at different time scales are extracted
by using amplitude-aware permutation entropy’s sensitive characteristics to signal amplitude and
frequency changes to form fault feature vectors. The fault feature vector set is used to establish the
random forest multi-classifier, and the fault type identification and fault severity analysis of rolling
bearings is realized through random forest. In order to demonstrate the feasibility and effectiveness
of the proposed method, experiments were fully conducted in this paper. The experimental results
show that multiscale amplitude-aware permutation entropy can effectively extract fault features
of rolling bearings from vibration signals, and the extracted feature vectors have high separability.
Compared with other rolling bearing fault diagnosis methods, the proposed method not only has
higher fault type identification accuracy, but also can analyze the fault severity of rolling bearings to
some extent. The identification accuracy of four fault types is up to 96.0% and the fault recognition
accuracy under different fault severity reached 92.8%.

Keywords: rolling bearings; fault diagnosis; multiscale entropy; amplitude-aware permutation
entropy; random forest

1. Introduction

A bearing is one of the core components of rotating mechanical system. It is a highly standardized
precision mechanical device, which has the advantages of low friction, easy assembly and use, and
high work efficiency [1]. However, as a connection between rotating parts, the bearing should also bear
a certain load as a supporting part. Therefore, in the use of the bearing, it is inevitably subjected to a
series of physical effects such as mechanical stress and mechanical wear, which will lead to deformation
and corrosion of the bearing over time, leading to changes in the running state of the bearing. Moreover,
due to the imperfect production technology and improper operation and installation, the bearing
will also produce artificial damage, and the accumulation and deepening of this damage eventually
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leads to the failure of bearing [2]. Rolling bearings are mainly composed of inner race, outer race, ball
elements and retainer, and the fault types of bearings are generally shown in the form of several parts
defects described above, among which the most common types of rolling bearings are the failure of
inner race, outer race and ball elements. A bearing is also the most easily worn out part of motor.
According to statistics, more than 40% of motor faults are related to a bearing [3,4]. Therefore, fault
diagnosis of rolling bearings is of great significance to ensure the reliability and safety of rotating
mechanical system.

At present, fault diagnosis methods based on different theories have been successfully applied
to fault diagnosis of rolling bearings [5], such as vibration, acoustic noise [6,7], stator current,
thermal-imaging, and multiple sensor fusion, etc. The fault diagnosis method based on vibration signal
is one of the most commonly used fault diagnosis methods for rolling bearings in rotating machinery.
Firstly, it is convenient to acquire vibration signal of a rolling bearing, and the cost of monitoring
equipment based on vibrating sensors is low. Secondly, the vibration signal is not easily affected
by external environment noise. A rolling bearing inevitably generates vibration along with rotation
during operation. Vibration, as an external manifestation of a bearing’s own dynamic characteristics,
contains rich state information and can reflect bearing fault information. When there is a failure period
of the rolling bearing, the vibration signal usually contains some periodic pulse signal. The signal is
collected by the vibrating sensor on the bearing base for further analysis and processing, so that the
rolling bearing state change information can be obtained and the bearing fault type can be identified.
In recent years, scholars in the field of fault diagnosis of rolling bearings based on vibration signal
continue to explore, and made a lot of research results. However, there is still the problem of low
fault identification accuracy due to insufficient fault feature extraction. Especially, the research of fault
severity analysis is one of the urgent problems in this field.

According to the characteristics of vibration signal of rolling bearings, the fault diagnosis methods
based on data-driven method, mathematical model and pattern recognition method are widely
used [8,9]. Although the data-driven method is flexible in use, it is often used for fault detection
and has low fault identification accuracy. The mathematical model-based method needs to model
the running state of rolling bearings and accurately model different fault types to obtain better fault
diagnosis results. Therefore, pattern recognition is one of the important fault diagnosis methods to
analyze the vibration signal of a rolling bearing. It is mainly divided into two parts: effective feature
extraction contained in vibration signal and classification of the fault features.

For feature extraction of a rolling bearing vibration signal, the time-frequency analysis has become
a principal method to extract the fault characteristics of rolling bearings because the vibration signal is
often non-stationary. Wavelet transform (WT) is one of the common time-frequency analysis methods
to extract the fault characteristics of rolling bearing vibration signals [10]. The wavelet basis function
and kernel parameters need to be predefined, and the different selection of them will influence the
effect of feature extraction of vibration signals. Therefore, WT cannot be used to adaptively decompose
the signal according to its time-frequency characteristics, which to some extent limits the practical
application of WT in rolling bearing fault diagnosis [11]. Wavelet packet transform (WPT) is also a
typical time-frequency analysis method for vibration signal of rolling bearings [1]. However, it is
necessary to determine the wavelet basis function and the number of decomposition layers of wavelet
packet before applying WPT. Improper selection of these will directly affect the effectiveness of wavelet
packet decomposition, so that the hidden essential features in the signal cannot be revealed. Empirical
mode decomposition (EMD) is a self-adapting time-frequency decomposition technique that was
presented by Huang N. E. in 1998 [12]. EMD can adaptively decompose a nonlinear and non-stationary
signal into a series of intrinsic mode functions (IMFs) containing signal characteristics of different
frequencies. EMD combined with different entropy methods provides an effective method for fault
feature extraction of rolling bearings [13-16]. However, EMD is prone to boundary effect and mode
mixing problems in the practical application process, which will lead to poor feature extraction effect.
In order to avoid the above problems in EMD, ensemble empirical mode decomposition (EEMD),
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complete ensemble empirical mode decomposition (CEEMD) and local mean decomposition (LMD)
have been proposed successively and successfully applied to rolling bearing fault diagnosis [17-22].
Although the above methods in principle solve the boundary effect and mode mixing problem, these
problems cannot be completely avoided in real-world application.

The methods based on entropy theory can measure the complexity of complex time series
effectively that are often used as the feature extraction methods of rolling bearing vibration signal.
The decomposed signals of the above time-frequency analysis methods can be measured by different
entropy theories and constitute the feature vector. Complexity of time series can be obtained through
several measures such as approximate entropy, sample entropy, energy entropy, permutation entropy
and so on. As the calculation result of approximate entropy (ApEn) is excessively dependent on the
data length, Richman and Moorman proposed an improved time series complexity measurement
method called sample entropy (SampEn) [23]. However, ApEn and SampEn can only measure the
complexity of time series from single scale. For many time series, only describing their complexity on
a single scale will lose a lot of important information. To more fully describe the complexity of time
series, Costa et al. proposed the concept of multiscale entropy (MSE) in 2002 [24]. Firstly, spatial scale
segmentation of time series is carried out, and then the SampEn at each scale is calculated, so as to obtain
the complexity of time series at different scales. In recent years, combining with the characteristics of
other entropy theories, multiscale permutation entropy [25] and multiscale fuzzy entropy [26] have
been proposed and successfully applied in the fault feature extraction of rolling bearings. Therefore,
it can be seen that the coarse-grained process of MSE to decompose the vibration signal of rolling
bearings and using the entropy theory to describe the fault characteristics of the decomposed signals
has become an effective way to realize the fault feature extraction of rolling bearings. However, the
feature extraction method based on multiscale permutation entropy and multiscale fuzzy entropy
ignore the influence of the amplitude of element on entropy in time series, which will make the
extracted features have greater randomness and affect the fault identification accuracy. Azami and
Escudero proposed the Amplitude-aware permutation entropy (AAPE) to improve the sensitivity
of PE to the amplitude and frequency of time series [27]. Different from the permutation entropy
algorithm, AAPE algorithm takes into account the mean of signal amplitude and the deviation between
amplitudes. In this paper, in order to effectively extract the fault characteristics of rolling bearings,
multiscale amplitude-aware permutation entropy (MAAPE) is used to extract the fault features of
rolling bearings.

For fault type identification, high performance multi-classifier is used to identify the extracted
fault features to determine the fault type or fault severity of rolling bearings. B. Li et al. presented
an approach for motor rolling bearing fault diagnosis using neural networks and time-frequency
domain bearing vibration analysis [28]. At present, the commonly used artificial neural network
includes radical basis function (RBF) neural network and conventional back-propagation (BP) neural
network. However, it is difficult to determine the structure of the neural network, since the number
of hidden layers is usually selected according to experience. In order to ensure high identification
accuracy, a large number of samples are required for training neural network. Support vector machine
(SVM) is suitable for solving the classification problem under small sample conditions and has high
classification accuracy and good generalization capabilities. Nonetheless, SVM is a kind of binary
classifier that needs to use a suitable binary tree to realize multi-classification in the application of
multi-classification [11]. Moreover, kernel function selection and kernel parameter setting of SVM have
great influence on the identification results. Random forest classifier is an ensemble classifier with
high performance that is composed of multiple decision trees [29]. It uses the classification results of
all decision trees to determine categories through voting principle. Random forests require very little
manual intervention. It does not need to do feature selection or data collation, that is to say, it can
determine the features according to the data, so as to simplify the design process of random forest
itself. In addition, it usually does not need to preprocess the data in observation data dimension, so it
can resist and detect the gross errors that often exist in the form of outlier data. It can maintain a good
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accuracy when a large proportion of data is lost, and provide the estimation of lost data to simplify its
engineering application. Random forests have very fast computing speeds. Since each node of the tree
is mainly given by comparison operation, and the amount of calculation is proportional to the depth of
a tree, it is very fast to do classification or regression on the well-grown trees.

A fault diagnosis method of rolling bearings based on multiscale amplitude-aware permutation
entropy and random forest is proposed in this paper. The vibration of rolling bearings presents the
characteristics of periodic instantaneous impact, and the location of bearing failure will lead to different
impact characteristics. In order to more fully extract the rolling bearing fault information contained in
the vibration signal, using AAPE’s sensitivity to the amplitude and frequency changes of vibration
signals, the AAPE values at different time scales are calculated as the feature vector, which improves
the effectiveness of fault feature extraction. A multiple classifier based on random forests is established
by the feature vectors composed of multiscale amplitude-aware permutation entropy to identify the
fault type and fault severity of rolling bearings. The contributions of this paper can be summarized
as follows:

(1) In this paper, a fault diagnosis method of rolling bearings is presented. On the basis of accurately
identifying the fault types of rolling bearings, the fault severity of rolling bearings can be analyzed.

(2) Multiscale amplitude-aware permutation entropy is proposed for the first time, and it is
successfully applied to fault feature extraction of rolling bearings.

(3) The random forest multi-classifier is used to identify the fault feature of rolling bearings and
analyze the fault severity, and the fault identification accuracy is high.

The rest of this paper is organized as follows. Section 2 introduces the basic principle of the
theoretical methods adopted in this paper. The fault diagnosis method of rolling bearings is described
in detail in the Section 3. Section 4 introduces the experimental platform and samples, and the
experimental results of the proposed fault diagnosis method. Finally, Section 5 summarizes the research
content and results of this paper, and prospects the future research content.

