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Abstract
In this paper an information system is developed to
meet the requirements on observer based monitoring
and fault detection for large scale belt conveyor sys-
tems from a more practical viewpoint to support new
abrasion depending maintenance schemes. The core of
this information system is a mathematical model, an
observer and a fault detection system.

1 Introduction

Nowadays the operations of belt conveyors are faced
with increasing requirements on quality and produc-
tivity under the presence of many disturbances and
strong parameter changes caused by the industrial sur-
roundings, where the belt conveyors are usually in op-
eration. In order to reduce maintenance costs and pro-
vide a high availability of such complex devices, it is
necessary to achieve the optimal operating efficiency
and simultaneously ensure a high level of safety. The
existing approaches to the data analysis for detecting
system faults are restricted to static calculation and
testing methods.

Attention of this paper is focused on the design of an
expert system for monitoring and fault detection by
applying the probabilistic robustness theory to the de-
termination of thresholds and their integration in the
design of observer-based fault detection system. Dif-
ferent from the norm based residual evaluation meth-
ods, in which the worst case handling of model un-
certainty and disturbances are adopted, the approach
proposed here gives less conservative problem solutions
in the probabilistic framework.

The background of this work is a R&D project initi-
ated by the companies PC-SOFT GmbH and Vatten-
fall Europe AG, whose objective is to meet the require-
ments represented. There are demands on

• system simulation to optimize the design and
construction of the belt conveyor,

• on-line monitoring aiming at identifying the
changes of operation parameters of the belt con-
veyor in operation and

• expert system for the detection of faults in the
belt conveyor during the operation to adapt
abrasion maintenance schemes

are continuously increasing during the recent years

Software and information systems were developed aim-
ing at (off-line) simulation of some special types of belt
conveyor systems [4]. To apply modern maintenance
schemes, the abrasion states of the system are neces-
sary. Fault diagnosis and on-line monitoring only some
special kinds of measurement equipments as well as
some signal processing approaches like trends analysis
or simple statistic tests are used. However, current ap-
plications of monitoring and control on belt conveyor
systems are very limited, due to the complexity and
the large scale of such systems, as well as the presence
of many disturbances and strong parameter changes
caused by the industrial surroundings, where the belt
conveyors are usually in operation [7].
In this note, the development of an information system
for the purposes of simulation, both on-line and off-
line, monitoring and fault diagnosis of large scale belt
conveyor systems is presented. The use of model-based
information about the conditional states and faults can



support the abrasion maintenance for conveyor sys-
tems. The problems related to the computation of
false alarm rate (FAR) and thresholds, which are of-
ten dealing with the design of observer based fault de-
tection systems are presented. The application of the
probabilistic robustness technique for the purposes of
computing thresholds and FAR are studied.

The core of this system is the application of ad-
vanced model-based simulation and monitoring tech-
niques. The rapid development in computer technol-
ogy, control engineering and signal processing offers
us advanced methods and technologies to solve such
problems, which the model-based approaches to sys-
tem simulation, monitoring and fault diagnosis are the
most powerful tools [2],[5].

2 System description with model
uncertainties

The information system consists of a residual gener-
ator and a residual evaluator which are developed on
the basis of the observer and used for the purpose of
fault detection and diagnosis [2].

Due to the limited paper length, in the following of
this contribution, we shall concentrate on the design
of observer based fault detection schemes and their
applications to the belt conveyor monitoring system.

In order to model the technical-physical structure, the
kinetics and the dynamics of a belt conveyor, the en-
tire plant is generally partitioned into the following
three subsystems: driving station, conveyor road and
reversing station [13]. The variables

• torque (engine moment of the driving motors
M(t)),

• mass flow Q(t),

are used as model inputs. As model outputs, simula-
tion and estimations

• the speed n(t) of the driving motor
• the belt tension Tsp(t)
• the driving force Fant(t)
• the acceleration of the conveyor belt ai(t)

• the distance si(t) of the i-th section
• the resulting belt tension relationship Ti(t) and
• the mass flow qi(t) over the entire belt conveyor.

are delivered.

