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Abstract: The Nonlinear Output Frequency Response Functions (NOFRFs) are an extension of the well-known
Frequency Response Function (FRF) of linear systems to the nonlinear case and have recently been applied by many
researchers to resolve different engineering problems. However, there exist several issues with current methods that
can be used for the evaluation of the NOFRFs of practical systems. These include the difficulty and lack of an effective
approach of accurately evaluating the NOFRFs for a general class of nonlinear systems. In the present study, a new
concept known as the Generalized Associated Linear Equations (GALEs) is introduced to develop a novel approach to
systematically address these problems. By using the GALEs, the NOFRFs of the NARX (Nonlinear Auto Regressive
with eXegenous input) model or NDE (Nonlinear Differential Equation) model of nonlinear systems can be accurately
evaluated by simply dealing with the solutions to a series of linear difference or differential equations. This can
significantly facilitate the NOFRFs based nonlinear system analyses and associated practical applications. Two
experimental studies including monitoring fatigue damage of train wheels and inspecting wearing conditions of cutting
tools, respectively, demonstrate the significance and potential applications of the new GALEs based NOFRFs
evaluation in railway and manufacturing systems’ condition monitoring.

Key words: Condition monitoring; Nonlinear systems; Generalized Associated Linear Equations (GALEs);

Frequency domain; Nonlinear Output Frequency Response Functions (NOFRFs).

1. Introduction

It is well known that the Frequency Response Function (FRF) is a fundamental concept of linear systems, is the
theoretical basis of classical control and structural system design and analysis, and has been widely applied in
engineering practice [1,2]. The traditional extension of the FRF concept to the nonlinear case is known as the
Generalized Frequency Response Functions (GFRFs), which were derived based on the Volterra series theory of
nonlinear systems [3]. The GFRFs are a series of multi-dimensional complex functions of frequencies representing the
frequency domain characteristics of nonlinear systems with different orders of nonlinearity. Since proposed in late
1950s, the GFRFs have been exploited to analytically study weakly nonlinear systems [4] and to qualitatively evaluate
the nonlinear characteristics of some mechanical, sensor, and bioengineering systems [5-7]. However, due to the multi-

dimensional nature of the GFRFs, it is still rare to see the application of the GFRFs to literally resolve more
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complicated engineering problems.

In order to address this problem, in the last decades, several one-dimensional frequency domain representations of
nonlinear systems have been proposed. These include, for example, the Nonlinear Output Frequency Response
Functions (NOFRFs) [ 8], the Output Frequency Response Function (OFRF) [9] and the Higher Order Sinusoidal Input
Describing Functions (HOSIDF) [10]. The OFRF can be used to facilitate the design of nonlinear systems in the
frequency domain [11,12]; The HOSIDF is dedicated to the study of nonlinear systems subject to sinusoidal inputs
[13]; while the NOFRFs are a series of one-dimensional functions of frequency variable, providing a series of Bode
plot like frequency domain representations and a novel framework for the analysis of nonlinear systems in the
frequency domain [ 14].

The NOFRFs based nonlinear system analysis basically involves the evaluation of the NOFRFs of a nonlinear
system under study and the use of the evaluated NOFRFs or associated indices to reveal the system’s dynamic
properties [15,16]. This has, very recently, found a wide range of applications especially in the condition monitoring
and fault diagnosis of engineering structural systems [15-19].

The fundamental idea of the application of the NOFRFs to the engineering structural systems’ condition monitoring
and fault diagnosis is as illustrated in Fig.1, involving:

(i) Using the system input/output data to either directly evaluate the NOFRFs [15] or to identify an input/output
model and then evaluate the NOFRFs using the identified model [14,18].

(i) Extracting the dynamic features of the underlying system from the evaluated NOFRFs and carrying out the
system’s condition monitoring and fault diagnosis using an index based on the extracted features [18].

The advantage of this condition monitoring and fault diagnosis scheme over widely used signal analyses are that the
NOFREFs features and associated index can more directly reveal inherent dynamics of inspected systems which are
often much more relevant to systems’ operational or faulty conditions than signal features [14,20]. In addition, it is
worth noting that the paradigm shown in Fig.1 with NOFRFs replaced by FRF has already been widely used in
engineering practice for the identification of the dynamic properties of linear engineering structures, systems or
components. Typical examples include, for example, modal analysis of buildings and bridges [21] and study of
electrical impedance spectroscopy of functional materials [22]. However, as far as we are aware of, the NOFRFs
approach has, for the first time, enabled this paradigm to be applicable to nonlinear engineering structures and systems

in a systematical way.