2. Methods

2.1. Multiscale Entropy

The MSE is composed of two steps: coarse-graining procedure and computation of SampEn [30].
(1) For the original time series {X;} = {x1,x2,- -+, x,,} with length N, coarse granulation is carried
out for the given embedded dimension m and similarity tolerance , so as to form a new coarse-grained

time series y;T),
1 &
y;” == Y xi1<jsN/t )
i=(j-1)t+1
wheret =1,2,- -+, nisscale factor. The coarse-graining procedure diagram of MSE is shown in Figure 1.
(2) The sample entropy value of each coarse-grained time series is calculated, and the sample

entropy of n coarse-grained time series is expressed as scale factor function as shown below,
MSE(x,t,m,r) = SE(y}T.,m, r) )

where similarity tolerance r = (0.1 ~ 0.25)-Std in which Std is the standard deviation of original
time series {X;}. SE (y]?, m,r) represents the sample entropy calculation function with scale factor 7,
embedded dimension m and similarity tolerance r. The SampEn calculation process can be referred
to Ref. [23].
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Figure 1. Coarse-graining procedure diagram of multiscale entropy (MSE). (a) Scale factor 7= 2;
(b) Scale factor 1= 3.

2.2. Amplitude-Aware Permutation Entropy

Bandt proposed the concept of Permutation Entropy (PE) in 2002 [31]. Currently PE is widely
used in the analysis of complex time series signals to measure the complexity of a nonlinear and
non-stationary signal.

Suppose a given time series x = {x1,xp,...,xn}, and for each time point #, embed signal
x into d-dimensional space to obtain reconstructed vector X’Z” = Xt Xt X (@2 Xy (-1
t = 1,2,...,N—(d—1)] where d and [ represent embedded dimension and time delay,
respectively. The magnitude of elements in each vector X‘Z’l is arranged in ascending order,
namely {xt‘+(j1—1)l/xt+(jz—1)l""’xt+(jd,1—2)lfxt+(jd—1)l}/ where j. represents the order of elements in
the reconstructed vector Xf L Therefore, when the embedding dimension is d, there are a total of d!
permutations, and the ith permutation order is demoted as ;.

The occurrence probability of 7; is expressed as:

fm)

p(mi) = Nod+1 ®)
where f(7;) is a function of counting the number of occurrences of the permutation order 7i;. Whenever
the permutation order of the elements inside X‘Z’l is m;, f(m;) increases by 1. The definition of
permutation entropy is as follows,

—d!
PE(x,d,1) = - Z p(mi) Inp(m;) @)

=1

However, there are two main problems in describing complex time series by permutation entropy.
First, traditional PE only considers the order of time series amplitude, but ignores the amplitude
information of the corresponding elements in the time series. Second, the effect of elements with equal
amplitude on PE value in time series is not clearly explained.

In view of this, literature [27] proposed AAPE to increase PE’s sensitivity to amplitude and
frequency of time series. Different from the PE algorithm, AAPE algorithm considers the mean value of
signal amplitudes and the deviation between amplitudes, and introduces the counting rule of replacing
f(m;) in PE with relatively normalized probability.
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Assuming that the initial value of p(n?’l) is 0, for the time series Xf’l in the process of t increasing

from 1 to N —d + 1, whenever the permutation order is n?’l, p(nf’l) has to be updated.

dl dl Ag 1-A¢
p(r") = p(ny") + EZ|xf+(k—1)l| + mZ'xH(k—l)l = Xpt ()] ®)
k=1 k=2

where, A € [0, 1] is the adjustment coefficient, and the weight of signal amplitude mean and amplitude
deviation is adjusted, generally 0.5. So, p(n'f’l) is the probability of n‘l.i’l appearing in the whole
time series.

d,l
p(r) = p) ®)

T N—d+1( , d d
(%k§1|x:+(k—1)z| + };T?kgzixw(k—l)l - xt+(k—2)l|)

t=1

The AAPE value of time series is expressed as

T =d!

AAPE(d,Ln) = = )" p(m) Inp(my) @

=1
2.3. Random Forest

Random forest (RF) was proposed in 2001 by Breiman, an academician of the national academy of
sciences. This algorithm is suitable for solving prediction and classification problems. RF integrates
multiple weak classifiers and consists of many decision trees. Its output results are determined by
voting principle according to the predicted results of each decision tree in the forest. The basic principle
of RF is as follows:

Assuming that the RF classifier is composed of multiple decision trees {h j(x, O),k=1,2,..., n},
{O k =1,2,...,n} stands for random vectors that are independent and identically distributed. The
training sample set of the random forest classifier is expressed as D = {(x1, y1), (x2, ¥2), ..., (xn, YN )},
wherex; = (x;1,..., xl»,p)T represents that the ith training sample x; has p eigenvalues, and y; represents
the corresponding label of training sample x;. The training sample set D is sampled for n times
with Bootstrap, and n Bootstrap subsample D j( j=1,2,---,n). For each subsample D i decision tree
model /1;(x) (CART decision tree is generally used) is constructed, and finally a decision tree classifier
composed of a group of decision trees {1 (x), ha(x), -, hi(x)} is obtained. For a new test sample, the
category that gets the most votes through n decision trees is taken as the final category of the test
sample. The classification decision is as follows:

f(x) = argmax, ) I(hj(x) = y) ®)
j=1

where h;(x) represents the jth decision tree, I(-) is indicative function, that is, the value is 1 when this
number is in the set, otherwise the value is 0, and y represents the target variable formed by category
label y;.

3. The Proposed Fault Diagnosis Method for Rolling Bearings

This paper presents a fault diagnosis method for rolling bearings based on multiscale
amplitude-aware permutation entropy and random forest. Multiscale amplitude-aware permutation
entropy is able to extract the fault features of rolling bearing vibration signal at different time scales.
Random forest is established by the different fault features to identify the fault type of rolling bearings
and analyze its fault severity. The proposed fault diagnosis method for rolling bearings consists of
two main processes: training process and testing process. The principle diagram of proposed fault
diagnosis method for rolling bearings is shown in Figure 2.
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Figure 2. The principle diagram of proposed fault diagnosis method for rolling bearings.

In the training process, the vibration signal sample set of rolling bearings under different states is

used to extract the fault feature vectors that can establish the random forest classifier to identify the
fault type of rolling bearings. In the testing process, the vibration signal of rolling bearings can be
analyzed by the proposed fault diagnosis method, and the fault type and fault severity can be obtained.
The main steps of proposed fault diagnosis method are as follows:

In order to ensure the effectiveness of fault diagnosis methods, sufficient samples of rolling bearing

vibration signals under different fault states should be collected. These vibration signals construct the
vibration signal set.

M
@
©)

@)
©)

Set the scale factor 7 = 1,2, -+, n of rolling bearings, and n coarse-grained vibration signals are
obtained for each vibration signal in the set.

For each coarse-grained vibration signal, calculate n amplitude-aware permutation entropy values
to construct the fault feature vector.

The fault feature vector set is constructed by the fault feature vectors extracted by Step (3).

The random tree classifier is established by the fault feature vector set.

The testing vibration signal can be analyzed by the proposed method and get the fault type and
fault severity of rolling bearings.
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4. Experiments and Results

4.1. Experimental Setup

In this paper, the rolling bearing fault data set provided by the Case Western Reserve University
Bearing Data Center is used to verify the proposed fault diagnosis method [32-34]. In the experiment,
Svenska Kullager-Fabriken (SKF) rolling bearing was taken as the research object. The data set collected
the rolling bearing vibration signals in four states: normal (NM), inner race (IR) fault, outer race
(OR) fault and ball elements (BE) fault through the acceleration sensor. The sampling frequency was
12 kHz for the three types of faults, with diameters of 7 mils, 14 mils and 21 mils that were selected for
data acquisition.

The time-domain waveforms of rolling bearing vibration signals with different types and fault
severity under 0 load are shown in Figure 3. It can be seen that changes in fault types and fault
severity are correlated with changes in amplitude and frequency of vibration signals. Table 1 shows the
composition of fault types and fault severity in the experimental sample set, which includes 10 different
rolling bearing health states. Each rolling bearing vibration signal is divided into multiple data samples
without overlapping, and each sample contains 1024 sampling points to form the experimental data
set composed of 50 samples in each healthy state. Among them, 10 samples in each healthy state were
used as training set and 40 samples as test set.
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Figure 3. The time-domain waveforms of rolling bearing vibration signals with different types and
fault severity under 0 load.

Table 1. The composition of fault types and fault severity in the experimental sample set.

Fault Type Labels Fault D.iameter Load (hp)
(mils) 0 1 2 3
Normal NM - vV vV vV vV
Inner race
fault IR07 7 v v vV vV
IR14 14 vV vV vV vV
IR21 21 vV vV vV vV
Outer race
fault OR07 7 V vV vV vV
OR14 14 v vV vV vV
OR21 21 v Vv Vv vV
Ball
elements BE07 7 vV vV vV vV
fault
BE14 14 vV vV vV vV
BE21 21 Vv Vv vV vV
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4.2. Experimental Results

The MAAPE-based fault feature extraction method proposed in this paper can extract fault
features contained in rolling bearing vibration signals at different scales. In order to highlight the
fault characteristics in different time scales of vibration, the scale factor is set as 20 in the experiments
of this paper since a too large T will affect the computation efficiency, while a too small T cannot
extract enough information [26]. The MAAPE feature values of rolling bearing vibration signal under
normal condition is shown in Figure 4. From Figure 4, there are obvious differences in the MAAPE
feature values at the different scales. AAPE can describe the amplitude and frequency characteristics
of vibration signals at different time scales. The characteristics of vibration signals in different time
scales are different, which can highlight the fault characteristics more comprehensively.

AAPE value

L L J
0 2 4 6 8 10 12 14 16 18 20
Scale

Figure 4. MAAPE feature values of rolling bearing vibration signal under normal condition.

Figure 5 shows the MAAPE feature values of rolling bearing vibration signal under inner race
fault condition with different loads. As shown in Figure 5, although the failure size of the inner race is
the same and the trend of AAPE values under different scale factors is basically consistent, there are
obvious differences in the MAAPE features of rolling bearing vibration signals under different loads.
Under different loads, the MAAPE fault feature extraction method can describe the characteristics of
vibration signals. In addition, as shown in Figures 4 and 5, it can be seen that in the case of failure,
the MAAPE feature extraction method can effectively describe the characteristics of vibration signals
under inner race fault condition, and has obvious separability.
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Figure 5. MAAPE feature values of rolling bearing vibration signal under inner race fault condition
with different loads. (a) Inner race fault, 7 mils, with load 0 hp. (b) Inner race fault, 7 mils, with load
1 hp. (c) Inner race fault, 7 mils, with load 2 hp. (d) Inner race fault, 7 mils, with load 3 hp.

MAAPE feature values of rolling bearing vibration signal under different fault conditions with
the same loads are shown in Figure 6. It can be seen that under the same load conditions, although
the size of faults is the same, the fault feature vectors extracted by MAAPE have obvious differences.
Therefore, MAAPE can effectively extract the feature vector of vibration signals of rolling bearings
with different fault types, and the difference of feature vectors is obvious. The fault feature extraction
method based on MAAPE proposed in this paper has a good effect on fault feature description.
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Figure 6. MAAPE feature values of rolling bearing vibration signal under different fault conditions
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1 hp. (c) Ball elements fault, 7 mils, with load 1 hp.

