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Abstract— This brief proposes a subspace-aided fault detection
approach for the drive systems of strip rolling mills. Con-
sidering the impact of the unknown periodic load generated
by the strip rolling process, the primary contributions are
concluded as follows. First, this brief presents an approach to
describe the subspace of the unknown/unmeasurable periodic
load. Second, a fundamental frequency identification approach
for the drive systems is proposed and then the subspace of the
unknown periodic load can be constructed by the fundamental
frequency. Third, this brief presents a subspace-aided fault
detection approach to identify the data-driven stable kernel
representation (SKR) of the closed-loop system by projecting the
input-output (I/O) process data, so as to obtain a robust residual
against the unknown periodic load. In addition, the effectiveness
and performance of the approaches are verified by numerical
examples and experimental data of the test rig for the drive
systems of strip rolling mills. The results show that a robust
residual generation against the unknown periodic load in the
drive systems can be obtained and the robust subspace-aided
fault detection can be achieved. Compared with the traditional
method, the proposed approaches can improve the fault detection
rate more effectively and be applied to the drive systems of strip
rolling mills reliably.

Index Terms— Data-driven, data-driven stable kernel represen-
tation (SKR), fault detection, industrial rolling mill drive system,
periodic load, subspace.

I. INTRODUCTION

ITH the development of industrial production technol-
ogy, the operating conditions of modern production
systems have become more complex. Complex data make it
difficult to identify the operation state of industrial systems
directly. To ensure the safety and reliability of systems, it is
necessary to do fault detection category research [1], [2].
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Various fault detection methods have been basically covered
in industrial applications, such as plant-wide process [3], high-
speed train [4]-[8], and most techniques and applications of
fault detection are summarized in [9].

The data-driven scheme has been developed in [10] and
further studied in [11] and [12]. Yin er al. [13] propose
multivariate statistical analysis and optimization process mon-
itoring methods for data-driven fault detection. Luo et al. [14]
analyze the robustness of systems in this data-driven frame-
work. In the field of data-driven fault detection, subspace
identification technology has attracted more and more attention
over the past decades, focusing on dynamic processes. In this
way, without knowing the model of a system, the stable
kernel representation (SKR) of the system which forms the
residual generator can be identified. These subspace identi-
fication methods have been well verified in the numerical
examples of industrial systems. However, as the disturbance
is inevitable in the operating state of systems, the results of
process monitoring fault detection in the practical applications
are unsatisfactory. The disturbance needs to be considered in
practical application.

In recent years, the subspace-aided fault detection
approaches considering known/measurable disturbance have
drawn extensive attention [15], [16]. A subspace-aided fault
detection method is presented [17] to solve the problem of roll
eccentricity. However, the traditional subspace identification
approach is not ideal, and the disturbance cannot be measured
in practice, so the fault detection technology with unknown
disturbance is still a common problem. Different from [17],
based on the previous research [18], this brief takes into
account the impact of unknown periodic load generated by the
strip rolling process and proposes a subspace fault detection
approach for the drive systems of strip rolling mill, which is
verified by the actual experimental data. The contributions are
described as follows.

1) This brief proposes a fundamental frequency identifica-
tion approach in Section III-C, which sets the stage for
the subsequent contributions.

2) In Section III-B, it presents a signal subspace description
approach for unknown periodic load in the drive systems
of rolling mills generated by the roll bite area. The sub-
space can be constructed by the fundamental frequency
which is identified by the first contribution.

3) The subspace identification of the data-driven SKR with
unknown periodic load is studied for the drive systems
of rolling mills in Section IV, which is realized by
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Fig. 1. Strip rolling mill configuration.

projecting the process data into the different subspaces.
As a result, a robust residual generation against the
unknown periodic load in the drive system can be
obtained to achieve better fault detection.

The following is the structure of this brief. The problem
formulation of the strip rolling process is given in Section II.
Then, it presents the subspace description of unknown periodic
load and a fundamental frequency identification approach in
Section III. A data-driven SKR with the unknown periodic
load is identified by the subspace identification method in
Section IV. In Section V, the benchmark study is performed
that includes numerical simulation and experimental verifica-
tion. In the end, the conclusion is given in Section VI.