Input — Output
Engineering system

Evaluate NOFRFs from input/
output data or an input/output
data driven model System operational/faulty conditions
Values of system
'lv NOFRFs operational/faulty condition
Evaluate NOFRFs related indices | dependent indices

Values of indices

-

w

Fig.1 The NOFRFs based engineering system condition monitoring/fault diagnosis
One of the key issues with the realization of the paradigm shown in Fig.1 in practice is how to effectively evaluate

the NOFRFs for a nonlinear system under study. Currently, most researchers use a Least Squares (LS) based algorithm



[8] to determine the NOFRFs directly from the system input/output data [15]. This algorithm requires conducting
specific experiments on inspected structures or systems and cannot accurately determine the NOFRFs up to any order
of system nonlinearity of interest due to the truncation error associated with the Volterra series representation of a
nonlinear system. In order to address this problem, recently, a method was proposed in [ 14] based on the Associated
Linear Equation (ALE) [23.24]. This technique can be applied to an NARX (Nonlinear Auto Regressive with
eXegenous input) model of nonlinear system under study identified from the system input/output data to accurately
compute the system NOFRFs up to any order of nonlinearity. However, this method involves a relatively complicated
procedure including solving Diophantine equations that are not straightforward to use in practice especially for
nonlinear systems that have to be represented by a more complicated NARX model.

In order to resolve the problems with existing approaches for the NOFRFs evaluation, in the present study, the
concept of the Generalized Associated Linear Equations (GALESs) is proposed, extending the ALEs to a wide class of
nonlinear systems that can be described by a polynomial difference/differential equation model, known as the NARX
or NDE (Nonlinear Differential Equation) model of nonlinear systems. An effective algorithm is then derived, which
can readily be used to determine the GALEs directly from the system’s NARX or NDE model using a simple recursive
procedure circumventing the difficulties with solving Diophantine equations associated with the technique in [14]. In
the cases where an appropriate NARX or NDE model of the nonlinear system of concern can be identified, the GALEs
thus determined allow an accurate evaluation of the NOFRFs up to any order of system nonlinearity simply from the
solutions to a series of linear difference or differential equations.

In conjunction with a nonlinear system identification method such as, for example, the NARMAX method [25], the
new NOFRFs evaluation approach can be used in various practical applications including engineering system
condition monitoring and fault diagnosis. To show this, two experimental studies are carried out to monitor fatigue
damage of train wheels and inspect wearing conditions of cutting tools, respectively. The results demonstrate the
significance and potential applications of the novel GALEs based NOFRFs evaluation in railway and manufacturing

systems’ condition monitoring.

2. Generalized Associate Linear Equations (GALESs) of the NARX and NDE models of nonlinear

systems

2.1 The GFRFs of nonlinear systems

In practice, a large class of nonlinear systems can be described by a discrete-time NARX model [26]

ptq
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where k represents the discrete time, M and K are integers, and p+qg=m; Zk . IZZk _1~--Zk _, and
1 1= P

> Kprg™

Chy (kl, ek ) are the coefficients of model (1).

*ptq
If system (1) is asymptotically stable at the zero equilibrium, the output can be represented by a discrete Volterra

series as [3]:
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where N is the maximum order of the system’s nonlinearity, y, (k), n=1,...,N , is the output component of system (1)
contributed by the system’s nth order nonlinearity and known as the nth order nonlinear output of the system, and
h, (r],...,rn) is called the nth order Volterra kernel of the system. In the frequency domain, the output spectrum

Y (jw) of system (2) can be represented as [27]
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In (3), ¥, (jw) is the spectrum of y, (k) obtained by the normalised Discrete Time Fourier Transform (nDTFT)

under the sampling time of At [28]. I [.]daw denotes the integration carried out over the hyperplane

o+ +0,=0
o +++o, =w with do, representing an infinitely small element on the hyperplane, U ( ja),.) represents the input

spectrum at the frequency ,, and

H,(a,. ..o, Z Zh 7pseo7, Jexp(=j(@n, At + -+ @,7,At) )

is the nth order GFREF of the system, which can be determined from the NARX model (1) using a recursive algorithm

as follows [26]
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with n=1,...,N ,and K, =(k,,...,kn).

2.2 The NOFRFs of nonlinear systems

It can be observed that the GFRFs of nonlinear systems are multi-dimensional functions, which are difficult to be

applied in practice. To address this issue, the NOFRFs of nonlinear systems are introduced as

G, (jo)= Y"(j,a));a)eQ (6)




where Y, ( ) and U ( ] a)) are the nth order output spectrum and the nth order generalized input spectrum that can

obtained by the nDTFT of y, (k) and u"(k), respectively; €2 is the frequency support of |Un ( ja))|, which can be

determined using the results about the output frequencies of nonlinear systems [27]. From equation (3) and (6), the

output spectrum of nonlinear system (2) can be represented as
N N
Y(jo)= DY, (jo)=>.G,(j jo) (7
n=1 n=1

It is obvious that, when n=N =1, G, (jw)=G,(j) reduces to the FRF of a linear system. The NOFRFs are

one-dimensional functions that enable the evaluation of the system frequency domain characteristics using a series of
Bode plot like diagrams. This advantage of the NOFRFs has already been exploited to perform frequency analysis for
condition monitoring, fault diagnosis, and modal analysis of practical nonlinear systems [14-16,19].