Figure 7 shows the feature clustering graph of MAAPE with different loads. In this figure, the
3-dimensional data in the 20-dimensional feature vector constitute the clustering graph. It can be
seen that the characteristics of different fault types have certain separability in 3-dimensional space.
Therefore, the fault feature extraction method based on MAAPE proposed in this paper can effectively

describe the fault features of rolling bearings with different fault types.
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(d)

Figure 7. Feature clustering graph of MAAPE with different loads. (a) Load 0 hp. (b) Load 1 hp.
(c) Load 2 hp. (d) Load 3 hp.
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Figure 8 shows that MAAPE feature clustering diagram of each fault severity under different
loads. As shown in the figure, the 2-dimensional data in the 20-dimensional feature vector constitute
the clustering graph. It can be seen that the fault feature extraction method of MAAPE rolling bearings
proposed in this paper has certain feature description effect of fault severity. Fault features extracted
under different fault severity have different characteristics which is helpful to identify the fault types
and fault severity.
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Figure 8. MAAPE feature clustering diagram of each fault severity under different loads. (a) Load 0 hp.
(b) Load 1 hp. (c) Load 2 hp. (d) Load 3 hp.

Tables 2 and 3 respectively show the experimental results of performance comparison of rolling
bearing fault feature extraction algorithms and fault identification accuracy by combining different
fault feature extraction methods with random forest. In Table 2, the average between-class distance
of MAAPE is less than improved multiscale entropy (IMSE), improved multiscale fuzzy entropy
(IMFE) and refined composite multiscale entropy (RCMSE), but the average within-class distance of
MAAPE is the smallest. In addition, the average time-consuming of MAAPE is relatively the lowest
compared with other feature extraction methods. In Table 3, the fault identification accuracy of MAAPE
coupled with random forest is 96.0% and the identification accuracy is slightly lower than RCMPE and
IMFE. However, the computational efficiency is the highest as shown in Table 2. Through the above
experiments, it can be seen that the rolling bearing fault diagnosis method proposed in this paper has
high fault identification accuracy and good execution efficiency, which is more suitable for applications
with high real-time requirements.

Table 2. Performance comparison of rolling bearing fault feature extraction algorithms.

Feature Extraction Average Between-Class Average Within-Class Average
Methods Distance Distance Time-Consuming (S)
MAAPE 1.24 0.20 0.39

IMPE 0.95 0.23 0.57
RCMPE 0.96 0.30 1.11
IMSE 2.22 0.94 0.42
IMFE 3.72 0.33 17.30
RCMSE 4.02 0.38 0.40

Table 3. Fault identification accuracy by combining different fault feature extraction methods with
random forest.

Feature Extraction Methods Fault Identification Accuracy (%)
MAAPE 96.0%
IMPE 96.0%
RCMPE 97.50%
IMSE 84.25%
IMFE 96.25%
RCMSE 92.25%

In order to illustrate the analytical ability of fault severity of the rolling bearing fault diagnosis
method proposed in this paper, the identification accuracy experiments of different fault severity are
carried out in this paper, and the experimental results are shown in Table 4. It can be seen from the
experimental results that the fault accuracy of the proposed method is low when the ball elements
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fault severity is 14 mils and 21 mils, and the overall fault accuracy is 92.8%. As the vibration signal
contains the natural vibration of rolling bearings, the influence of fault size and external interference,
it will have a certain impact on the performance of AAPE fault feature extraction. In addition, the
use of 20 different scales of AAPE feature vector to form the eigenvector will increase the uncertainty
factor, thereby affecting the accuracy of fault identification. In spite of this, it can be seen from the
experimental results that the fault diagnosis method proposed in this paper can analyze the severity of
rolling bearing fault to a certain extent.

Table 4. Identification rate of the proposed rolling bearing fault diagnosis method for different
fault severity.

Typelabels ~NM  IR07 IR14 IR21 OR07 ORI4 OR21 BE07 BE14 BE21 Ide““ﬁca“‘?“

Accuracy (%)
NM 40 - - - - - - - - - 100
IR07 - 40 - ) _ i ) . ) ) 100
IR14 - - 39 _ _ _ _ _ 1 _ 975
IR21 - , - 40 - . ) _ _ _ 100
ORO07 - - - - 40 - - - - - 100
OR14 - - - - - 39 - - 1 - 975
OR21 - 1 - - - - 39 - - 975
BE07 - - - - - - - 40 - - 100
BE14 - - - - - 2 - 2 34 2 85
BE21 - - - - - - - 4 1 35 87.5

5. Conclusions

A rolling bearing fault diagnosis method based on multiscale amplitude-aware permutation
entropy (MAAPE) and random forest is proposed in this paper. The MAAPE-based fault feature
extraction method is proposed for the first time. In order to effectively extract fault features in
vibration signals of rolling bearings, this paper uses a coarse-grained process in MSE to obtain a set of
coarse-grained time series under different scale factors, and extracts fault features contained in different
coarse-grained time series through AAPE to obtain feature vectors representing fault information
of rolling bearings. Then, the random forest classifier is adopted to identify the fault feature vector
extracted from vibration signal of rolling bearings. The proposed fault diagnosis method can effectively
identify the fault type of rolling bearings and the identification accuracy of four fault types is up
to 96.0%. The proposed method can further analyze the fault severity of rolling bearings, and the
identification accuracy under different fault severity is 92.8%.

MAAPE can improve the stability of PE, become more sensitive to amplitude and frequency
changes, and contribute to the description of fault characteristics. However, because it is too sensitive
to the change of amplitude, it is easy for external interference to affect the extracted features, leading
to a decline in identification accuracy. Therefore, how to avoid external interference and highlight
bearing vibration signals before feature extraction will help improve the feature extraction effect of
MAAPE. The following research direction is to further improve the fault feature description ability of
MAAPE, and then improve the fault severity analysis ability of fault diagnosis method.
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Nomenclature

MAAPE Multiscale amplitude-aware permutation entropy

WT
WPT
EMD

Wavelet transform
Wavelet packet transform
Empirical mode decomposition

EEMD Ensemble empirical mode decomposition

CEEMD Complete ensemble empirical mode decomposition

LMD

Local mean decomposition

ApEn Approximate entropy
SampEn Sample entropy

MSE
PE
RBF
BP
SVM
SKF
RF

Multiscale entropy
Permutation entropy
Radical basis function
Back-propagation

Support vector machine
Svenska Kullager-Fabriken
Random forest

IMPE Improved multiscale permutation entropy

RCMPE Refined composite multiscale permutation entropy

IMSE Improved multiscale entropy
IMFE Improved multiscale fuzzy entropy
RCMSE Refined composite multiscale entropy
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Abstract: A number of intelligent warning techniques have been implemented for detecting
underwater infrastructure diagnosis to partially replace human-conducted on-site inspections.
However, the extensively varying real-world situation (e.g., the adverse environmental conditions,
the limited sample space, and the complex defect types) can lead to challenges to the wide adoption
of intelligent warning techniques. To overcome these challenges, this paper proposed an intelligent
algorithm combing gray level co-occurrence matrix (GLCM) with self-organization map (SOM)
for accurate diagnosis of the underwater structural damage. In order to optimize the generative
criterion for GLCM construction, a triangle algorithm was proposed based on orthogonal experiments.
The constructed GLCM were utilized to evaluate the texture features of the regions of interest (ROI)
of micro-injury images of underwater structures and extracted damage image texture characteristic
parameters. The digital feature screening (DFS) method was used to obtain the most relevant
features as the input for the SOM network. According to the unique topology information of the
SOM network, the classification result, recognition efficiency, parameters, such as the network layer
number, hidden layer node, and learning step, were optimized. The robustness and adaptability
of the proposed approach were tested on underwater structure images through the DFS method.
The results showed that the proposed method revealed quite better performances and can diagnose
structure damage in underwater realistic situations.

Keywords: structural health monitoring; digital image processing; damage; gray level co-occurrence
matrix; self-organization map

1. Introduction

Underwater structures, including bridges and dams, are becoming susceptible to deterioration
as they are interfere with irresistible factors, such as wind, wave, corrosion, and hydraulic erosion.
This inevitable process signifies urgent warning issues, which have motivated people to warn
these structures on a regular basis. Thus, many research groups have proposed structural damage
warning techniques [1-3]. Structural damage warning is an important part in the process of damage
identification, and it is a great challenge to solve the damage detection problem of large complex
engineering structures [4-6].

Recently, few satisfactory schemes for underwater structures damage warning have been
proposed [7,8]. One possible solution is combining visual inspection with machine learning [9].
Rutkowski and Prokopiuk proposed the identification of the contamination source location in the
water distribution system (WDS) based on the learning vector quantization (LVQ) neural network
classifier [10].

Chatterjee proposed a neural network training method based on particle swarm optimization,
which can solve the problem of multi-layer reinforced concrete building structure damage prediction
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by detecting the future damage possibility of a multi-layer reinforced concrete building structure [11].
Kai Xu et al. proposed a new approach to damage detection of a concrete column structure subjected
to blast loads using embedded piezoceramic smart aggregates [12]. According to research by Feng
et al., almost all types of structural damage can be effectively identified by image processing [13-15].
Zhu Z et al. proposed a new retrieval method for crack defect performance, which located the crack
point by the most advanced crack detection technology and used image refinement technology to
identify the skeleton structure of the point [16]. Molero et al. applied ultrasound imaging to assess the
extent of damage during concrete freeze—thaw cycles and extracted NAAP (damage index) parameters
as an evaluation criterion [17]. German et al. presented a new method for automatic detection of the
flaking area of reinforced concrete columns and measured its characteristics in image data [18]. Based
on the data provided by self-powered wireless sensors, Hasni et al. proposed a steel beam tensional
vibration fatigue cracking detection method based on artificial intelligence [19].

Although these methods have achieved superior results through the combination of image
properties and neural network models for damage identification, it is difficult to realize accurate damage
diagnosis for underwater real-world structures [20-23]. Taking image-labeled data from underwater
real-world situations is restricted and the identification accuracy is influenced by environmental
conditions and the defect type. The gray level co-occurrence matrix is a typical algorithm in statistical
analysis and is widely used in various fields because of its good discrimination ability [24,25].
As an important pattern recognition method, self-organization map neural network (SOM) has been
widely used in automatic identification of signals, texts, images, and other fields due to its illuminating
memory, learning, and generalization [26-28]. Additionally, the combination of gray level co-occurrence
matrix (GLCM) and self-organization map (SOM) is widely used for tumor diagnosis, wood defect
classification, and cloud classification [29-32]. However, there are few algorithms for the detection of
damage in underwater concrete structures that combine the two methods. Therefore, an intelligent
warning method is essential for dealing with the accurate diagnose of structural damage problems.
This paper combines GLCM and the SOM neural network to improve the recognition performance of
underwater structure damage.