To model the dynamic behavior of the whole belt con-
veyor, the steel cable belt is first divided into N sec-
tions with an identical length Lo, and each of them is
then modelled as a spring-mass-damper system, since
the stress-and extension behavior is mainly determined
by the elastic characteristics of the steel cable as well
as the internal material absorption [10]. The determi-
nation of the friction coefficient

fi = c1 · k1 · vi + c2 · k2 (1)

where c1, k1, c2 and k2 are constants affected from en-
vironment and technical equipment, are of special im-
portance. To this end, a linear function of the belt
velocity is assumed and the influence of the resistance
to rolling, pressing in resistance and deformation re-
sistance along a belt section i are taken into account.
In [13] the complete dynamic model of a belt conveyor
system is presented, which include the calculation of
the real mass flow distribution. Mathematically, the
model consists of N differential equations of second
order with time-dependent coefficients and a number
of algebraic equations.

Let ai, vi,mi, fi, si denote the acceleration, velocity
of the i-th section of the conveyor belt, the mass,
the friction coefficient and the distance of the mass,
respectively. Then the dynamics of the i-th-section
can be generally described by

miai = kisi + ki,vi(mi)vi + ki−1,sisi−1 (2)

+ki+1si+1 + ki−1,vivi−1
+ki+1,vivi+1 + ki,vi(mi)

where ki, ki−1,si , ki−1,vi and ki+1,vi are constants
which are known, ki,vi(mi) is assumed to be a known
function of mi [7]. Now introduce state vectors and
input vector,

s =

 s1
...
sN

 , v =
 v1

...
vN

 , u =
 M1

...
Mp


with u denoting the torque.

The major model uncertainties are



• load of the belt mi

• kinetic resistances fi
• environmental influence (wind, tempera-
ture,rain)

• measurement disturbances.

and the system fault states are

• operational faults of the belt,
• critical states of the drive and the reversing pul-
ley,

• sensor faults in velocity sensors and
• faults in the driving system and the motors.

The overall systemmodel considering the uncertainties
and faults can then be expressed in terms of a state
space equation
.
x(t) = A(m)x(t) +B(m)u(t) +Ed(m)d(t) +Ef f(t)

y(t) = Cx(t) + Fdd(t) + Ff f(t) (3)

where x ∈ Rn , u ∈ Rku , y ∈ Rm, f ∈ Rkfand d ∈ Rkd
denote the state, input, output and unknown input
vectors respectively. We assume d and u are L2-norm
bounded

kd(t)k2 ≤ δd (4)

A,B,C,Ed and Fd are matrices with appropriate di-
mensions and Ef , Ff represents model uncertainties
and multiplicative and additive faults in the plant.

3 Robust observer design

The massm(t) and its distribution are unknown in the
on-line implementation.

ṁi(t) = Qin,i−1(mi−1(t), vi−1(t)) (5)

−Qout,i(mi(t), vi(t))

i.e. it is time-variant and also depends on the veloc-
ity of each section of the belt conveyor. If mi(t) is
considered as a state variable, then we get in fact, (1)
and (5), a nonlinear system model. It is well known
that in contrast to the well-established linear observer
theory, there exist no general solution to the nonlin-
ear observer design problem [9]. It is just this fact that
makes the observer design for the belt conveyor system
very difficult. Taking into account these, we formulate
the main tasks of the observer design as follows:

• The estimation error dynamics of the observer
should be linearized [9];

• The observer should be easily on-line imple-
mentable.

To this aim,we consider mi(t) as model uncertainty
and decompose A(m), B(m) and Ed(m) into

A(m) = A+∆A, B(m) = B +∆B,

Ed(m) = Ed +∆Ed

where A,B and Ed are constant matrices, ∆A,
∆B and ∆Ed represent model uncertainties
which can be expressed by [∆A ∆B ∆Ed] =
EΣ(t) [F1 F2 F3] where E, F1, F2 and F3 are
known matrices. Denote

ΩA : =
©
∆A |∆A = EΣ(t)F1,ΣT (t)Σ(t) ≤ I

ª
ΩB : =

©
∆B |∆B = EΣ(t)F2,ΣT (t)Σ(t) ≤ I

ª
ΩEd : =

©
∆Ed |∆Ed = EΣ(t)F3,ΣT (t)Σ(t) ≤ I

ª
A+∆A is assumed to be asymptotically stable for all
∆A ∈ ΩA. Then (3) can be re-written as the

ẋ(t) = (A+∆A)x(t) + (B +∆B)u(t)

+(Ed +∆Ed)d(t)

y(t) = Cx(t) + Fdd(t)