The NOFRFs can be evaluated by using a LS based algorithm [8], which requires the system output response to
inputs with different amplitudes and an appropriate selection of the maximum order N of system nonlinearity.
Although Bayma et al [14] has proposed a method based on the concept of Associated Linear Equations (ALE) to
address the problem with the LS based algorithm, the ALE based method involves a relatively complicated procedure
to solve Diophantine equations that are not straightforward to implement in practice especially for systems that have to
be described by a more complicated NARX model.

In order to circumvent the difficulties with using exiting methods for the NOFRFs evaluation, a novel approach is
proposed in the present study, which is based on a newly introduced concept known as the Generalized Associated

Linear Equations (GALEs).

2.3 The GALEs of nonlinear systems

By multiplying each side of equation (4) with HU ( jwl.) and evaluating the integration of the result over the

i=1

hyperplane @, +---+ @, = @, it can be shown that
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It is obvious that (8) is the frequency domain representation of a linear system, where H ( ja)) is the frequency

response function and V, ( j a)) is the input spectrum of this linear system. By applying the inverse nDTFT to both sides
of equation (8), this linear system can be described in the time domain as
finl 2. (kK)]=v,(k).n=1....N (13)
where v, (k) is the inverse nDTFT of V, (jw) and f, [.] denotes a linear difference operator.
Equation (13) is referred to as the GALEs of nonlinear system (1). Obviously, given f;, [.] and v, (k), from the
GALEs (13), y, (k) can readily be found by solving a simple linear difference equation. Therefore, the determination
of the GALEs can facilitate determining y, (k) so as to evaluate the NOFRFs for a very wide class of nonlinear

systems, which are, as defined in (6), the ratio between the nDTFT of y, (k) and the nDTFT of «" (k) for n=1,....N

2.4 Determination of the GALEs

The GALEs of the NARX model (1) of nonlinear systems can be determined by using Proposition 1 as follows.
Proposition 1. The GALEs of the NARX model (1) of nonlinear systems can be determined as
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and
i (k) =y, (k=k) (15b)

Proof of Proposition 1. See Appendix A.

By comparing equations (4) and (14), it can be observed that the algorithms for the evaluation of the GFRFs and the

K

GALEs, respectively, have a significant similarity. This implies y, (k), /A (k) in Proposition 1 can theoretically be



interpreted as the time domain analogy of H, (®,,---,®,), H ,:i’;f . (a)] @, ) in equation (4), revealing a novel and

interesting relationship between the time and frequency domain properties of nonlinear systems. In addition, by

comparing equation (14) with equation (13), it is known that f,_ [] and v, (k) in the GALEs (13) can be determined

directly from the NARX model (1) of nonlinear systems as follows
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Taking into account equation (15), the above expression of v, (k) shows that v, (k) is dependent on the system
input in the past u(k—l),...,u(k—K) as well as the system output components contributed by the system

nonlinearities up to the (n—1)th order y, (k), -,y (k). Therefore, the GALEs determined using Proposition 1

provide a powerful recursive algorithm that can readily be used to find the output components of nonlinear system (1)
contributed by system nonlinearity up to any order of concern.

For example, for the unplugged Van der Pol system [29]
my (1) +cy(t)+ky(1)+c,y* (1) y(t)=u(r) (16)
where m, ¢, k and c, are system linear and nonlinear parameters, respectively, the NARX model can be obtained by
discretizing the model (16) to yield [12]:
y(k)=co, (Du(k=1)+c (1) y(k=1)+c,,(2) y(k-2)

17
+cy0 (LL1) ' (k=1)+ ¢y (L1,2) y* (k—1) y(k—2) a7
with
AL Atc Atk At
o ()="scp()=2-"2-2 200 (2) = =1,
Atc, Atc,
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m m
The GALEs of the NARX model (17) can be determined using Proposition 1 as follows
For n=1
Y (k) =Cy, (l)u (k - 1) +c (1) Y (k — 1) +cp (2) Y (k — 2) (19)
For n=2
¥, (k)zcl,o (l)y2 (k—1)+cl,0(2)y2 (k—2)=0 (20)

For n=3



vy (k)= o (1) y; (k=1)+¢,0(2) v, (k =2) + ¢y (LL1) Y5 (k) + ¢y (1,1,2) 5 (k) 1)

where
v (k)= 3 (k=1)352" (k) = o7 (k= 1) 3y (k) = 37" (k1) (222)
yis (k) =3 (k=2)3557 (k) = 3y (k=2)y, (k=) 3" (k) = 3, (k= 2) y/* (k- 1) (22b)

Clearly, proceeding with this process, one can produce the GALEs associated with a system NARX model up to any
order n of system nonlinearity of interest.

The above results about the GALEs of the NARX model can readily be extended to the NDE model of nonlinear

systems [30]:
M m L ptq
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where M and L are integers; p+qg=m ; D is the differential operator defined by Dl / dr' ;

Chy (ll, el ) are the coefficients of model (23).

rt+q
The GALEs of the NDE model (23) is a series of linear differential equations with regard to y, (t), n=1,...,N, the

output component contributed by the » th order nonlinearity of the system. The GALEs of the NDE model (23) can be
obtained by using Proposition 2 as follows.