2. Methodology

The construction of GLCM is proposed for characterizing the micro-damage of underwater
structures in order to obtain an effective micro-damage diagnostic factor. Figure 1 shows micro-damage
patterns of common underwater structures. Different types of micro-damages have a variety of texture
primitives and exhibit their respective texture characteristics, obtained according to the analysis of the
image properties [33-36]. GLCM can evaluate the overall situation of different damage types in gray
space comprehensively. It is necessary to use GLCM as a texture analysis method to characterize the
apparent micro-damage morphology of underwater structures.
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(a) Micro-cracks

£l

!i

(c) Micro-honeycombs (d) Micro-depressions
Figure 1. Micro-damage patterns.
2.1. Gray Level Co-Occurrence Matrix

The gray level co-occurrence matrix (GLCM), which specifies a certain condition in the gray space,
counts the number of probability occurrences. Additionally, it meets the specified condition in the
entire image of the pixel pair. Suppose the pixel pair coordinates are in order (x,y), (x + dx, y + dy)
and the pixel values are f(x, y) =i, f(x +dx,y 4+ dy) = j. When the image gray level is g, the criterion
of the sliding window is defined as follows. The pixel pair spacing value is d, and the angle between
the connecting line and the horizontal direction is 6. Among them, g, d, and 0 are generative criterion
of the GLCM. P(i, j,d, 0) is the probability that pairs of pixels appear at the same time. The GLCM can
be expressed by Equation (1):

P(i, j,d,0) = {[(x, ), (x + dx,y + dy)|f (x,y) =i, f(x +dx,y +dy) = f]}, )

where 0 is 0°, 45°, 90°, and 135°.
Besides, dx, dy are the offset vectors; the equation is as follows:

dx =dcos0, dy = dsin0. 2)

2.2. Feature Parameters

In order to quantitatively describe the direction, trend, and complexity of different micro-damage
types in gray space, the gray-scale co-occurrence matrix was applied for feature extraction [30]. Table 1
shows the calculation formula and texture characteristic of the parameters.
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Table 1. Formula of parameters and their texture features.

NO. Parameters Calculation Formulas Texture Characteristic
Ty Angular second moment ié j‘é p2(i,j,d, 0) The uniforr‘r;ietgr:i i;at)e’;:lij::buﬁon and
T, Sums of average qu ke P (k) The change of brightness.
k=2
T3 Sums of variance ZZX (k- TZ)Z Py (k) Texture period size.
Ty Maximum probability kI;fA‘X [p(i, j,d,0)] The distribution of the main texture.
b
Ts Sums of entropy _ ;:é: Py (k) x log[Px (k)] Texture complexity.
k=2
Te Variance XQ: i (i- m)zp(i, j,d,0) Texture periodicity.
i=1j=1
T7 Variance of grayscale i f li- j)Z xp2(i, j,d, 0)] Texture distribution.
i=1j=1
Ts Correlation £ i [(ix jxpli,j,d,0) —uy x 3]/ (dy x da) The main direction of the texture.
i=1j=1
Ty Inverse matrix i Ti p(i,j,d,0)/[1+ (i— j)Z] Local texture changes.
i=1j=1
Tio Cluster shadow 5 f [i-up)+ (j- uz)]3 xpli, j,d,6) Texture uniformity.
i=1j=1
T Significant clustering i i [Gi-w)+(j- llz)]4 xp(i,j,d,0) Texture uniformity.
i=1j=1
T2 Entropy {: f p(i,jd, 6)2 x1ogyopli, j,d, 0) Texture randomness.

i=1j=1

8§ & g 8 8
Note: g takes a power of 2, uy = Y. iy, p(i,j,d,0), ua = Y, jY. p(i,j,d,0), > = ¥, (i—u1)22 p(i,j,d,0),
i=1 j=1 i=1"i=1 i =1

i=

os

g g 28
A2 =Y (j-w)>Y pli,j,d,0), Ta = ¥ kxPx(k), mis the average of p(i, j,d, 0), Py(k) =
=1 i=1 k=2

j=
is2,3,...,2¢.

Lo

L p(i,j.d,0) ok
=1 li+jl=k

2.3. SOM Networks Model

The self-organizing map neural network (SOM); strengthening central neurons and inhibiting
peripheral neurons is a unique property of biological neuronal systems. The patterns of competition
between neurons is a mechanism formed by the brain’s self-organization [37]. SOM retains the spatial
topology of input neurons due to its unique neighborhood characteristics and obtains the best mapping
by continuously adjusting the connection weights of winning neurons and neighboring neuron network
nodes [38]. The SOM neural network closely combines the phenomenon of enhancing the center and
suppressing the surrounding of the biological neuron system with the self-organization characteristics
of the human brain. Therefore, SOM retains the topology of the network and can be based on limited
sample space failure detection, effectively reducing the need for spatial samples in the intelligent
diagnostic system. Figure 2 shows a typical self-organizing feature mapping network model consisting
of an input layer and a contention layer. The input layer contains 1 neurons, and the competition
layer is a two-dimensional planar array composed of m X n neurons [39]. This section utilizes SOM to
identify micro-damage structures.
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Figure 2. The Self-Organizing Mapping (SOM) network model.

2.4. Learning Steps

(i)

(i)

(i)

(iv)

V)

(vi)

Initialization: Set the [0,1] random value as the initial connection weight between the input neuron
and the output neuron. A set, Sj, of outputting neighboring neurons is selected, wherein S j(O)
represents a set of neighboring neurons of neuron j at time £ = 0, and S;(#).

Set the input of the neural network: Make the sample feature parameters into the following
matrix and input them to the SOM network:

X(n) = [x1(n),x2(n),x3(n) -+ xn-1 (1), x5 (m)] . @3)

Calculate the Euclidean distance: Input layer neurons, 7, into mapping layer neurons’, j, available
Euclidean distance, d,'j, indicated as:

n

dij = IX = Wjll = [ Y, lxi(t) = w5 (D). 4)

i=1

In the equation, w;; is the weight of the input layer neuron, , to the mapping layer neuron, j. W; is
the connection weight of the neuron, j, on the mapping layer.

Obtain the winning neuron: The position of the winning neuron can be obtained by calculating
the minimum Euclidean distance between the input vector and the weight vector. When the
input vector is X and the winning neuron is denoted by c, the formula is expressed as:

IX = Well = min||X - Will, i =1,2,3---M-1,M, ©)
1

where x is the input vector and the winning neuron is labeled c. W, is the weight of the winning
neuron, c. W; is the connection weight of the neuron, 7, on the mapping layer.

Adjust weight: The connection weight of the input neuron and all neurons in the competition
neighborhood are corrected by Equation (6):

Awij = wij(t+1) —w;j(t) = n(t) [xi(t) — wi;(1)]. (6)
Among them, t is the continuous time, and the learning rate at time t is n(t). n(t) = %
n(t) =0.2(1- ﬁ). The value range of 7(t) is [0,1].

Determine whether the output result meets the expected requirements: If the result meets the
previously set requirements, then end; if not, return to step (ii) to continue.

or
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3. Experiment and Result Analysis

A diagnosis model based on SOM and GLCM was established in order to obtain the results of the
micro-damage recognition of underwater structures. The diagnosis steps are shown in Figure 3.

Generation step d

Stepl Determining the Image gray level

construction factor

'

Generation angle

Step 2 Establishing the
gray level co- Formula (1-1-1)
occurrence matrix
Step3 Extracting the 12 characteristic
feature parameters parameters in Table 1

Establishing a
Step4 standard micro-
damage factor

sample library

Step5 Training the SOM
neural network

______ . _i_

Step6 Gaining the
diagnosis result

P1-Ps in Table 2

Network model

Recognition rate

i

Figure 3. The diagram of the diagnostic process.

As shown in Figure 3, the diagnostic process consists of six steps. The diagnosis process is detailed
on the left side, including the generation of grayscale co-occurrence matrices, the establishment of
standard samples, the training of network models, and the acquisition of diagnostic results. The right
side of Figure 3 is the information about the important parameters or results corresponding to the
diagnostic steps.

3.1. Image Acquisition and Processing

An underwater micro-damage visual diagnosis system was established according to the
characteristics of underwater structures, as shown in Figure 4. The system mainly contains a HCCK-102
series crack detection system (including industrial camera, industrial endoscope, control interface),
maintenance pool, concrete test block, computer etc. Among them, the industrial endoscope has a
magnification of 40x and a measurement accuracy of 0 to 0.08 mm. The micro-damage image of the
underwater concrete test block was obtained based on the diagnosis system. The image definition
was extremely reduced due to the turbid water quality, insufficient light, and the configuration of
the protective cover for the micro-probe. Underwater micro-damage images were processed by ROI
(region of interesting) interception, histogram equalization, and a median filter.
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Figure 4. Acquisition system.

3.2. Triangle Algorithm

The accuracy of extracting feature parameters depends on the optimal generation criteria,
including the image gray level, g, the generative step length, d, and the generative angle, 0. Therefore,
it is crucial to optimize the factor to obtain accurate and effective feature parameters. Generally,
the orthogonal test method (OTM) and full test method (FTM) are used to establish generative criterion.
However, OTM leads to the absence of a partial criterion and FTM reduces detection efficiency.
Therefore, a new triangulation algorithm used for the confirming of generative criterion is presented in
this paper. Figure 5 is the diagram of algorithm.

Step1: The initial range of the factor of the generative criterion is determined according to the
properties of the micro-damage image.

Step2: Confirm the generative angle, 0, by the theory of image rotation invariant. In Figure 5,
the sequence A is he generative step length, d, g1-g, » is the sequence B image gray level, g, g1-gn.

Step3: The sequence A is linked to the sequence B, and 0 is then joined to sequence A and sequence
B, respectively.

Step4: Extract all d,-0-g; combinations. Then, a triangular combination can form.

Sequence A: Sequence B:

Figure 5. Algorithm.

The algorithm was validated based on the underwater micro-damage diagnosis system. Based on
the comparative analysis, the unique advantages of the triangulation algorithm were proven.

In order to ensure the features of the image rotation invariant, the average values directions of 0°,
45°,90°, and 135° were selected as the generative angle, 0. Figure 6 is the variations’ form of 0.
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Figure 6. Variations form of 0.

Figure 6 shows the difference in the characteristic parameters of micro-damage images.
The different directions are small. Therefore, the generation angle, 0, of the generation criterion
was determined.

The initial range of the generated standard factor was obtained based on the characteristics of the
micro-damage image:

(1)  Generative angle, 0: The average of directions of 0°, 45°, 90°, and 135°.
(2) TImage gray level: g; = 2"*2, among them, t = m + 2, t is taken as the integer of [1,6].
(3) Generative step length, d: Take the integer of [1,6].

The combination form of the generation standard, dn-0-gt, was obtained by the triangulation
algorithm. It has a total of n X t = n X (m + 2) = 36 groups. The OTM requires determination of the
values of the two construction factors in advance to obtain the combined form. If the two construction
factors select g and d, the d-0-g forms a total of 1 X 1 X 4 = 4 groups. Additionally, the FTM does not
specify the range of variation of any factor. If the values of 4 and g are the same as the triangulation
algorithm, the d-0-g forms a total of 6 X 6 X 4 = 144 groups. Experimental verification and comparison
results showed that this method can efficiently obtain all the generation criteria of micro damage.
The proposed triangulation algorithm obtained the appropriate combination form based on the image
properties and effectively improved the detection efficiency.

3.3. Optimization of Generative Criterion

To improve the characteristic performance of structure damage, the generative criterion
optimization of GLCM was carried out based on the theory of difference maximization. Figure 7 show
the variation tendency of d, in which the selected characteristic parameters showed a good correlation
with the change trend of d. Figure 8 shows the variation form of g. The selected characteristic
parameters are sensitive to the changing trend of g.

It can be derived that when d > 4, the characteristic parameter changes tend to be stable basically;
when d = 5, the samples of each group can be better distinguished; when d = 6, there is a clear
downward trend in aggregation in the correlation, the significant clustering, and the clustering shadow
characteristic parameters.

Figure 8 is the variation of g of six characteristic parameters, including angular second-order
moment, entropy maximum probability, etc. It can be analyzed that when g = 5, each characteristic
parameter exhibits high discreteness and high stability.