II. STRIP ROLLING PROCESS AND
PROBLEM FORMULATION

A. Strip Rolling Process

Strip rolling is a process of converting raw materials into
finished products. The thickness of the steel plate is reduced
during rolling. The steel plate is first heated in the furnace and
then rolled into coils for further processing.

A typical mill-stand arrangement and the whole strip rolling
process are briefly described as shown in Fig. 1. Taking a
four-high roll in a typical stand-alone two-stand rolling mill,
the steel plate passes through two separate pairs of work rolls
which are supported by the backup rolls. The work rolls are
directly in contact with the plate and are powered by the drive
systems of rolling mills such as electric motors, in general.

The reduction in thickness is due to high pressure in a small
area between the work rolls called the roll bite area [19]. The
bite area begins when the head of the steel plate almost touches
the work rolls and terminates when the tail of the steel plate
is almost away from the work rolls. Therefore, the whole
process in the bite area will be divided into two parts: the
entry and exit of bite. Correspondingly, the plates are also
classified as incoming plates and exiting plates. Referring to
Fig. 1, the steel plate will enter the bite area at v;, speed and
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Schematic of the impact of periodic load on the speed of drive

exit the bite area at vy speed. As a result, all steel plates are
passed one by one between the work rolls, which generates
a set of loads similar to the pulse waveform in Fig. 1, where
p(t) denotes the function of the periodic pulse wave.

Due to the high bearing force, the deformation of the steel
plate causes an abnormal speed variation of the work rolls.
As each steel plate passes through, the motor drive is in a
cycle from load to no-load as shown in Fig. 2. Under this load,
the drive system of the rolling mill is easy to go wrong. If the
periodic load in the rolling process is not considered, once the
drive system is in the faulty condition, the fault signal cannot
be separated from the periodic load and is easily submerged in
the periodic load, so it cannot be detected in time, which may
cause significant industrial accidents. Therefore, it is important
to study fault detection of drive systems in the rolling process.
In this brief, a fault detection approach for the drive systems
of rolling mills under periodic load is studied. It is devoted to
accurately and timely monitoring the drive system of rolling
mills under periodic load situations.

B. Problem Formulation

The dynamic performance of the drive systems studied in
this brief is evaluated in a dynamic discrete-time system,
which is simplified as linear time-invariant (LTI) in terms of
closing to the working point. The nonlinearity case [20] is
beyond the scope of this brief. A drive system G(z) of the
strip rolling mill can be described as

¥(@) = G(2)u(z) +d(z) + a(z) (D

where u(z) € R' and y(z) € R™ are input vector and
output vector, respectively. The vector a(z) € R"* is unknown
noise sequence, which is independent of the input vector u(z).
d(z) is the periodic load sequence affecting the drive system
generated by the roll bite area. The state-space representation
is another description which takes the form

Xir1 = AXg + Bug + Eqdi + Eq o 2)
Yi = Cx; + Duy + Fady + Fooy (3)

where x; € R" denotes the state, a; is the noise vector, and
d; represents the periodic load vector.
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Fig. 3. Feedback control diagram.

The feedback control diagram of the drive systems is shown
as Fig. 3. The general feedback controller K(z) has the
following state-space realization:

Xe k+1 = AcXc,k + Bc(wk - yk) 4)
u; = CcXc,k + Dc(wk - Yk) 5)

where the tracking reference wy is uncorrelated with the sys-
tem’s unknown noise sequence. Following are the assumptions
of feedback control structure.

1) The closed-loop in Fig. 3 is internally stabilized by the
feedback controller K(z).

2) The tracking reference w; € R™ is independent of the
noise o € R"™ and satisfies the persistent excitation
condition.

3) The state vector x; € R" is fully excited, and it has
enough measurements @y, U, and y; available.

According to the definition of the left coprime factoriza-
tions [21] of G(z) and the data-driven SKR [11], the residual
generator r; can be denoted as follows, which includes the
unknown periodic load and noise:

u, . .