Proposition 2. The GALEs of the NDE model (23) of nonlinear systems can be obtained as
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and

i (1)=D"y, (1) (25b)

Proof of Proposition 2. Proposition 2 can be proven in a way similar to the proof for Proposition 1.
It is worth mentioning that the ALEs in [23,24] are a special case of the GALEs and were proposed for relatively
simple Duffing type continuous time nonlinear systems. For example, the ALEs can’t be directly applied to Van der Pol

system (16) in which there is an additional damping term y* (t) jz(t) . The GALEs are an extension of the ALEs and

can be used to analyse a very general class of nonlinear systems that can be represented by a NARX or NDE model.



3. The GALEs based evaluation of the NOFRFs of nonlinear systems

In general, the NOFRFs of nonlinear systems can be evaluated using the GALEs as follows:
Step 1: Determine the GALESs of a NARX or NDE model of the nonlinear system under study using Proposition 1 or

Proposition 2.

Step 2: Solve the GALEs (14) or (24) recursively to find the system 7 th order nonlinear output y, (k) or y, ().

Step 3: Evaluate the n th order NOFRF by computing the ratio of Y, (] a)) and U, ( ] a)) as defined by (6).

For example, consider the discretised unplugged Van der Pol system (17) under the sampling frequency of f, =1/Az
=512 Hz subject to the band limited input

0.3 5in[ 200(kAr =3) |~ sin[ 50(kAr =3) |

26
/4 kAt -3 (26)

u (k) =
with kAt e [0, 6] s, the NOFRFs of system (17) can be evaluated using the GALEs based approach as below.

In Step 1, according to Proposition 1, the GALESs of system (17) associated with the system nonlinear outputs up to

the 5th order are obtained as

( ) c()](l)u(k 1)+clo(1)y,(k—1)+cl’()(2)y1(k—2)

( ) clo(l)yg( —1)+c10(2)y3(k—2)+C3’0(1,1,1)y13(k—1)

+C3O(1 I,Z)yl(k 2)y1 (k—l)

( )—cm( )ys(k 1)+c10(2)y5(k—2)+263’()(1,1,1)y12(k—l)y3(k—l)
+2c3’0(1,1,2)y1(k—l)yl(k—2)y3(k—1)+c3’0(1,1,1)y3(k—l)ylz(t—l)
+c370(1,1,2)y3(k—2)y12(t—1)

In Step 2, the GALEs (27) are solved recursively to determine y, (k ) for n=1,3,5. Then the nDTFT of the results is

27

evaluated to get ¥, (jo), n=1,3,5.

With the values of the parameters in the discretized Van der Pol system (17) given as m=1kg, ¢ =30 Ns/m,
k=1x10* N/m and ¢, =1x10" Ns/m’, the sum of the spectra of the solutions to the GALEs (27) when taking into
account the system 1st order output y, (k) (N=1), the 1st and 3rd order outputs y, (k) and y, (k) (N=3), and the 1Ist,
3rd, and 5th order outputs y, (k), y,(k) and ys(k) (N=5), respectively, is evaluated and shown in Fig.2. The results

indicate that the sum of spectra of the solutions to the GALEs up to an appropriate order N can well represent the
system output spectrum thus verify the effectiveness of the new GALEs concept and its evaluation method given by
Proposition 1.

In Step 3, the NOFRFs of system (17) are determined as

v
G, (jo)= U"(J,w) n=1,3,5 (28)

using Y, (]a)) obtained in Step 2 and U, (ja)), the nDTFT of u" (k) , for n=1,3,5, with u(k) given in (26).
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Fig.2 The accurate output spectrum of system (17) and the result evaluated by a sum of solutions to GALEs up to order N

The first three orders” NOFRFs, G, (jw), G, (jw) and G;(jw) of system (17) under input (26) are evaluated by the
traditional LS based method [15] and shown in Fig.3. These results are compared with the results evaluated using the
GALEs. In the LS evaluation, three inputs of u, (k) = a,.u(k), i=1,2,3 with different amplitude formulated by

o, ={0.8,1,1.2} are applied.

3_5><10'4 3 %107 5 x10-19

s 2 N

il.‘.‘ i ) ty' 2
0.15 0.5 s } i Wy
0

0L I "
50 100 150 200 50, 100 150 /200 0‘50 100 150 200
Frequency /rad/s Frequency /rad/s Frequency /rad/s
— GALEs --- LS method
Fig.3 The LS and GALEs based evaluation of the NOFRFs of system (27)
The results in Fig.3 indicate that the traditional LS based evaluation can accurately determine lower order NOFRFs
but may induce significant errors when evaluating higher order NOFRFs while the GALEs based method can

accurately evaluate the NOFRFs up to an arbitrarily high order of interest.