For the purpose of state estimation, the observer is
constructed as follows

˙̂x(t) = (A+HC) x̂(t) +Bu(t)−Hy(t)
ŷ(t) = Cx̂(t)

where x̂ ∈ Rn and ŷ ∈ Rm represent the state and
output estimation vector respectively. The design pa-
rameter is the observer gain matrix H. Then the esti-
mation error dynamic is governed by

ė(t) = (A+HC) e(t) +∆Ax(t) +∆Bu(t)

+(Ed +∆Ed +HFd)d(t) (6)

z(t) = Ce(t) + Fdd(t)

where e = x − x̂. First we study the influence of
model uncertainties on the system dynamics. Denote
the transfer function matrix from the input signal u to
the residual signal z by Gzu. It follows from (6) that
Gzuu can be expressed as follows:

Gzuu = C (sI −A−HC)−1 ϕu
ϕu = ∆Axu +∆Bu

xu = (sI −A−∆A)−1 (B +∆B)u
(7)



The transfer function Gzdd from the unknown inputs
d to the residual signal z is

Gzdd = C (sI −A−HC)−1 ϕd + Fdd
ϕd = ∆Axd + (Ed +∆Ed +HFd)d

xd = (sI −A−∆A)−1 (Ed +∆Ed) d
(8)

Note that

∆A(xu + xd) +∆Bu+∆Edd = ...

...EΣ
£
F1 F2 F3

¤ xu + xd
u
d

 = EΣϕ∆
ϕ∆ = F1(sI −A−∆A)−1([B +∆B Ed +∆Ed]

+ [F2 F3])

·
u
d

¸

The influence of the uncertainties to the system dy-
namic follows as

Gzuu+Gzdd (9)

=
h
C (sI −A−HC)−1 (Ēd +HF̄d) + F̄d

i
d̄

The basic idea is to consider the model uncertainties
as unknown inputs with

Ēd = [E Ed] , F̄d = [0 Fd] and d̄ =
·
Σϕ∆
d

¸

where the unknown input vector
°°d̄(t)°°

2
≤ ∆d

are L2-norm bounded. (6) is expressed as

ė(t) = (A+HC) e(t) + (Ēd +HF̄d)d̄(t) (10)

z(t) = Ce(t) + F̄dd̄(t).

It thus becomes clear that the objective of selecting
H is to make the influence of d̄(t) on the estimation
error as small as possible. To this end, we can use
the well-established robust observer theory like H∞-
robust observer or observer design using µ-synthesis
[11].

4 Design of observer based fault
detection (FD) system

In this section, we present the design of observer based
fault detection system applied at the above-described
large scale belt conveyor system with model uncertain-
ties. The FD system consists of a residual generator
and a residual evaluation stage including an evaluation
function and a threshold [1],[3],[2].

4.1 Residual generator design
For the purpose of residual generation, observer-based
fault detection system of the following form

˙̂x(t) = Ax̂(t) +Bu(t) +H (y(t)− ŷ(t)) (11)

ŷ(t) = Cx̂(t) (12)

r(s) = R(s) (y(s)− ŷ(s)) (13)

are considered, where r is the residual vector and
the design parameters are the observer gain H and
R(s) ∈ RH∞ is the so-called post-filter which is an ar-
bitrarily selectable parametrization matrix [2]. It can
be derived that the dynamics of the residual generator
(13) is governed by

r(s) = R(s)Mu(s)
¡
Gd̄(s)d̄(s) +Gf (s)f(s)

¢
(14)

with

Mu(s) = I +C(sI −A−HC)−1H

Gd̄(s) = C (sI −A)−1 Ēd + F̄d
Gf (s) = C (sI −A−∆A)−1Ef + Ff

where the transfer function matrices from d, f to y are
denoted as Gd(s) and Gf (s) respectively. The solution
of this problem provide the optimal parameter of the
fault detection filter [14].To evaluate the residual, the
2-norm of the residual signal r is used as the evaluation
function and the decision logic is the mostly used on

krk2 > Jth =⇒ fault

krk2 ≤ Jth =⇒ no fault (15)

The main objective of designing residual generators is
to improve the sensitivity of the FD system to faults
without loss of the robustness to disturbances. Thus
the selection of the design parameters H and R(s) can
be formulated as an optimization problem

min
R(s),H

°°R(s)Mu(s)Ḡzd(s)
°°
∞

σi(R(s)Mu(s)Ḡzf (s))
(16)

where σi(R(s)Mu(s)Ḡzf (s)) denotes some nonzero
singular value of R(s)Mu(s)Ḡzf (s). The determina-
tion of adaptive threshold considering the design of
the residual generator is to improve the results on fault
detection and isolation.[12]

4.2 Probabilistic approach to the threshold se-
lection
Different from the norm-based residual evaluation
methods, where Jth is the threshold selected as

Jth = sup
d,f=0

krk2 =
°°R(s)Mu(s)Ḡzd(s)

°°
∞∆d (17)



and the threshold determination is based on the worst-
case handling of model uncertainty and unknown in-
puts, the probabilistic robustness theory is applied for
the purpose of calculating thresholds and false alarm
rate. This approaches will lead to a more practical
design of observer based fault detection systems.