Iy = Kld,s[ ys’ki| = unknown periodic load + noise
s,k

where the full-row rank matrix Cq,s € Rrexs+m) is the data-

driven SKR, usx and ysx represent the stacked data vectors

of length s as follows:

Ui Yk

sl
Uk = €ER”, Ysk=

5

Upts—1 Yi+s—1

III. SUBSPACE DESCRIPTION OF THE UNKNOWN
PERIODIC LOAD IN THE DRIVE SYSTEMS

In the strip rolling process, it is difficult to measure the
load. To solve this problem, a subspace description approach is
proposed which can accurately simulate the real load generated
by the strip rolling process. The periodic load in the drive
systems of strip rolling mills could be considered as a periodic
pulse wave [22].

A. Fourier Series of Periodic Pulse Wave

For a continuous-time period signal f(¢), the Fourier series
expansion can be described as

oo o0
f(r) = Z Cneinwot =co+ Z(cneincuot + Cine—inwoz)

n=-—00 n=1

Por (t)

|
1_“‘_

~T+¢ §+¢ T+¢

T
—+
2¢

Fig. 4. Periodic pulse wave function p. 7 (¢).

where the fundamental frequency wy = 2z /T, with T being
the period of the signal. The component signals with different
values of n have harmonic relationships, and the frequencies of
the component functions are all integer multiples of fundamen-
tal frequency. c¢p and ¢, are the complex Fourier coefficients
of f(t), which have the following form [23]:

1 T+t —i
=7z J, " f(t)e Mmidr,  for n € Z.

Consider a periodic pulse wave function p,r(f) with an
amplitude of A, then the complex Fourier coefficients become

At 2A sin(nwyt/2)
COZT, Cn:C—n:?'i
where 7 is the pulse time, and 7/7 and ¢ denote the duty
cycle and the phase offset, respectively.

Therefore, an ideal periodic pulse wave in Fig. 4 can be
described as follows, which is composed of a series of cosine
waves:

nawy

At

per =513 22 in(T) - costuonts — ).

n=1

B. Subspace Description

In this brief, it is necessary to discuss the number of cosine
waves in order to accurately describe the subspace of the
unknown periodic load in this brief. Therefore, the unknown
periodic load in the drive systems is expressed as the sum of
finite cosine waves

At 24
TT + ,IZ] o sin(?) - cos(nawg (kty — @)

d;

ny
C+ D ancos(ukts + gn) )

n=1

where C, w,, a,, and ¢, denote the bias, frequency, amplitude,
and phase of the nth cosine wave component, respectively.
n is the integer multiple of the fundamental frequency in
the series of cosine waves, ny not only ensures the accuracy
of the subspace of the unknown periodic load, but also
consider the computational complexity. The integer k is the
discrete-time sampling points. #; denotes the sampling period
which satisfies the Nyquist—-Shannon sampling theorem, that
is, t; > m/(nwy), and therefore, the integer multiple of the
fundamental frequency should be n < 7 /(woty).
In (7), since the following trigonometric identity holds:

a, cos(w,k + ¢,) = ﬁn,l sin(w, k) + ﬁn,Z cos(w,k) (8)
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Algorithm 1 Subspace Description of the Unknown Periodic
Load

S1: Rewrite the periodic load dj as Eq.(9).

S2: Construct periodic load vector dg x as Eq.(10).

S3: Then, the unknown periodic load in the drive systems can
be described as a Hankel matrix Dy s N-.