; Y 10+
=al c=1x107
3 # - 7
=t 'C£—0.5><10
&1k ep=0.1x107
050 100 150 200
<107 Frequency /rad/s
6
— _ep=1x107
54' o €e=0.5%10
o 2t . c=0.1x107
% 10 150 200
Frequency /rad/s

Fig.4 The NOFRFs of system (17) under different values of the system nonlinear damping parameter c,
In addition, Fig.4 shows the evaluated first and third order NOFRFs of the discretised Van der Pol system (17) with
the system nonlinear damping parameter ¢, varying over three different values of ¢, ={0.1,0.5,1} 10’ Ns/m*. The

results show that:
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(1) The NOFRFs provide a series of Bode Plot like diagrams to represent the frequency domain characteristics of

nonlinear systems,
(i1) The third order NOFRF can be used to represent the variations in the system nonlinear damping parameter c, .

These observations of Fig.4 imply that the GALEs based NOFRFs evaluation can significantly facilitate the
application of the NOFRFs to the condition monitoring and fault diagnosis of engineering systems and structures. The
basic idea is:

- To establish a data driven NARX model of the system under study using a nonlinear system identification method.

- To apply Proposition 1 to the established NARX model and evaluate the NOFRFs of the system, and

- To compare the NOFRFs or an associated index with a base line to monitor the changes in the system characteristics
for the purpose of condition monitoring and fault diagnosis.

It is worth noting that although the NARX model parameters can sometimes also be used to monitor the underlying
system, the identified NARX model may not be unique while the system frequency domain representation including
the NOFRFs is a unique representation of the system dynamics [25]. This implies that the evaluation of the NARX
model’s NOFRFs index can be a more effective approach that can be used to monitor the conditions of the underlying
system [ 16].

In the following section, two experimental studies will be carried out to demonstrate how to apply the new GALEs
based NOFRFs evaluation in conjunction with a nonlinear system identification procedure [25] to monitor the fatigue

damage of train wheels and cutting tool wearing conditions in a manufacturing system, respectively.

4. Condition monitoring of railway and manufacturing systems

4.1 Application to the monitoring of fatigue damage of train wheels

The quality of train wheels is significant to the safety of high speed trains [31,32]. With the increase of the working
time of train wheels, fatigue damage will accumulate and grow. Specifically, after long-time and high load working,
significant fatigue damage will appear. Then micro-cracks will form and expand into macro cracks, which may cause
serious accidents [33]. It is therefore important to conduct non-destructive testing on train wheels to regularly monitor
the fatigue damage condition.

In this experimental study, 7 train wheels with different working times (starting to be used continuously from year

2005, 2006, 2007, 2008, 2009, 2012 and 2013, respectively) were investigated. Impulse tests were conducted on the

wheels as illustrated in Fig.5, so that the wheels’ dynamic characteristics over a wide frequency band were excited.

(1)

(D Wheel

Accelerometer

(| N
§ ¢ Hammer
\'\

A
LY

Fig.5 The train wheel and the test samples in the experiment

(D: An illustration of the test; (II): The testing process
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In the tests, the impulse excitation was generated by a hammer, and the acceleration response was measured by an
accelerometer fitted on the wheel. 10 repeated tests were conducted on each of the 7 train wheels, and the input and

output data from each test were collected. For example, one set of input and output data is as shown in Fig.6.

200 w1
Input = Output
- 150 =05
- S
8100 g0
S 5]
= 50 8-0.5
5]
0 < -1
0 0.5 1 1.5 0 0.5 1 1.5
Time/ s x 104 Time/ s x10#

Fig.6 The impulse excitation and acceleration response from a testing on the train wheel starting to be used in 2008
The application study involves three steps.
First, a NARX model under sampling frequency of f, =16384 Hz was identified using the input and output data
collected from each test and the NARMAX identification method for nonlinear system identification [25].

Then the first three orders NOFRFs were computed for each identified model using newly proposed GALEs based
approach and

0.18in(4x10* (kAz ~1)) - sin (100 (kAt 1))

s 2
u(k) T kAt —1 29

with kAr [0, 2]s, which covers all dominant frequencies of o e [100, 4x 104] rad/s with the train wheels. The first

three orders NOFRFs of the NARX model of the wheel starting to be used in year 2006 are shown in Fig.7.

=107 —— —
<
el MUW
102 ; i ' : : :

0 05 1 15 2 25 3 35 4
o Frequency /rad/s %104
s A e e —
8
:ﬁloﬁw
=017 3 4 5 6 7 3
e Frequency /rad/s x 104
=107p )
Z10° 1
=005 T 15 3 25 3 35 4

Fréquency /rad/s *10*

Fig.7 The first three orders NOFRFs of the NARX model of the wheel starting to be used in year 2006
After that, the NOFRFs based indices to the fatigue damage of train wheels [ 18]
zfy .
I G,( Ja))|da)
Fe, =% -
;IO |Gl. (Ja))|da)

were used to quantitatively assess the extent to which the fatigue damage has been accumulated.

