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1. INTRODUCTION 
 

Recently, many countries have adopted the philosophy 
of using public transportation and encouraging their 
citizen to not drive their private cars. The better approach 
to adopt this philosophy is to enhance the existing public 
transportation network and/or building completely new 
lines and routes. One of this public transportation 
systems is the railway. Up to the 2018 worldwide market 
for railway industry study [1], an increased annual 
growth rate of 1.1% was found between 2016 and 2018, 
and will continue their growth as can be seen in Fig. 1.  

Good prospects are expected from this growth, 
however, in the meantime a high performance of the rail 
network should be guaranteed, especially its availability, 
reliability, and safety [2]. Thus, leading technologies 
should be adopted to the railway network system, 
including condition monitoring system (CMS) [3, 4], to 

ensure the safe and reliable running of the trains, 
especially with the increased use of high-speed ones on 
the rail network.  

Nowadays, the railway network maintenance experts 
visit and inspect the rail regularly at fixed intervals. They 
base on their experience and insight to detect any 
abnormalities. Usually, these planned on-site inspection 
surveys take many days [5]—in which may cause human 
errors, where the experts can miss some abnormalities 
that can cause accidents. Especially, in the switch & 
crossing (S&C) systems (also known as turnouts or 
points) as they are one of the key infrastructure 
components in the railway network [6].  

The railway S&C system is a safety critical asset in the 
rail network that is always required to be highly reliable 
[7]. Any failure in this system can cause delays in the rail 
network and/or even fatal accidents, such as the Grayrigg 
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Fig. 1 Current market volume (MV) and growth rate (CAGR) by regions until 2022 [1]. 



  
 

accident in 2007[8]. Therefore, developing and adopting 
a reliable CMS for detecting, diagnosing, and prognosing 
the S&C system health condition is an important aspect 
that both researchers and railway infrastructure managers 
should consider. Thus, in this paper, a residual-based 
fault detection (FD) technique with application to a 
railway S&C system (i.e. electro-mechanical switch) is 
proposed. 

In the CMS field, if an accurate enough reference 
model can be obtained, model-based fault detection and 
diagnosis (FDD) method can achieve accurate and timely 
diagnostic information [9]. No much work have been 
done that used a model-based FDD method to detect, 
diagnose, and prognose (sometimes) the health 
conditions of the railway S&C system. In [10], a Kalman 
filter (KF) with fixed interval smoothing (FIS) algorithm 
was used for state estimation, and combined with the 
maximum likelihood (ML) approach to estimate the 
unknown parameters of the S&C system for FD. 
Different wear induced faults, including dry slide chairs, 
lubricated slide chair, and backdrive overdriving at heel 
on normal and reverse side with dry and lubricated slide 
chairs were analyzed. The output signals were the force 
and DC motor current, whereas the supply voltage was 
considered as the input signal (it was considered 
constant). Another model-based FDD algorithm based on 
the fuzzy neural network algorithm to build the reference 
model of the railway S&C system was published in [11]. 
Different faults of the S&C system were considered such 
as switch machine idle, hard to release, etc., with 
acquiring only the current signal as the output signal. 
Their results showed that they could detect and diagnose 
these different faults with a good accuracy (about 96.7%). 
A model-based condition monitoring scheme to detect 
any abnormalities on the new designed REPOINT track 
switch was published by Wright et al. [12] and a modified 
Bayesian network model combined with Monte Carlo 
simulations for prediction of weather-related failures in 
the railway S&C system was developed by Wang et al. 
[13]. Finally, a model-based fault prognosis method for 
remaining useful life (RUL) prediction of S&C system 
health condition was proposed in [14]. It was based on an 
autoregressive moving average (ARMA) model. Several 
signals were collected (e.g., tension, force, current, 

voltage, etc.) to predict the RUL of the S&C system 
under contaminated slide chair failure mode only. More 
recently, an auto-associative residual (AAR) model-
based approach for railway S&C system FDD was 
proposed in [15].     