S4: Thus, the subspace of the unknown periodic load Dy, N
can be obtained.

in which
B = —ansin(gy), fn2 = ancos(p,)
the periodic load d; in (7) can be rewritten as follows:
di =P p O]

where P contains the bias, amplitude, phase, and duty cycle,
and p; includes frequencies

P= [C Bt Pras ooy Pun ,Bn,Z]
P = [1 sin(w k) cos(wik), ..., sin(w,k) cos(a)nk)]T.
Then, a data vector dgk of length s is presented
dy P o P
dit1 | PT
dsx = : = : = : P (10)
A1 | o PT !
Py

where T is the diagonal matrix that contains the rotation
invertible matrices. The detailed derivation and the Hankel
matrix form are shown in the previous research in [17] which
are not be covered again here. Therefore, the unknown periodic
load in the drive systems can be described as the following
Hankel matrix. (For the construction of the Hankel matrix, see
the reference [12], and so on.)

dgiN-1] = PDpN (11)

where Dyn = [pc Prr1 - Pran—1] € REVFTDN s the
subspace description of the unknown periodic load. p; holds
a matrix of sines and cosines with different multiples of
fundamental frequency wy.

The subspace description method is summarized in the
following algorithm. In order to verify the accuracy of
the algorithm, the similarity between the real pulse wave
and the subspace description Dy n is tested, so as to provide
guidance for selecting the appropriate n . More details will
be presented in Section V-A.

Dk,s,N = [ds,k ds,k+1

C. Fundamental Frequency Identification

It is necessary to require a given fundamental frequency
to describe the subspace Dp N, so a fundamental frequency
identification method is proposed in this section.

The unknown periodic load in the drive systems with noise
can be expressed as

ny
d.=C+ Zan cos(w,kts + @n) + Vi.

n=1

12)
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According to the formulas of trigonometric functions based
on Chebyshev method, it yields

cos(wk) = 2 cos(w) cos(w(k — 1)) — cos(w(k — 2))
sin(wk) = 2 cos(w) sin(w(k — 1)) — sin(w(k — 2))

that is,
cos(w(k —1))| | O 1 cos(w(k —2))
cos(wk) T | =1 2cos(w) || cos(w(k — 1))
sin(fw(k —1))| [ 0 1 sin(w(k — 2))
sin(wk) T | =1 2cos(w) || sin(w(k — 1))

then the nth component of the periodic load d; can be denoted
by the second-order dynamic system

13)
(14)

Xdn k+1 = Adnxdn,ka Xdn,0

dn,k - Cdnxdn,k

where

0 1
| -1 ZCos(ntSa)o)i|’ Can = [0 1]
N . [ a, cos((k — 1)ntswo + ¢,)
dnk = a, cos(kntswy + @)

a, cos(kntswy + @) i|

Xdn ket = | @, cos((k + Dntgwo + p,)

Therefore, the periodic load d; in (12) can be formulated
as

Xdk+1 = AdXdx (15)
d; = C + Cgxax + Vi (16)
where
Ag; - 0 - 0 Xd1.0
Ad = 0 Adn R 0 , Xdo = an,O
o -~ 0 Adn, Xdn ;.0
Ca = [ Ca Ca, Cay, |
T
Xdr = [Xdl,k Xdn,k anf,k]
T
Xdk+1 = [Xdl,k+1 Xdn,k+1 anf,k+1] .
Since the eigenvalues of Agq,, are
An = cos(ntswp) + j sin(nt;wp) 17

where A, represents the eigenvalues of Ag, for the imaginary
number. Then, the problem of frequency estimation in (12)
is reduced to the eigenvalue identification problem of system
matrix Aq in the dynamic system (15) and (16), that is,
1
wy = oy arccos(Re(4,)) (18)
ni
where Re(:) represents the real part of a complex number.

Then, a fundamental frequency identification approach is
presented.
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The periodic load d; in (12) can be reformulated into
following stacked data vectors by sq, and sg:

di—s,, de

d € R, deyx = € R

Sdp,kfsdp - N
dk_1 dk+sdf71
After N times of the truncations from truncating instant k
to k + N — 1, the following Hankel matrices are constructed:
dg,, ks +N-1] € RFN

dg, kin-1] € RN,

Dsdp,N - [dsdp,k—sdp
DSdr,N = [def,k

Then, the state-space realization

Dy, N = Cse N + Ty Xak 1.8 + VsorN (19)

where Xdk,l,N = [Xdk co - XdkeN—1 ] S RzanN, Csdij is the
duty cycle term, Vg, N represents the noise term in Dy, N
which is constructed by vi, I, is an extended observability
matrix of full-column rank form

Ca
CqAa

_ saeX2n g
ot = €eR .