Applying the norm based residual evaluation methods,
the threshold Jth should cover all possible changes in
the residual vector caused by the model uncertainty
and unknown inputs. It is evident that threshold
setting in the way of (17) ensures no false alarms.
Unfortunately, this is often achieved at the cost of
a high threshold which may result in that the num-
ber of undetectable faults becomes very large. This
problem can also be formulated from the probabilistic
viewpoint. The false alarm rate (FAR) is defined as
the conditional probability that krk is larger than the
threshold in the fault free case.

FAR = Pr ob {krkfflJth | f = 0} (18)

and the threshold be Jth = supd,f=0 krk , where f = 0
indicate the fault-free case, then we have

Pr ob {krk ≤ Jth | f = 0} = 1⇒

FAR = Pr ob {krk ≥ Jth | f = 0}
= 1− Pr ob {krk ≤ Jth | f = 0} = 0

there Pr ob {α ≤ β}denotes the probability of α ≤
β . We now set the threshold Jth smaller than
supd,f=0 krk , it turns out

FAR = Pr ob {krkfflJth | f = 0}
= 1− Pr ob {krk ≤ Jth | f = 0}

If Pr ob {krk ≤ Jth | f = 0} ≺ 1,then FAR will be
larger than zero. Decreasing the threshold leads to
increasing the number of detectable faults. For this
reason, it is in practice often the case that a com-
promise between the FAR and the miss detection rate
is made. The idea of this study is to make use of
the knowledge of random matrix Σ (i.e. its probabil-
ity distribution) to establish a relationship between
the FAR and the threshold and to achieve a suit-
able determination of the threshold for the informa-
tion system of the belt conveyor. Due to the limi-
tation of this note we will show first results of this
idea used for two problems are often met in practice
for the application of the fault detection system, i.e.
to estimate FAR if Jth ≤ supd,f=0 krk and to find
the threshold Jth at a given system and FARα such
FAR = Pr ob {krkfflJth | f = 0} ≤ FARα.
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Figure 1: Conveyor monitoring and state estimation

5 Applications and Conclusion

In this section some results presented, achieved by ap-
plying the information system to the simulation, on-
line monitoring, state estimation and fault detection
on a real belt conveyor in an open mine of Vatten-
fall Europe AG. The measured velocity vmeasure and
the calculated velocity vestimate of one belt section are
shown in Figure 1, including static and dynamic states
of operation.

Aiming at system monitoring, state estimation and
fault detection, an observer is designed on the ba-
sis of the above described model. Apply the intro-
duced observer-based fault detection to the developed
information system and evaluate the residual using the
evaluation function given above by using real data of
a conveyor system is shown in Figure 2. It displays
the result of the evaluated residual r(t) corresponding
to a logged fault event of the conveyor control system.
This demonstrates the successful fault detection. The
application results presented above demonstrate that

• the observer delivers satisfactory estimation re-
sults so that we can get more on-line information
about the operating condition,

• the information system detect certain kinds of
faults and

• improve the maintenance and thus enhance the
quality and performance of the belt conveyor sys-
tem.

The main attentions have been devoted to the robust
observer design and fault detection. We used the well-
established linear observer theory which ensures the
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Figure 2: Evaluated residual r(t) and threshold Jth

desired performance for a nonlinear mass depending
belt conveyer system. The on-line implementation and
the required on-line computations for the observer are
at an acceptable level. Aiming at solving more prac-
tical fault detection problems at the belt conveyor,
study on application of probabilistic robustness the-
ory are mentioned to improve the performance of the
developed information system. One further applica-
tion is to use the knowledge about the fault states and
the probability of false alarm rate to adapt the control
schemes of the belt driving unit, to avoid faults and
critical system states in order to reduce the abrasion
and maintenance costs.
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