All the analyses show that the optimal generative criterion, d,,-0-g;, of the underwater structure
micro-damage is 1 is 5, t is 7, and 0 is taken as the average of the four directions of 0°, 45°, 90°, and 135°.
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3.4. Establishing a Standard Sample Label

For the purpose of obtaining the standard performance parameters of the SOM diagnostic model,
the standard sample label was established using the DFS (digital feature screening) method under
the optimal generative criteria (d5-0-g7, among them, 0 takes 0°, 45°, 90°, and 135°). The DFS method
establishes screening criteria for screening parameters by observing the trend of the characteristic
parameters of different diagnostic types. The screening criteria are determined according to the size of
the intersection interval of different types of damages: The smaller the crossover interval, the better
the screening results, and the parameters are suitable for establishing a diagnostic model; otherwise,

the parameter is not suitable for diagnosing underwater structural damage. Figures 9-11 shows the
screening results.
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Figure 9. Parameters with preferable screening results.
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Figure 10. Parameters with ordinary screening results.
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Figure 11. Parameters with inferior screening results.

In Figure 9, the characteristic parameters occupy their respective intervals with preferable screening
results. In Figure 10, the two types of damage have a small interaction interval, the screening results
are ordinary. In Figure 11, each of the three characteristic parameters is interlaced with each other and
each has no independent interval.

The angular second moment, Pj, entropy, P, variance of grayscale, P3, correlation, Py,
inverse matrix, P5, variance, P, significant clustering, Py, and sums of mean, Pg, were screened.
Therefore, the DFS method could effectively solve these problems of characteristic parameter selection.
The standard values of each parameter are given in Table 2.

Table 2. Normal sample.

Damage Type Py Py P3 Py Ps Pe Py Pg
Micro-honeycombs 0.45219 1.23347 0.341173  0.659015  1.487459  16074.99305 0.6085123  2113537.15
Micro-depressions 0.735626 ~ 0.844082  0.245272  0.986124  1.270514  16039.67163 —0.23044  2113536.83

Micro-voids 0.966008  0.645785  0.155829  3.719458  1.034531  16113.92133 0.185468  2113536.14

Micro-cracks 0.561931  0.114353  0.047756  —1.768837 1.1816 16103.60313 —0.487734  2113536.55

Table 2 gives the standard value of the characteristic parameters corresponding to each kind of
damage, which were obtained according to the average value of 200 images.

3.5. Training Network Model

The network model was constructed. The parameters of the network are shown in Table 3.

Table 3. Network parameters.

Parameters Value
Input Layer X1 X2 x3 X4 X5 X6 x7 xg
Node Py P, Ps Py Ps Pg Pz Ps
Weight 0.125
Neighborhood Hexagon, R =3
shape
Neurons 64

Training steps

10, 50, 100, 200, 500,1000

The created network topology is a two-layer network, and the competition layer consists of eight

vectors. [x1,Xp, X3, X4, X5, X6, %7, Xg]. The initial weight was set to 0.125. The neighborhood shape of each
network node was set to a hexagon, and the neighborhood radius was set to 3. The competition layer
was 8 X 8 = 64 neuron nodes. The training steps were set to 10, 50, 100, 200, 500, and 1000. Table 4
shows the classification effects under different training steps; the numbers in the table represent the
classification numbers.
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Table 4. Classification results for different steps.

N.ul.nber of Micro-Honeycombs  Micro-voids Micro-depressions Micro-cracks Clustering

Training Steps Result
10 55 37 37 55 50%
50 43 37 37 55 75%
100 43 1 37 37 75%

200 49 1 16 64 100%

500 49 1 16 64 100%

1000 49 1 16 64 100%

Table 4 shows that when the number of training steps equals 10, a micro-damage diagnosis
model is initially established, and the micro-damage is roughly divided into two groups. With the
increase of the number of training steps, when the number of training steps is 50 and 100, respectively,
the diagnostic accuracy is further improved. The micro-injury is divided into three groups. When the
number of training steps reaches 200, the micro-injury is effectively distinguished. However, when the
number of training steps reaches 500 and 1000, the micro-injury classification results are the same as
200 steps, which has no practical significance. Therefore, 200 steps 200 were chosen as the optimal
value for the micro-damage diagnosis model.

To verify the reliability of parameter optimization, the topological structure of the winning
neurons in Figure 12 was analyzed. The gray hexagon with the number in the figure corresponds to
the classification label of the winning neurons.

[i]
5 49
4
> 3
2
1
0 1

Figure 12. Winning neuron topology.

The unique neighborhood characteristics of SOM and the spatial topology of the input neurons
are preserved. Figure 12 shows that the winning neuron numbers are 1, 16, 49, and 64, occupying four
different topological spatial locations. The classification result of the topological result graph is
completely consistent with the clustering result obtained under the optimal parameters of the network.
By analyzing the topology, the network parameters were optimized to build a better SOM network
model. It is proven that the setting of various parameters of the network can meet the working
requirements of an underwater structure diagnosis system and effectively distinguish the types
of micro-damage.

Although the topological position of the winning neurons was obtained, it cannot determine
the type of damage for each neuron. Therefore, the neuron distance map was obtained as shown in
Figure 13. Small square hexagons represent neurons and straight lines represent linear connections
between neurons. The distance between neurons can be derived from the Euclidean distance formula.
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The long hexagon of the connected neurons and the depth of the color represents the distance between
the neurons.

Figure 13. Distance between the neurons.

In Figure 13, the connected region of the dark hexagon divides the whole neuron into four
sub-regions, corresponding to different damage types. The neurons of the light-colored hexagons
connected in the sub-area have the same type of damage. Neurons 53 and 60 are surrounded by dark
hexagons, corresponding to unknown damage types. Neuron 28 is far from the four types of damage
and is classified as micro-voids defects with close proximity. Alternatively, it can be classified as other
unknown defects different from 53 and 60 or 28. Therefore, the corresponding situation of all neuronal
damage is obtained.

In order to determine the efficiency of the algorithm, test results were analyzed under different
test conditions. Table 5 shows the classification of damage.

Table 5. Classification of damage.

Damage Type Sample Classification Number Classification Accuracy
Micro-honeycombs 36, 41,42, 43, 44,49, 50, 51, 52, 57, 58, 59 80%
. . 1,2,3,4,9,10,17, 18,19, 20, 25, 26, 27, o
Micro-voids 33,34, 35 93.33%
Micro-depressions 56,7,8,11,12, 123Ai 1;19, 15,16, 21,22, 23, 100%
Micro-cracks 30,31, 32, 38, 39, 40, 45, 46, 47, 48, 54, 55, 86.66%

56, 61, 62, 63, 64
53, 60 -
Unknown situation 28 -
37 -

Table 5 describes the types of damage that the damage model can identify and the recognition
rate for identifying the four types of damage. The data in Table 5 show that the proposed algorithm
can not only detect the expected type of defect but also diagnose other unknown defects in the
underwater concrete. It can be inferred that when the concrete structure is healthy, Figure 11 will
consist of hexagons of a uniform color. Its classification accuracy, R, can be calculated by the formula:
R = N”ﬁ,;ﬁ“” x 100%. While there are only four kinds of damage in the structure, each damage type
can be accurately identified. The algorithm can also accurately extract unknown defects. Therefore,

the algorithm can obtain good detection results in the case of correct detection, false positive, and false

95



Algorithms 2019, 12, 183

negative detection. It is proved that the algorithm can be applied to the actual detection of underwater
structural damage.

3.6. Application and Validation

In order to prove the practicability and reliability of the network parameters and indicators, this
method was applied as an example in a measurement project. Figure 14 shows a schematic diagram of
the image acquisition system. The micro-damage images obtained are shown in Figure 15.

© ’ ' ' (d)

Figure 15. Micro-damage image. (a) Micro-honeycombs; (b) Micro-voids; (c) Micro-cracks;
(d) Micro-depressions.

A test sample was constructed as shown in Table 6. The case of the predicted classification of the
sample is shown in Figure 16.

Table 6. Damage prediction samples.

Damage Type Sample Number
Micro-honeycombs 1-10

Micro-voids 11-20
Micro-depressions 21-30

Micro-cracks 31-40
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o Actual classification of samples

X Prediction classification of samples

Categorization labels

T T T T T
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Figure 16. Sample prediction classifications.

This paper used the research methods of comparative analysis and graphs analysis. We can
draw the conclusion that each classification predictive sample can correspond to the damage state.
All prediction samples were correctly classified and the overall classification accuracy rate was 100%.
It showed that the intelligent early warning method achieved satisfactory results and can be used
as an intelligent and accurate diagnosis algorithm for solving underwater structural damage under
complex constraints.

4. Conclusions

A vision-based approach for the diagnosis of damage on underwater structures was proposed by
combining GLCM and SOM.

The underwater structural micro-damage images database required for training, validation,
and application were conducted with NDT (non-destructive testing) equipment. To secure a wide
range of adaptability, the damage images were acquired from the database randomly.

A triangle algorithm was proposed to generative criterion optimization, which has extracted
comprehensive aggregation for the GLCM constructed. The generative criterion was confirmed based
on the difference maximization principle: d5-0-g7, which was the texture average of distance, delta = 4,
four directions (0°, 45°, 90°, 135°), and image gray level, g = 128.

The SOM standard performance parameters were obtained by applying the DFS method,
including the angular second moment, entropy, variance of grayscale, correlation inverse matrix,
variance, significant clustering and sums of mean. The numbers of layers, numbers of nodes in hidden
layers, and learning steps were set to optimal values by training the SOM network model and analyzing
the SOM topology diagram. The measurement project example proved the robustness and adaptability
of the method. The application result showed high performance under complicated conditions,
including adverse environmental conditions, limited sample space, and complex defect types.

The results show that the proposed method exhibited good performance and can indeed diagnose
structure damage in realistic underwater situations. In the future, intelligent warning techniques
will replace human-conducted on-site inspections for the detection of underwater infrastructure.
The method will also be combined with an unmanned aerial vehicle (UAV) to monitor the damage of
civil structures.
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Abstract: The usage of Lithium-ion (Li-ion) batteries has increased significantly in recent years
due to their long lifespan, high energy density, high power density, and environmental benefits.
However, various internal and external faults can occur during the battery operation, leading to
performance issues and potentially serious consequences, such as thermal runaway, fires, or explosion.
Fault diagnosis, hence, is an important function in the battery management system (BMS) and
is responsible for detecting faults early and providing control actions to minimize fault effects,
to ensure the safe and reliable operation of the battery system. This paper provides a comprehensive
review of various fault diagnostic algorithms, including model-based and non-model-based methods.
The advantages and disadvantages of the reviewed algorithms, as well as some future challenges for
Li-ion battery fault diagnosis, are also discussed in this paper.

Keywords: lithium-ion battery; battery faults; battery safety; battery management system;
fault diagnostic algorithms

1. Introduction

Lithium-ion (Li-ion) batteries play a significant role in daily applications due to their important
advantages over other energy storage technologies, such as high energy and power density, long lifespan,
and low self-discharge performance factors under improper temperatures [1]. Li-ion batteries have
gained a significant amount of attention in recent years, showing promise as an energy storage source
in electric vehicles (EVs) due to the aforementioned advantages [2]. They are also widely used in many
electronics and stationary applications. Although Li-ion batteries have had reported accidents causing
public concern, the advent of safety features over time has decreased the associated risk factors and
improved battery operation [3,4]. Li-ion batteries have gone through many modifications to improve
their safety, and system management is required to guarantee the performance and reliability of these
batteries [1]. A key component in monitoring the battery health and safety is the battery management
system (BMS). Some of its main functions are data acquisition, state of charge (SOC) and state of
health (SOH) estimation, cell balancing, charge management, and thermal management. An important
function of the BMS is the diagnosis of faults which can come from extreme operating conditions,
manufacturing flaws, or battery aging [5].