Sdf*l
CaAq
Assume that the noise sequence v; is white zero-mean and

independent of the initial state vector Xq¢, then perform the
following LQ decomposition:

T, Lain 0 0 Qa1
Ds,Nn| =] Lazt Lazz 0 Qa2 (20)
Ds, N Las1 Laz2 Lass || Qa3

where T = [11---11] € R" represents the duty cycle
subspace of the periodic load. It leads to Vg, N = Lqg33Qas,
and thus it holds

[y Xak,1,N = La32Qaz.

Then, perform the singular value decomposition (SVD) on
La32Qaz

21

3 0 \A
Lg32Qa2 = | Us Uz[ " H 1] (22)
anQa = | 1 T ~0|| V]
— e
U h H/—’vT

I, can be determined as

Sar
r,, = U %% (23)
Then, Ag can be identified as

Ag = r:d;,lzsdfflrsdf,lisdr (24)

where
rSdf,IISdffl - rSdf(l LSdf — 17 :)
= I, (2 2 845, 1)

and T denotes the left-inverse.
As a result, the proposed subspace-aided approach for the
frequency estimation can be summarized as follows:

rSdf,ZiSdr

Algorithm 2 Fundamental Frequency Identification

S1: Construct the Hankel matrices Ds,, n and Dsg, N using
measured periodic load dy.

S2: Perform the LQ decomposition and the SVD.

S3: Identify the matrix Aq in Eq.(24).

S4: Thus, the fundamental frequency of the unknown periodic
load can be identified by the eigenvalue of A4 in Eq.(18).

IV. ROBUST DATA-DRIVEN FAULT DETECTION APPROACH
FOR THE DRIVE SYSTEMS OF ROLLING MILLS

In this section, a subspace-aided fault detection method with
the unknown periodic load for the drive systems is proposed.

Based on the problem formulation in Section II-B, the input
and output Hankel matrices can be denoted as Uy sn € RV
and YxsN € RN and the extended state vector can
be denoted as Xkin € R™*N  Their forms are similar
to that of the Hankel matrix for unknown periodic load in
Section III-B. Then, the extended state-space representation
of the drive systems in (2) and (3) can be formulated as

Yi s N = TsXi 1,N + Hy sUk N + HasDi s N + Hg s Wi s N
(25)

where Hg Dy sn denotes the sequence of periodic load.
H, Wi sn denotes the noise sequence in which ¥y ¢ N con-
sists of the noise vector oy, and the structures of Hy s and
H, s are similar. I's is the extended observability matrix and
H, s depicts the lower triangle block-Toeplitz matrix

C D 0 ---0

CA CB D ---0

rs = . ’ Hu’s = . . . .
CAs—! CA*2BCA* B ---D

According to LQ decomposition, assume the control loop
is internally stable, a new data My s N can be expressed as

M sN = Uk N + HysYisN

= I{Xk v H (Wien (26)

where the Hankel matrix Wy N is formed by the tracking
reference @, € R™. The matrices I'{ and Hj, ¢ consist of the
system matrices of K(z)

splx N
Mp,N = Up,N + H;jspr,N e RS»x
Mf,N = Uf,N + HE Yf,N [S RSleN

u,S¢

T
Zean = [Upn Vju | e R0

where Dy n is the subspace of the unknown periodic load
derived previously.

Due to the independence of future noise sequence, the Han-
kel matrix Yy s~ could be orthogonally projected into different
subspaces by an LQ decomposition so that to identify closed-
loop data-driven SKR. Therefore, a subspace-aided fault detec-
tion method is summarized into the following theorem with
considering the periodic load in the strip rolling process.

Theorem 1: As shown in Fig. 3, a standard feedback control
loop which is composed of feedback controller K(z) in (4)—(5)
and the drive system G(z) satisfies the following assumptions.
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1) The controller K(z) is internally stable and the closed-
loop is well-posed.