,n=1,2,3 (30)
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Fig.8 The values of the fatigue damage indices Fe,

For each train wheel that has been tested, the mean, median, and standard deviation of the indices (30) evaluated
using data collected from the 10 repeated tests on the wheel were obtained. The results are shown in Fig.8 against the
year when the wheel started to be used.

It can be seen from Fig.8 that, the 2nd and 3rd order NOFRFs related indices both monotonically increase/ decrease
with the time scale over which the train wheels were literally used in practice. Considering that fatigue damage
normally increases with operational time, the results in Fig.8 demonstrate that the NOFRFs indices evaluated using the
new GALEs based approach can be effectively used to monitor fatigue damage conditions of train wheels and,
therefore, have good potential to be applied in railway industry.

Moreover, the results in Fig.8 also show that the second and the third order NOFRFs based indices have high
sensitivities to the fatigue damage of train wheels, for example, the mean value of the second order index increases 36.92%
from the year 2008 to 2007, and 152.64% from the year 2006 to 2005.

It is worth noting that in practice, a healthy structure is not necessarily a linear system. For example, the healthy and
damaged train wheels all have significant third order nonlinearities, while it is the increase of the second order NOFRFs’
index in Fig.8 that indicates the possible existence of crack type damage in the wheels.

In order to demonstrate the advantage of the NOFRFs based fatigue damage condition monitoring over traditional

approaches, the average power of the traditional FRF over the frequency range of input (29) were evaluated as

[ | (o) v (jo) da)/(4><104 ~100)
from the test data on the wheels starting to be used in 2005 to 2013, respectively. The results are shown in Fig.9 (a),
which clearly indicate that the average power does not increase/decrease monotonically with the time of usage of the
train wheels so are not appropriate to be used for fatigue damage monitoring.
Resonant frequencies have also been reported to be sensitive to structure crack type damage [34]. However, in the
condition monitoring of train wheels, this simple metric seems not effective. The experimental results indicate that
train wheels have multiple resonances so it is not straight forward to find an appropriate resonant frequency for

condition monitoring purpose. In this case study, after some investigations, the resonant frequency around 7000 rad/s
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is used as an index for the purpose of a comparative study. The results are shown in Fig.9 (b) indicating that this

resonant frequency-based index does not change monotonically with the increase of damage severity and is, therefore,

less sensitive to the train wheel damage of concern than the NOFRFs based index.

Average power of FRF

i

|
o0 Mean value :
— Median value

(a)

0 77X104

2013 2

Start year

012 2009 2008 2007 2006 2005

0.68

(b)

Resonant frequency
rad/s
&

Fig.9 The average power of FRF and a resonant frequency against the time scale of use

2013 2012 2009 2008 2007 2006

Start year

2005

In general, the fatigue damage grows with increasing serving time of train wheels, and becomes faulty when damage

reaches a certain level. In this study, assume the damage of wheels starting to be used during 2005 to 2007 have been

accumulated up to the faulty level when testing was carried out; while wheels starting to be used during 2008 to 2013

are still healthy at the points of testing. The Receiver Operating Characteristic (ROC) curve evaluated using the index

Fe, is shown in Fig.10, where the healthy condition is labelled as positive. The Area Under Curve (AUC) of the ROC

curve is obtained as AUC =0.949, indicating a good performance of the NOFRF index Fe, in detection of fault in

train wheels. The ROC curve evaluated using the power of FRF as fault detection index is also provided in Fig.10 for a

comparison showing a much worse performance than the Fe, index.

1

==

. iy |

é ()S;IJ AUC=0.949 e

& pouma

307 R—

‘B AUC=10.72

g 04 .

] G ——The Fe, index |

= -~-The FRF power index
0002 04 06 08 1

Fig.10 The ROC curves of the NOFRFs and FRF based detection of fault in wheels

False positive rate

4.2 Application to the monitoring of worn cutting tools in a manufacturing system

Worn cutting tools can significantly degrade the surface quality during a milling process [35,36]. As the severity of

the wear of cutting tool increases as the working time increases, it is important to monitor wearing conditions so as to

detect incipient defects of cutting tools in an early stage.
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Cutting tool

Fig.11 The milling process and test rig in the experiment

(D: Nlustration of the milling process and data collection; (II): Metal block to be milled.

In this experimental study, the investigated milling process and the test rig used for monitoring the wear of cutting
tools are shown in Fig.11 [37]. Vibration data were collected from two accelerometers fitted on a metal block under the
part to be milled and the spindle holding the cutting tool, respectively. The milling is to produce a diamond shaped part
as illustrated in Fig.11 (I) from a rectangular metal block shown in Fig.11 (I). a, b, c,d in Fig.11 represent four edges
to cut for the diamond part.