Many factors affect the Li-ion battery operation, such as collision and shock, vibration, deformation,
metallic lithium plating, formation of a solid electrolyte interphase (SEI) layer, formation of lithium
denderite, etc. [1,6]. Some common external battery faults are sensor faults, including temperature,
voltage and current sensor faults, as well as cell connection and cooling system faults. There are also
internal battery faults that are caused by the above factors and external battery faults. Some common
internal battery faults are overcharge, overdischarge, internal and external short circuit, overheating,
accelerated degradation, and thermal runaway. These battery faults lead to potentially hazardous
consequences, such as an increase in temperature and pressure, which could increase the risk of
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combustion and explosion [7]. The consequences of Li-ion battery faults can be minimized or eliminated
by the BMS, as it prevents the battery from functioning outside its safe operational range, and also
detects faults using various fault diagnostic methods [8]. It is an indispensable component in the
Li-ion battery system since it can handle failures safely by going into failure mode, providing a safer
environment for the users of Li-ion battery applications.

Since fault diagnosis is a crucial part of Li-ion battery advancements, various methods for fault
diagnosis have been studied and developed. Many fault diagnostic algorithms have been proposed, which
can be categorized into model-based and non-model-based methods. Model-based methods include
parameter estimation, state estimation, parity space, and structural analysis. Non-model-based methods
include signal processing and knowledge-based methods [1,9]. Fault diagnosis research in other fields
has shown that the most effective approach is often a combination of more than one method [9].

Lu et al. [8] briefly presented fault diagnosis as one of the key issues for Li-ion battery management
in electric vehicles. In [10], a review of sensor fault diagnosis for Li-ion battery systems was provided,
but other types of faults were not discussed. Wu et al. [1] conducted a review on fault mechanism
and diagnosis for Li-ion battery, but there have been many new developments in the field since then.
Researchers have made significant progress in understanding the mechanism and operation of Li-ion
batteries, and with that, many innovations in battery fault diagnosis have emerged. Therefore, there is
aneed to identify the current progress and future direction of Li-ion battery fault diagnosis research.
The contribution of this paper is the comprehensive review of recent developments in Li-ion battery
fault diagnosis, as well as the discussion of some future challenges that need to be addressed.

The rest of this paper is organized as follows. Section 2 introduces different types of faults in
Li-ion battery, and their causes, mechanisms, and consequences. The role of BMS in fault diagnosis
is presented in Section 3. Section 4 provides a review of various fault diagnostic algorithms for the
faults discussed in Section 2 and discusses the current status and future challenges of this subject.
Finally, concluding remarks are given in Section 5.

2. Types of Fault in the Li-Ion Battery System

This paper categorizes Li-ion battery faults into internal and external faults. Lyu et al. [11] presented
a detailed review of failure modes and mechanisms for rechargeable Li-based batteries. This section only
briefly presents some causes and mechanisms of the faults. It is crucial to understand the mechanisms of
these faults, as it helps establish appropriate fault diagnostic methods to ensure the safety of Li-ion battery
applications. Figure 1 shows a summary of various faults in a Li-ion battery system.

2.1. Internal Battery Faults

Internal battery faults are difficult to detect since the operation within a Li-ion cell is still not fully
understood [11]. Some examples of internal battery faults are overcharge, overdischarge, internal and
external short circuit, overheating, accelerated degradation, and thermal runaway. All these faults affect
the battery operation, but accelerated degradation and thermal runaway are the most dangerous since
they can significantly affect the Li-ion battery application or directly harm the users [12]. Internal faults
are often identified from abnormal responses from the battery operation, which include voltage drop,
SOC drop, temperature rise, increase in internal resistance, and physical transformation, such as
swelling. These responses are discussed further throughout this section.

2.1.1. Overcharge

Overcharge is a fault that can lead to more severe faults, such as accelerated degradation
and thermal runaway. It may occur in Li-ion cells due to the capacity variation of cells in the
pack, incorrect voltage and current measurement, or inaccurate SOC estimation from the BMS [13].
A normal battery pack can also get overcharged when the charger breaks down. Overcharging of
Li-ion batteries leads to electrochemical reactions between battery components and the loss of active
materials [14]. Additionally, in sealed batteries, the buildup of gases could cause the battery to
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burst [15]. Furthermore, the surface temperature of the battery increases significantly before it starts
overcharging. This results in a thick SEI layer and also causes an internal short circuit inside the
battery. The overcharged cathode suffers from electrolyte decomposition, metal dissolution, and phase
transition, which could ultimately lead to thermal runaway and fires [16].

Possible causes

e Collision and shock
Vibration

e Deformation
e Metallic lithium plating
e Formation of SEl layer and lithium dendrite
e Etc.
External Battery Faults Internal Battery Faults

e Overcharge
e Overdischarge

e Sensor faults
o Temperature

o Voltage e Internal short circuit
o Current e  External short circuit
e Cell connection fault e Overheating
e  Cooling system fault e Accelerated degradation

e Thermal runaway

Figure 1. Internal and external Lithium-ion (Li-ion) battery faults and their causes.
2.1.2. Overdischarge

Overdischarge, similar to overcharge, can be caused by incorrect voltage and current measurements
as well as inaccurate SOC estimation [13]. In [17], scanning electron microscopy and X-ray diffraction
showed that overdischarge might be caused by copper deposition on the electrodes of the battery.
Electrochemical impedance spectroscopy (EIS) studies also indicate that during battery overdischarge,
the impedance of the anode is much smaller than that of the cathode, which means that the SEI
change on the anode is much larger than the cathode, leading to capacity loss and current collection
corrosion [14]. Overdischarge can impact the lifespan and thermal stability of a Li-ion cell, and result
in considerable swelling of the cell [16]. The anode potential also increases abnormally during
overdischarge, which can cause the Cu in the cell to oxidize to Cu?* ions. The dissolved Cu?* ions
may result in migration through the separator and, ultimately, an internal short circuit [18].

2.1.3. Internal Short Circuit

A short circuit in Li-ion batteries can occur both externally and internally. An internal short
circuit occurs when the insulating separator layer between the electrodes fails. This failure of the
separator can be attributed to melting due to high temperature, cell deformation, the formation of
dendrite, or compressive shock [7,19,20]. All of these can cause penetration through the separator layer,
or cause the lithium ions and electrons to be released at the anode and travel across the electrolyte
toward the cathode, which triggers contact between the anode and the cathode, leading to internal
short-circuiting. When this phenomenon happens, the electrolyte tends to decompose by an exothermic
reaction, causing thermal runaway [21]. Thermal runaway is mainly caused by heat build-up from the
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short circuit. In general, high capacity cells are at a higher risk of thermal runaway from internal short
circuits than normal capacity cells [11].

2.1.4. External Short Circuit

An external short circuit generally occurs when the tabs are connected by a low resistance path [11].
Another cause is electrolyte leakage from cell swelling due to gas generation from side reactions during
overcharge [22]. It can also occur due to water immersion and collision deformation. An external
short circuit specifically transpires when an external heat-conducting element makes contact with the
positive and negative terminals simultaneously, causing an electrical connection between the electrodes
to occur [23]. A study [22] concluded that due to external short circuit, the Li-ion diffusion in the
negative electrode leads to limited current, and the heat generated by the electrolyte decomposition in
the positive electrode is responsible for thermal runaway occurrence. An external short circuit also
leads to excessive discharge of the energy that is being stored in a cell [11].

2.1.5. Overheating

A Li-ion battery can overheat if an alternator’s voltage regulator fails, sending a high amount of
voltage back to the battery and causing overheating [24]. Overheating can also be caused by external
and internal short circuits [25]. Overheating of the battery accelerates the degradation of the cathode
and leads to SEI growth at the anode. As a result of overheating, there is a significant capacity loss.
Overheating of Li-ion battery can lead to the materials inside the battery to break down and produce
bubbles of gas, and, in most cases, the pressure build-up causes the battery to swell and possibly
explode [26]. Another consequence of overheating is thermal runaway, which occurs because, at a
critical temperature, a runaway reaction takes place as the heat cannot escape as rapidly as it is
formed [15].

2.1.6. Accelerated Degradation

Cell degradation is a common characteristic in most batteries and occurs due to a variety of reasons,
such as aging and self-discharging mechanisms. However, accelerated degradation is abnormal and
can cause severe problems in Li-ion battery applications. The degradation process is accelerated
during storage at elevated temperatures [27]. External degradation is also accelerated due to factors,
such as impedance increase, higher frequency of cycle, change in SOC, and voltage rates [28,29].
Some mechanisms of accelerated degradation are corrosion of current collectors, changes in the
electrode material, and reactions between electrodes and electrolyte. Accelerated degradation can
cause the battery to have a shorter lifespan, which can be a major issue in applications such as
EVs. It can also cause surface layer formation and contact deterioration, which results in electrode
disintegration, material disintegration, and loss of lithium. These phenomena can lead to transport
barriers, which result in penetration of the separator and cause an internal short circuit and, ultimately,
a thermal runaway [30].

2.1.7. Thermal Runaway

All the above internal battery faults can cause thermal runaway. It can also occur during the
charging of the battery under extreme charging currents and high temperatures. When the temperature
reaches the melting point of the metallic lithium, it can cause a violent reaction [31]. Restricted air
circulation is another cause of thermal runaway [32]. A study by Galushkin et al. [33] concluded that
the probability of thermal runaway increases with the number of charge/discharge cycles. The study
also found that thermal runaway is related to a variety of exothermic reactions in batteries. The first
exothermic reaction to occur is SEI decomposition, and it considerably increases the heat release at
the beginning of thermal runaway. During thermal runaway, the cathode releases oxygen by a phase
transition, and the oxygen is consumed by the lithiated anode. A consequence of thermal runaway is a
substantial increase in pressure and temperature of the Li-ion cell, which can lead to the destruction of
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the container and the release of a large amount of flammable and toxic gas [33]. Often in the case of a
thermal runaway occurrence, the battery heats up and explodes. Hence, it is the most severe fault that
can materialize in a Li-ion battery system.

2.2. External Battery Faults

External battery faults can have a significant effect on the other functions of the BMS and cause
internal battery faults to occur. There are several types of external faults, which are temperature,
voltage and current sensor faults, cell connection fault, and cooling system fault. The cooling system
fault can be considered the most severe fault because it leads to a direct thermal failure, specifically
thermal runaway, as the system fails to provide adequate cooling [34].

2.2.1. Sensor Fault

It is crucial to have a reliable sensor fault diagnostic scheme to ensure battery safety and
performance. It also helps to prevent internal faults, such as overcharge, overdischarge, overheat,
external and internal short circuit, and, most importantly, thermal runaway. Sensor faults include
failure of temperature, voltage, and current sensors. Sensor faults are caused by vibration, collision
electrolyte leakage, and other physical factors [35]. They can also be attributed to the loose battery
terminals or corrosion around the battery sensor. A sensor fault can accelerate the degradation process
of a battery, hinder the BMS functions due to incorrect state estimation, and cause other internal battery
faults [10].