2) The reference signal @ and the periodic load d; are
uncorrelated with the state vector X; and the unknown
noise o.

3) sgm > s,(l4+m)+(2ny+1) and N are large enough to
ensure that the matrix: Zan = [Z{ , y Dj x M{ x Y{N1"
has full-row rank.

Thus, the thin LQ decomposition can be denoted as

Zc,p,N Lc,11 0 0 0 Qc,l
Dpn | _ | Lear Lezz 0 0 Q2
M N Lest Leaz Leszs 0 Q.3
YeN Lear Lz Leas L ga Qc4
——
LC QC
then a data-driven SKR Kqs € R™*@+m can be
described as
’Cd,sf = [’Cu,sf K:Y,Sf]
’Cu,s; = ’Cc,m,sf
’Cy,sf = Kc,y,sf + ’Cc,m,slec;,sf (27)
where
Lest Leaa Less |
[ KCeym,si Kc,y,s,][LcAl Lo Lc,43} =0. (28)

Proof: The detailed proof is similar to that shown in [18],
which is not enumerated here. [ ]
Remark 1: ICy s is a part of the parity subspaces of the
system with the length sy, that is, ICy I's, = 0. If Dy n is
determined though the fundamental frequency of the unknown
periodic load, a robust data-driven fault detection approach can
be realized through /Cq ;.
Then, a robust residual generator can be achieved by using
the data-driven SKR ICq,s,

ra; = IKa,s [usf’k i| (29)
ySf,k
which can be rewritten as
0 : fault-free
rax = € +f, = £0: faulty (30)

where €, € N (0, £,) with the covariance matrix X,. The fol-
lowing algorithms can solve the problem of detecting changes
in f;. First, the threshold can be set by Algorithm 3.

V. BENCHMARK STUDY

For verifying the effectiveness of the proposed methods,
this section is divided into two parts: numerical simulation
and experimental verification. In experimental verification,
the experimental data of the test rig for the drive systems of
strip rolling mills is used.

A. Numerical Simulation

In the numerical simulation, a numerical example of a motor
control system is given to verify Algorithm 1 and Remark 1.
The variance of the noise sequence is set to be P, = 0.001
for i = 1,...,n,. The length N is assumed to be 10%.

IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY

Algorithm 3 Offline Setting

S1: Determine X, using the table of X2-distribution with one
degree of freedom

prob{X > X,} =« 31

where prob {X > X} denotes the probability of X > X,.
S2: Set threshold Jy, = X, /2.

Algorithm 4 Online Fault Detection Algorithm

S1: Collect online residual rq; in equation (29) which is
achieved by using data-driven SKR.

S2: Set a window width k.. Then, calculate the sum of
residuals in each window,

k1+k,—1

E r'd,k-

k=kq

r'd,win (w) = (32)

S3: Define the testing statistic

1 N—ky+1
— T |
I = 2%k ( Z rdﬂiﬂn(w)rd,wzn(w)> . (33)

w=1

where Y, is the covariance matrix of €, IN is the matrix
length.
S4: Define the detection logic

{J < Jyp : no fault,

(34)
J > Jyp, ¢ faulty and alarm.

The sampling time of periodic load is #; = 0.01 s. Further-
more, the fundamental frequency wy is identified by measuring
the output of the drive system and using Algorithm 2, which
is consistent with the fundamental frequency of the original
periodic load, that is, 0.1 Hz.

To verify the validity of Algorithm 1, the similarity between
the real pulse wave and the subspace of the unknown periodic
load constructed by different number of frequencies is shown
in Fig. 5. The similarity is calculated as (1 — (||D¢N —
D¢ NIIp,  II2/11D¢.N1l2)) X 100%, where the Hankel matrix D¢ n
has the same structure as Ug N, and D¢ nIlp,, denotes the
operator that projects the matrix D¢ x onto the subspace Dy N.
In particular, the number of frequencies ny depends on the
practice.

Then, Algorithm 4 is given to compute the online residual
evaluation and make a decision.