The milling experiments were conducted using four different cutting tools which are Health Tool 1 (HT1), Health
Tool 2 (HT2), Mild Worn Tool (MWT) and Severe Worn Tool (SWT), respectively, in order to demonstrate how an
NOFRFs based condition monitoring can be applied to reveal different cutting tool wearing conditions over different
operating time. For each milling process, the vibration data were collected under sampling frequency of

f, =102400 Hz from the two accelerometers. For example, the vibration data collected when HT1 was used are shown

in Fig.12, showing that there are R, to R, five cycles with each cycle having a, b, c,d four stages covering the

processes of cutting four different edges of the diamond part.
R R R R R

Spindle/g Plate/g

30" 750 100 150 200 250300 350 400
Time/ s

Fig.12 An example of vibration data collected from a milling process

Denote the vibration data collected from the accelerometers fitted on the metal block and spindle as y,,. (k) and
Yoinaie (k) » Tespectively. Physically, y,,.. (k) and y;.. (k) are two different vibration responses to the electrical
power input to the milling process. Therefore, denote the electrical power input as u (k) . Then

Youwe (k) =N, [u(k)] and yg,. (k)= N, [u(k)] (31)
where N,[.] and N, [.] represent the dynamic relationship between y,,.. (k) and u(k) and between y,_, .. (k) and

u (k) , respectively. Under the condition that a unique inverse operation exists for N, [] and N, [] , it is known that
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(k)= N, Ve (k) ] and w (k) = N, Ygpinae (K) ] (32)
Consequently,
N Ve (K) = N, Vi (K) ]
Yyt (6) = Ny N, g (6) 1} = N [ sginae (1) ]

indicating that a dynamic model N[.] can be built to represent the relationship between y. (k) and y .. (k).

(33)

Based on these observations, this application study involves the following steps.

First, y,,.. (k) and y_, .. (k) were filtered by a band pass filter of f €(0,100)Hz, and used to build a NARX

model using the NARMAX method [25] to represent a dynamic relationship between y,.. (k) and y,,. (k). For
each of the four milling processes associated with the use of HT1, HT2, MWT and SWT, respectively, 20 NARX
models were identified. Each NARX model was determined from the data collected from one of the 20 milling stages
R,(a),....R, (d) ,i=1,...,5 as shown in Fig.12.

Secondly, the first and second order NOFRFs of the identified NARX models of the milling system were evaluated

by the new GALEs based NARX evaluation under the harmonic input of y, . (k) =cos(w,kAt). Here, at frequency

of @, =707 rad/s is the first dominant frequency of the milling system.
After that, the statistics of mean, median, and standard deviation of the evaluated NOFRFs from the 20 identified
NARX models were computed for each of the four milling processes associated with the use of HT1, HT2, MWT and

SWT, respectively. The results are shown in Fig.13.

1275 Mean value — 95 - _ N
Q6 -:Mcdmn value %75 Q_%
= ‘ : ! G r | R i T
~ e |
S0 5 o i |
B-6r L L L i ng © Mean value ‘
- | 7 |— Median value i
I2HTT HT2 MWT SWT  — HTI HI2 MWT SWT

Fig.13 The box plot of the first and the second order NOFRFs
It can be seen from Fig.13 that, the median and mean values of the second order NOFRFs are about the same for
health cutting tools but these statistics monotonously decrease against the severity of the wear of cutting tools,
demonstrating that the proposed NOFRFs based analysis can be applied to effectively monitor the wearing conditions
of cutting tools.
Again for a comparison of the NOFRFs based analysis with using traditional signal analysis, the statistics of mean,
median, and standard deviation of the Root Mean Square (RMS) values of the spindle acceleration data over the 20

milling stages of R, (a),. R, (d) , i=1,...,5 were evaluated for the milling process associated with HT1, HT2, MWT

and SWT, respectively. The results are shown in Fig.14 indicating that the RMS value does not increase/decrease

monotonically with the increase of severity of wear so cannot be used to monitor the wearing conditions of cutting

tools.
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Fig.14 Box plot of the RMS values of spindle acceleration data against the increase of severity of wear of cutting tools
Moreover, the sensitivities of the results in Fig. 10 are evaluated showing that the second order NOFRF value
decreases 10.57% from HT2 to MWT, while 58.03% from MWT to SWT.
The classification of the healthy cutting tools (HT1, HT2) and the worn cutting tools (MWT, SWT) using

|G2 ( j2a)e) is evaluated using the ROC curve shown in Fig.15, where healthy cutting tools are labelled as positive,

indicating AUC =0.789 . The ROC curve with using the RMS of the vibration signal as the fault detection index is also

shown in Fig.15, indicating RMS cannot be used in this case for fault detection.

o | AUC=0789 1 -

E08f o o5

g %9 | AUC=0.544

204 :

2 “275 | — The NOFRF index |

= | —-- The RMS index
0002 04 06 08 1

False positive rate

Fig.15 The ROC curves of the NOFRFs and RMS based detection of fault in cutting tools