The temperature sensor is a key component in the Li-ion battery system, as it helps provide critical
temperature data for the BMS to manage the battery operation effectively. A temperature sensor fault
can cause it to send incorrect measurements to the BMS, which can cause further problems due to
ineffective thermal management [36]. Inaccuracy in the BMS thermal management function can result
in a significant decrease in battery life. Temperature sensor fault can also lead to short-circuiting,
overheating, aging under high temperatures, capacity fade due to high temperature, and ultimately
thermal runaway [33].

The voltage sensor is used to monitor the voltage of cells in the battery pack. A voltage sensor
fault can cause the cell or the entire pack to exceed the upper and lower voltage limits that are specified
by the manufacturers, which can result in overcharge and overdischarge [13]. A fault in the voltage
sensor also leads to inaccurate SOC and SOH estimation, which can result in an internal fault as the
battery suffers from overcharge and overdischarge [37].

The current sensor monitors the current that enters and exits the battery and sends the data to the
BMS. It is important to detect a faulty current sensor as it can lead to further problems. The current
can bypass the sensor, and the readings will be inaccurate [37]. A current sensor fault also leads to
inaccurate estimation of SOC and other parameters, which impacts the control actions in the BMS,
and causes the cell to overcharge, overdischarge, or overheat.

2.2.2. Cooling System Fault

The cooling system helps manage the thermal aspect of the battery. It transfers the heat away from
the battery pack and ensures that the battery remains in the optimal temperature range. Cooling system
faults occur when the cooling motor or fan fails to operate due to outdated fan wiring, faulty temperature
sensor, or a broken fuse [2,38]. The temperature sensor and cooling system fault cannot be separated
from each other as they both depend on a temperature range [34]. A cooling system fault is one of
the more severe faults as it leads to a direct failure of the battery due to overheating, and ultimately
thermal runaway. Therefore, it is important to diagnose it as early as possible.

2.2.3. Cell Connection Fault

Battery or cell connection fault is caused by the poor electrical connection between the cell
terminals, as the terminals may become loose from vibration or corroded by impurities over time [39].
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When this fault occurs, the cell resistance can increase drastically, leading to cell imbalance due to
uneven current, or overheating of the faulty cell [40]. This type of fault is simple to detect with voltage
and temperature sensors, but if left unresolved, it could lead to more severe consequences, such as
external short circuit or thermal runaway.

3. The Role of BMS in Fault Diagnosis

One of the main functions of the BMS is to minimize the risks associated with the operation of a
lithium-ion battery pack to protect both the battery and the users. Hazardous conditions are mostly
caused by faults, and the safety functions of the BMS should minimize the likelihood of occurrence
and the severity of these faults. Sensors, contactors, and insulation are common features added to
the battery system to ensure its safety [13]. There are also operational limits for voltage, current,
and temperature, which are monitored with sensors connected to the cells [41]. However, as the
hardware and software implementation of the BMS becomes increasingly complex, battery faults
can be more complicated, and these safety measures are often not adequate [42,43]. Fault diagnostic
algorithms are, hence, a requirement for BMS. These algorithms serve the purpose of detecting faults
early and providing appropriate and immediate control actions for the battery and the users [8].
Figure 2 illustrates the mechanism of fault diagnosis in the BMS.

Li-ion battery
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Figure 2. A schematic of fault diagnosis in the battery management system (BMS).

In the battery system, the BMS plays a significant role in fault diagnosis because it houses all
diagnostic subsystems and algorithms. It monitors the battery system through sensors and state
estimation, with the use of modeling or data analysis to detect any abnormalities during the battery
system operation [13]. Since there are many internal and external faults, it is difficult to carry out this
task efficiently. Various fault diagnostic methods need to work in tandem to correctly detect and isolate
a specific fault, to administer the correct control action. However, the fault diagnostic algorithms in
the BMS have limited computing space and time. Because of the large number of cells in the battery
system in some applications, these fault diagnostic algorithms need to have low computational effort,
while maintaining accuracy and reliability [44]. In recent years, there has been extensive effort in the
research and development of efficient fault diagnostic approaches for Li-ion battery, which will be
discussed in the following section.
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4. Fault Diagnostic Algorithms for the Li-lon Battery System

Fault diagnosis, as discussed, is an important function in the BMS. Fault diagnosis includes fault
detection, isolation, and estimation. There are many fault diagnostic methods in various industries.
For Li-ion battery applications, faults can be internal and interconnected, thus, many common methods
in other fields are not suitable. There are two categories for fault diagnostic methods in Li-ion battery:
model-based and non-model-based [9]. Classification of the fault diagnostic algorithms to be discussed
in this paper can be found in Figure 3. This section presents recent developments for internal and
external Li-ion battery fault diagnosis.

Fault diagnostic

algorithms
Model-based Non-model-based
methods methods
State Parameter Structural Signal Knowledge-
estimation estimation analysis processing based

Parity

space
Entro!

Filter Observer Py Wavelet Expert Fuz?y ANN

theory transform system logic

Figure 3. The classification of Li-ion battery fault diagnostic algorithms.
4.1. Internal Battery Fault Diagnosis

4.1.1. Model-Based Methods

The main principle of model-based fault diagnosis is the use of battery models to generate residuals
which are monitored and analyzed to detect faults. There are several types of battery models, including
electrochemical, electrical, thermal, and combinations of interdisciplinary models (electro-thermal,
etc.) [45]. Each model can be used to assist fault diagnosis, depending on the requirements of the Li-ion
battery application. Model-based methods are often used in fault diagnosis for their simplicity and
cost-efficiency. Model-based methods include state estimation, parameter estimation, parity equation,
and structural analysis. A simplified schematic for state estimation fault diagnostic algorithms is
shown in Figure 4.
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Figure 4. A simplified schematic of state estimation fault diagnosis.

In some earlier works, Alavi et al. [46] proposed a two-step state-estimation based algorithm for
Li plating detection, which can lead to degradation and failure of the battery. The algorithm uses an
electrochemical model, with the first step being estimating the insertion and extraction rates of Li
ions using particle filtering, and the second step being the comparison of the estimated data with the
boundary condition to generate alarms at faulty state. This method is effective in detecting Li plating,
but the electrochemical model is complicated and not fully understood; hence, it is not reliable and
impractical in the BMS. Authors in [47] used impedance spectroscopy to identify the parameters in the
equivalent circuit model (ECM) to construct fault models for overcharge and overdischarge conditions.
Kalman filters and the multiple-model adaptive estimation (MMAE) technique were proposed to
generate residuals from the voltage, and the residuals were evaluated in a probability-based approach
to detect overcharge and overdischarge faults. The same authors then proposed the use of extended
Kalman filters with MMAE to detect overcharge and overdischarge faults [48]. This method eliminates
noises effectively, but the use of multiple models makes it too complex and computationally inefficient.
Chen et al. [49] used a bank of Luenberger observers with the ECM to generate residuals from voltage
to locate and isolate faults in a series of three Li-ion cells and a bank of learning observers to estimate
the isolated fault. This method was able to detect faults caused by changed internal resistance in a cell,
but it is not practical for applications with a large number of cells, such as EVs.

In more recent works, the internal short circuit fault has been the main focus. Ouyang et al. [50]
proposed an internal short circuit detection method using recursive least squares (RLS) to estimate
the parameters of the mean-difference model, which is derived from the ECM. The parameters of
all the cells in the pack are statistically analyzed and compared to a set threshold to detect internal
short circuit fault. Authors in [51] used an electrochemical-thermal coupled model to confirm that
an internal short circuit causes abnormal responses in voltage, temperature, and SOC. The ECM and
the energy balance equation (EBE) model were used in the fault diagnostic algorithm instead of the
electrochemical-thermal coupled model to lower the computational cost. RLS was utilized to estimate
the parameters of these two models, and fault detection was achieved by observing changes in these
parameters. The two diagnostic methods above are further developed in [52], where extended Kalman
filters and RLS were implemented for state and parameter estimation, specifically SOC, voltage,
temperature, and internal resistance. The state estimation and parameter estimation are performed on
all the cells, with output data belonging to the mean and worst cells. Different scenarios of deviation
from the estimated data indicate different levels of fault, including extra capacity depletion, abnormal
heat generation, and internal short circuit. In [53], a model-based switching model method was
proposed to improve the accuracy of the internal resistance estimates during an internal short circuit
fault, and RLS was also used for parameter estimation and fault detection. Gao et al. [54] proposed
a fault detection method for the micro-short circuit, using the cell difference model and extended
Kalman filters to estimate the cell SOC differences. The extra depleting current is identified with RLS
to diagnose the short circuit resistance. All the above methods for internal short circuit detection use
RLS for parameter estimation for low computational cost, but they all require information from other
cells in the pack, which can be influenced by online cell balancing leading to unreliable fault detection.
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A string of studies on thermal fault detection using the battery thermal model and the ECM
was introduced by the same group of authors in [55-57]. In [55], the Li-ion battery was modeled
via ECM and a two-state thermal model. A diagnostic scheme based on the Luenberger observer
was proposed to detect and isolate three thermal faults, which were internal thermal resistance fault,
convective cooling resistance fault, and thermal runaway, by generating and filtering two unique
residuals from the models. This work is further developed in [56], where nonlinear observers using
Lyapunov analysis was implemented, and an adaptive threshold generator was developed to deal
with the presence of modeling uncertainties. Most recently, the authors proposed a partial differential
equation model-based scheme with two state observers to improve the accuracy and reliability of
thermal fault detection [57]. The method proposed in these works becomes progressively more precise
and reliable, but the computational effort also increases as the method develops.

4.1.2. Non-Model-Based Methods

Non-model-based methods include signal processing and knowledge-based methods.
These methods primarily rely on battery data collection, although still using battery modeling
to an extent. They can improve fault diagnostic accuracy but might require a large amount of fault
data, which is often not available, or have very high computational cost, which is impractical for usage
in the BMS.

Several recent works implement signal processing for Li-ion battery fault diagnosis. Kong etal. [58]
obtained the remaining charging capacity, which can increase due to extra charge depletion caused by
micro-short circuiting, from charging cell voltage curve transformation. The micro-short circuit fault
was then identified from the remaining charging capacities between adjacent charges, which was used
to obtain the leakage current of the shorted cell. The correlation coefficient was used in [59] to detect
the initial stage of short circuits by capturing the off-trend voltage drop and reflect the drop variation in
the correlation coefficient. Another work [60] proposed the use of an interclass correlation coefficient
to analyze battery short circuit fault also by capturing the off-trend voltage drop. Both methods
using the correlation coefficient employ moving windows to prolong the fault memory and do not
need extra hardware design or model adjustment. However, they can be subject to measurement
noises. Entropy theory fault diagnosis has also been studied recently. Authors in [61] implemented
the Shannon entropy and the Z-score method to detect any abnormality in the battery temperature,
as well as predicting the time and location of the fault, to prevent thermal runaway. Liu et al. [62,63]
proposed the use of a modified Shannon entropy with the Z-score method to capture abnormality
in cell voltage, and predict the time and location of the voltage fault occurrence. The entropy-based
methods are effective in detecting battery faults, but the computational cost increases with the desired
diagnostic precision.