Fig. 6 shows the effectiveness of Remark 1 which describes
the relationship between the nuclear norm of Py and the
number of frequencies n . Pgy denotes the product of a part
of kernel and the observability matrix Py = Ky, T's,. From
Fig. 6, it can be concluded that as the number of frequencies
ny increases, the closer Py is to zero, the more accurate
Ky,s is identified.

B. Experimental Verification

To demonstrate the subspace-aided fault detection
method, the experimental verification is implemented by the
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experimental data of the test rig for the drive systems of strip
rolling mills.

The periodic load generated by the strip rolling process can
directly affect the speed of drive systems as shown in Fig. 2.
The process data is collected for validation. The reference of
the drive system speed is 3000 rpm and the sampling time
is set to be 0.01 s. The lengths of sp, sf, and N are chosen
to be 20, 450, and 4000, respectively. During the operational
status of the drive system, an actuator fault is occurred with
a power reduction of 20% at the 2000th sampling instant.
For the threshold setting, the fault alarm rate is chosen as
o = 2% in (31). In Algorithm 3, the window width is selected
to be k,, = 5.

The monitoring result by traditional subspace identification
method without consideration of the periodic load is shown
in Fig. 7. The periodicity of residual is obvious and the
existence of the periodic load affects the judgment. As can
be seen from Fig. 7, the online evaluation approaches is close
to or even exceeds the threshold before the fault occurs.

Meanwhile, the monitoring result by the proposed method
considering periodic load which is constructed by 150 fre-
quencies is shown in Fig. 8. As the number of frequencies
ny increases, the constructed periodic load becomes more and
more accurate. As can be seen from Fig. 8, the periodic load is
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Fig. 7. Monitoring result without consideration of periodic load.
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Fig. 8. Monitoring result with periodic load constructed by n = 150.
largely decoupled, and the periodicity of the residual is almost
invisible. The residual can avoid the impact of the periodic
load on the process monitoring. By comparing Figs. 7 and 8§,
the results show that the proposed approach can avoid the
impact of the periodic load during the strip rolling process
and detect the fault of the drive systems more effectively.

A quantile—quantile plot (Q-Q plot) shows the compari-
son of the quantile values of the data with the theoretical
quantile values from a normal distribution. In the Q-Q plot,
the reference line connects the first and third quartiles of the
data, which is from the theoretical distribution. The degree
of proximity to the normal distribution of the residuals from
the two results above is tested in Fig. 9, which shows the
Q-Q plot of the quantile values of the two residuals. In Fig. 9,
the red lines are the reference lines for the no-fault residuals
in Figs. 7 and 8. The black line is the quantile values of the
no-fault residual in Fig. 7. In this case, the residual contains
the whole periodic load and noise. The green line is the
quantile values of the no-fault residual in Fig. 8, that is,
the residuals after constructing the unknown periodic load with
150 frequencies. As can be seen from the figure, the green line
is closer to its reference line than the black line and is almost
coincides with its reference line, which indicates that the
residual in Fig. 8 is almost normally distributed, and most of
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the load is reconstructed and projected into the subspace Dy, N.
As can be seen from above, the unknown periodic load can
be constructed accurately by Algorithm 1 so that the residual
generation is robustness, which avoids the influence of the
periodic load and is conductive to fault detection.

The above reliable results prove that the proposed fault
detection method in this brief can be used to effectively detect
the fault in the drive systems of strip rolling mills.

VI. CONCLUSION

In this brief, a subspace-aided fault detection approach
is proposed for the drive systems of strip rolling mills.
Considering the unknown periodic load in the drive system
generated by the strip rolling process, a subspace description
approach and a fundamental frequency identification approach
for the unknown periodic load are proposed. The approaches
are verified by the numerical example and the experimental
data in the test rig for the drive systems of strip rolling
mills. Compared with the traditional approaches which do not
consider the unknown periodic load because of unmeasurable,
the proposed approach can reduce the periodicity of the
residual. The experimental results show that the proposed
approaches have a better robustness on the unknown periodic
load in the drive systems and avoid the impact on the fault
detection rate of the drive systems during the strip rolling
process and have practical application value.
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