6. Conclusions

The FRF is a well-known concept in system science and control engineering and has been widely applied in linear
system analysis and design. The direct extension of the FRF to nonlinear systems is the GFRFs, which are a series of
multidimensional functions of frequencies and are, therefore, difficult to be used in engineering practice. In order to
resolve this difficulty, many new extensions of the FRF to the nonlinear case have been proposed. One of these is the
NOFRFs. The NOFRFs are a series of one dimensional functions of frequency and have already found many practical
applications especially in engineering system condition monitoring and fault diagnosis. However, existing methods
that can currently be used for the NOFRFs evaluation either cannot accurately determine the NOFRFs up to any order
of nonlinearity of concern or involve complicated procedures that are difficult to be implemented for relatively
complicated nonlinear systems. To solve these problems, in the present study, a novel approach for the evaluation of
the NOFRFs is proposed based on a new concept known as the GALEs. For a wide class of nonlinear systems which
can be represented by a NARX or NDE model, the GALEs enable an accurate evaluation of the NOFRFs to be readily
implemented by dealing with the solutions to a series of linear difference or differential equations. This can
significantly facilitate the NOFRFs based nonlinear system analyses and the application of the NOFRFs to address
various engineering problems. A numerical example has verified the effectiveness of the new GALEs based NOFRFs

evaluation. Two experimental studies have demonstrated the significance and potential applications of the new
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approach to the condition monitoring of railway and manufacturing systems, respectively. The fundamental difference
between the NOFRFs based condition monitoring and other signal analysis or simple structural characteristic
parameter-based approaches is that the NOFRFs can often more comprehensively reveal inherent structural system
properties, providing a better insight into the changes in system characteristics that are induced by various damage or

defects.

Appendix A: Proof of Proposition 1

For the convenience of derivation, denote

ldo, (Al)

1
N J=— .
(u]+~--+(u”:w[ ] ,l’l (272_);1—1 jw,+-~~+w;v:w[

This implies

DR [Tn(0)| =, TIWGio)| (a2)

where W, (jo)= ﬁ[wi (k)]=DF[ w,(k)]At with DF[] representing the DTFT of w; (k) [38].

@+ +a) =

The nth order GFRFs (4) can be written as
Y, =¥, +¥t¥ (A3)

n,y

where ¥, ¥, and ¥, areas givenin (10)-(12).

n,uy

Multiplying HU ( ja)i) on both sides of (A3) and then applying the integration operation [ ] yield

- )+ +a> =0
i=1

{y’ [Tv e } N {?’,wll[U(jwf)}

o+ +0,=0 ;
! " i=l1

N {THU oo, 3, v TTvto)]

O+ +0,=0 O+ 0, =0

o+ +a)m

(A4)

The left hand side of (A4) can be arranged as

{,{, HU jo, } ﬁ[yn(k)}—gc,’o(k,)D_F[yn(k—klﬂ (AS)

The three terms on the right hand side of (A4) are separately discussed as follows.

o+ +w =0

(A) Hyperplane integration of B”MHU ( Ja)l)
This term can be written as

N {yf”ﬁu (i) }— z oalbiorrik) N {ﬁU(ja)i)exp(—jkiwiAt)}

o+t 0, =0 ;
! " i=l1 i=1

(A6)
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(B) Hyperplane integration of ¥, | HU ( jo, )

Denote
S o) T0 o) |- DR ()] )
where p=2,...,n, and according to (4) and (5),

n

DE[ (K)]= N {Hfl‘(a)l,m,a)n)HU(jwi)}zﬁ[yn(k—kl)] (A8)

O+t 0, =0 izl

Therefore, using (12) and (A7), the third term on the right hand side of (A4) can be arranged as

N [svn__‘l:[U(jw} ZZ o(kis+eok, )DF | 3,7 (k) (A9)

O+ +0,=0 =2k k=l

Substituting Hf; (@,,-++, ®,) in (5) into (A7) yields

DF|y5(k)]= N {Hﬂp HU Ja)j|
+”§:{H,.(a)l,---,co,.)exp(—jkpa_)At)HU(ja)j)}{Hﬂ’lp1 ST HU(]&)):|} (A10)

ﬁ[yi (k _kp)x y’l'(*z'»f’*‘ (k):|

with o+ +w =w and 0, ++0, =0—-0.

I
1N

(C) Hyperplane integration of ¥, HU ( ja)i)

The term can be arranged using (11) as

X . Z:io w[Hf’;"p (a)l, e, wniq)"—q U(le)ﬁ U(ja)nfq%»if[l )exp( jko, gHie pAt):| (ATD)
! B i=1 i=p+1

n-1n-q K g
= z Cp,q(kl’m’kmq) {yn q.p Hu k k }

i=p+l1

Consequently, by substituting (A5), (A6), (A9) and (A10), as well as (A11) into (A4) and taking the inverse nDTFT
on both sides of the equation, the GALEs (14) is reached. Moreover, equation (15a) and (15b) can be obtained from the

taking inverse nDTFT of (A10) and (AS), respectively. Thus, Proposition 1 is proven.
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