Knowledge-based is another type of non-model-based fault diagnostic method. In some earlier
works, Xiong et al. [64] implemented an expert system, including a rule-based method and a
probabilistic method, to detect an overdischarge fault, where the rules for failure are an unusual
increase in temperature and unusual decrease in voltage. This method is easy to implement, but the
threshold for the rules is very difficult to obtain for different applications and cell chemistries. In [65],
the authors characterized external short circuit faults through three criteria, which are voltage variation,
current variation, and temperature change rate, and constructed thresholds for these criteria to detect
external short circuit faults. This method is simple to implement, but it is unreliable as Li-ion cells vary
in characteristics, and more experiments would need to be conducted to validate the set thresholds.
In [66], the authors used fuzzy logic to analyze temperature, SOC, and voltage residuals from an
electrochemical model to detect overcharge, overdischarge, and accelerated degradation. Later works
explore the application of machine learning in Li-ion battery fault diagnosis. The Random forests
classifier was used in [67] to detect the electrolyte leakage behavior that occurs during an external short
circuit fault. The two root-mean-square-error indicators for an external short circuit fault in this study
are higher maximum temperature rise and lower discharge capacity. The result of the leakage condition
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is obtained through training a large amount of data using the classifier. The normal and faulty cells can
then be classified effectively, and external short circuit fault can be diagnosed accurately. Zhao et al. [68]
established a battery fault diagnostic model through the combination of the 3o multi-level screening
strategy and the machine learning algorithm. The 30 multi-level screening strategy was utilized to
build the criteria for normal operating cell voltage, and a neural network was applied to simulate the
cell fault distribution in a battery pack. This method requires an extended period to collect battery data
to detect battery faults reliably. Djeziri et al. [69] proposed the use of a Wiener process to model and
monitor the drift of voltage to obtain the voltage identification (VID), which determines the voltage
needed for a processor to run continuously and at 100%. This data-driven method can be used to
predict the degradation trajectory of a system and adjust the parameters accordingly. Although it has
not been tested with a Li-ion battery system, its ability to adapt to the degradation process shows its
potential to be effective in Li-ion battery fault diagnosis.

4.2. External Battery Fault Diagnosis

4.2.1. Model-Based Methods

For external battery fault diagnosis, model-based methods are often implemented to detect sensor
faults and cooling system faults. In some earlier works, Marcicki et al. [70] proposed the use of
nonlinear parity equations to generate residuals for voltage, current, and fan setting from the ECM,
thermal, and SOC models. The thresholds for the residuals were selected using the probability density
function. Current and voltage sensor faults, as well as cooling fan fault, were then detected and isolated.
However, this method can only detect faults of large magnitude due to errors from the observer. In [71],
sensor fault detection was achieved using the Kirchhoff circuits’ equations to generate current and
voltage residuals and the temperature diffusion model to generate temperature residuals. This method
has a low computational cost but is sensitive to measurement noises. In more recent works, Xu et al. [72]
used the proportional-integral-observer-based method to accurately detect and estimate current sensor
fault, as a means to improve the state of energy estimation. In [73], a model-based diagnostic scheme
using sliding mode observers designed based on the electrical and thermal dynamics of the battery
was developed. A set of fault detection filter expressions was derived on the sliding surfaces of each
observer. The outputs of these filters were used as residual signals to detect, isolate, and estimate
voltage, current and temperature sensor faults, under the assumption that the faults and their time
derivatives are bounded and finite. Tran et al. [35] proposed a parameter estimation method using
RLS to detect and isolate voltage and current sensor faults. The ECM was used, and the estimated
parameters were put through a weighted moving average filter and a statistical cumulative sum
(CUSUM) test to evaluate the generated residuals for any abnormalities. This method was also able to
detect sensor faults when the battery underwent degradation accurately. The authors in [36] presented
a fault diagnostic method for current and voltage sensor faults using state estimation, specifically SOC
estimation. The residual was generated from the true SOC, calculated by the coulomb counting method,
and the estimated SOC, obtained by the recursive least squares and unscented Kalman filter joint
estimation method. Due to sensor noises in real applications, there are some uncertainties associated
with the threshold selection for the residuals in this method, which require further research.

A group of authors produced a series of studies on sensor fault diagnosis using structural
analysis [2,34,74] and an extended Kalman filter [75-77]. In [34] and [74], structural analysis was
applied to obtain the structurally overdetermined part of the system model by analyzing the structural
model represented by an incidence matrix. Sequential residual generation was then used as a diagnostic
test to detect different faults, including voltage and current sensor faults and cooling system faults,
by calculating the unknown variables in a sequence. The specific fault was isolated with many different
minimal structurally overdetermined sets. This method was improved in [2] by applying an extended
Kalman filter to address the issue of inaccurate initial SOC. In addition, a statistical CUSUM test was
implemented to evaluate the generated residuals from the diagnostic tests to determine the presence
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of a fault. This addition, however, made the proposed method significantly more computationally
complex. Another model-based fault diagnostic method was developed by the same authors using an
extended Kalman filter in [75]. The extended Kalman filter was used to estimate the output voltage
from the ECM to generate residuals between measured and estimated values. The residuals were
then evaluated by a statistical CUSUM test to detect current and voltage sensor faults. This work was
further developed in [76] and [77] by implementing an adaptive extended Kalman filter to update the
process and measurement noise matrices appropriately, which helps eliminate the noises.

4.2.2. Non-Model-Based Methods

For cell connection fault diagnosis, entropy theory and statistical analysis methods have been
proposed. Zheng et al. [78] used demonstration data from 96 cells in series collected over three months
to obtain cell resistances from the ECM. By calculating the Shannon entropy of the cell resistances,
the contact resistance fault was successfully isolated. In [39], the authors proposed a method of fault
detection for the connection of Li-ion cells based on entropy. Cell voltage data was obtained and filtered
using the discrete cosine filter method. Ensemble Shannon entropy, local Shannon entropy, and sample
entropy were applied to predict the time and location of the connection failure occurrence based on
voltage fluctuations. Sample entropy produced the most accurate results but required a large amount of
data, while ensemble Shannon entropy was able to predict the connection fault between cells effectively.
Sun et al. [79] used the wavelet decomposition with three layers developed by Daubechies to smooth
the voltage signal and eliminate noise interference. After the wavelet transformation, the Shannon
entropy of charge and discharge cycles was calculated, and the change in entropy was monitored to
detect real-time cell connection fault. However, this method can be easily affected by the set value
of the interval parameters. Ma et al. [80] proposed the use of a modified Z-score test to analyze the
abnormal voltage coefficients to detect cell connection fault. The temperature rise rate was utilized
as a secondary parameter to determine the severity of the fault. However, using this method, a fault
occurring at a location where there is no cross-voltage test cannot be reliably detected.

Since battery packs are often made up of many cells in series, topology-based fault diagnostic
methods have been proposed by a few studies. Xia et al. [81] proposed a fault-tolerant voltage
measurement method, where the voltage sum of multiple cells was measured instead of the voltage
of individual cells. A matrix interpretation of the sensor topology was developed to isolate sensor
and cell faults by locating abnormal signals. Since this method is sensitive to measurement noises,
the authors further developed an improved measurement topology in [82], where the noise limit and
trend of the interleaved voltage measurement method were derived to improve the noise sensitivity.
In [83], a multi-fault diagnostic strategy based on an interleaved voltage measurement topology
and an improved correlation coefficient method was presented, which can diagnose several types of
faults, such as internal and external short circuits, sensor faults and connection faults. The voltage
measurement method correlated each battery and contact resistance with two different sensors to
accurately identify the location and type of faults. The improved correlation coefficient method was
used to monitor fault signatures to eliminate the effect of battery inconsistencies and measurement
errors. These topology-based methods can isolate various faults accurately, but they are only suitable
for battery packs that have multiple cells in series with interleaved voltage measurements.
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4.3. Current Progress and Future Challenges of Li-lon Battery Fault Diagnosis

In summary, the fault diagnostic algorithms that were discussed have made certain progress
on improving Li-ion battery safety, but they still have some limitations in real-life applications.
A summary of all the reviewed algorithms is shown in Table 1. Model-based methods can quickly
detect and isolate a fault in real-time but require high modeling accuracy. Therefore, further research
needs to be conducted to reach a better understanding of the internal battery operation to develop
a precise, but not overly complicated, battery model. In addition, the trade-off between robustness
and sensitivity of the diagnostic approach, which depends on the fault thresholds, should also be
considered. Non-model-based methods can avoid the difficult requirements for battery modeling
but still have some drawbacks. Signal processing methods have good dynamic performance but are
sensitive to measurement noises and are not able to detect early faults reliably. Simple knowledge-based
methods, such as expert systems, require effective rules to precisely detect faults, which is challenging
as some battery faults are still not fully understood. Complex knowledge-based methods, such as
machine learning, have high accuracy and compatibility with a nonlinear system, such as the
Li-ion battery, but the training process is time-consuming and requires a large amount of data.
Opverall, even though model-based methods are more common, many difficulties still exist in improving
battery model accuracy, especially throughout the entire lifespan of the battery. Non-model-based
methods, particularly data-driven methods, can have a crucial role in predicting battery behavior as it
degrades and aiding the model development process. Therefore, the most effective approach for Li-ion
battery fault diagnosis should be a combination of both model-based and non-model-based methods.

There are several challenges that all of these fault diagnostic methods face. First, because some
faults have similar effects on the battery, it is difficult to isolate each fault accurately to provide
appropriate responses. Current methods often assume that the other components in the system are
operating normally to avoid the need to isolate and identify the detected faults. Future research
should focus on the development of fault identification methods after successful fault detection.
Another challenging task is the determination of effective fault thresholds for early and accurate
detection, due to the lack of understanding of fault behavior. Furthermore, a better understanding of
battery fault behavior is needed to develop fault simulation tools, because producing a real physical
fault can be impractical, costly, and unsafe. Therefore, more studies on the behavior of faults need
to be conducted through well-designed experiments to collect data for modeling and simulation
purposes. Finally, the BMS computational capability needs to be enhanced to accommodate more
complex algorithms that can improve fault diagnostic accuracy significantly. This can be achieved by
future hardware development in the BMS, as well as the utilization of cloud-based technologies for
battery condition monitoring.
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5. Conclusions

The safety of the Li-ion battery system has attracted a considerable amount of attention from
researchers. Battery faults, including internal and external faults, can hinder the operation of the
battery and lead to many potentially hazardous consequences, including fires or explosion. One main
function of the BMS is fault diagnosis, which is responsible for detecting faults early and providing
control actions to minimize fault effects. Therefore, Li-ion battery fault diagnostic methods have been
extensively developed in recent years. This paper provides a comprehensive review of existing fault
diagnostic methods for the Li-ion battery system.

Fault diagnostic approaches are categorized into model-based and non-model-based methods.
Model-based methods often have low computational cost and fast detection time but are reliant
on the accuracy of battery modeling. A simple and precise battery model has not been fully
developed. Non-model-based methods are less reliant on battery modeling. However, they require a
time-consuming training process that needs a large amount of data. There has not been an effective and
practical solution to detect and isolate all potential faults in the Li-ion battery system. There are several
challenges in Li-ion battery fault diagnosis, including assumption-free fault isolation, fault threshold
selection, fault simulation tools development, and BMS hardware limitations. The summary of the
algorithms provided in this paper serves as a basis for researchers to develop more effective fault
diagnostic methods for Li-ion battery systems in the future to improve battery safety.
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