As can be seen, it is clear that only few works that 
applied model-based FDD technique for the railway S&C 
system. Further, very few among these published papers 
that actually considered the residual-based principle for 
S&C system FDD. This paper thus, investigates the 
application of a residual-based method to detect the 
railway electro-mechanical switch system health 
conditions. Further, an assessment of several signals, 
including the motor speed signal, the motor stator current 
signal, the force signal, and the linear position of the 
switch rails (i.e., the switch toe position), is performed in 
this paper to assess the sensitivity of each of these signals 
to the examined fault. Whereas in this paper, only an 
excessive viscous friction of the switch system is 
considered, but under different severity levels. This 
choice was based on the failure analysis of the railway 
S&C for the purpose of preventive maintenance study 
performed by Hassankiadeh et. al. [16] and their results 
that can be seen in Fig. 2. 

This paper is organized as follows: Section 2 
introduces the considered railway electro-mechanical 
switch system and its mathematical modelling. The 
applied residual-based technique for FD and the 
simulation results are detailed in Section 3. Finally, a 
conclusion is given in Section 4.  

         
 

Fig. 3 The electro-mechanical switch actuating system located at the Birmingham Centre for Railway Research 
and Education (BCRRE), University of Birmingham (left); and the schematic diagram of a conventional switching 

layout (right): 1. stock rails, 2. switch rails, 3. stretcher bars, 4. common crossing, 5. check rails, 6. front-toe, 7. 
point operating equipment (POE), 8. actuator.  

 
Fig. 2 The total number of failed components in 2009 

[16].  
 



2. THE ELECTRO-MECHANICAL SWITCH 
SYSTEM AND ITS MATHEMATICAL 

MODELLING 
2.1 The electro-mechanical switch system  

Railway S&C system have a very complex structure 
that contains a large number of components as can be 
seen in Fig. 3. These components are mechanical devices 
to operate switches, electrical and/or electronics devices 
for controlling, etc., that include: stock rails, switch rails, 
stretcher bars, common crossing, check rails, front-toe, 
point operating equipment (POE), and an actuator. The 
latter is connected to the front-toe and it provides the 
switching motion for the switch rails (i.e., the blades). 
Whereas, the blades are linked through three stretcher 
bars.  

Usually, different signals are collected. Whereas, for 
driving the S&C system, the input signal is the power 
supply voltage and the output signal is either the speed or 
the stator current based on the control system type. In this 
work, for applying the proposed model-based FD 
technique (i.e., the residual-based algorithm) to detect the 
system health conditions, several signals are considered. 
Whereas, the input signal is the same as the S&C input 
signal (i.e., the power supply voltage) and the output 
signal is different each time that the required residuals are 
generated. These output signals are the motor speed, the 
motor stator current, the force, or the linear position of 
the switch rails. The residuals are the error between the 
real switch system output signal and the reference model 
output signal (i.e. the estimated system output). 
 
2.2 Mathematical modelling  

The considered electro-mechanical system, shown in 
Fig. 3, is composed of an electrical motor-gearbox 
assembly, and two switch rails (blades). The gearbox is 
connected to the middle of the front-toe through ball-
screw and mechanical linkages. The real electro-
mechanical switch system, located at the Birmingham 
Centre for Railway Research and Education (BCRRE), 
University of Birmingham, and its simplified schematic 
diagram are shown in Fig. 4.        

The electrical motor is modeled as follows: 
 

𝑉௦ = 𝐼ெ𝑅ெ + 𝐼ெ̇𝐿ெ + 𝜃̇ெ𝐾௘௠௙          (1)  

𝑇ெ = 𝐼ெ𝑇ெ௖                (2)  
 
where, 𝑉௦ is the power supply voltage, 𝐼ெ is the motor 
stator current, 𝑅ெ is the motor armature resistance, 𝐿ெ 
is the motor armature inductance, 𝜃̇ெ is the motor 
angular velocity, 𝐾௘௠௙  is the motor back emf constant,       
𝑇ெ is the motor electrical torque, and 𝑇ெ௖  is the motor 
torque constant. 

The motor-gearbox rotational equation can be given as 
follows because the shaft that connect the motor and the 
gearbox is assumed extremely stiff. 

 

(𝐽ெ + 𝐽 )𝜃̈ெ + (𝐵ெ + 𝐵ீ)𝜃̇ெ + 𝐹௦ = 𝑇ெ +
𝑇

𝜂ீൗ   (3)  
 

where, 𝐽ெ is the motor inertia, 𝐽ீ is the gearbox inertia, 
𝐵ெ is the motor friction coefficient, 𝐵ீ  is the gearbox 
friction coefficient, 𝐹௦  is the static friction, 𝑇   is the 
gearbox output torque, and 𝜂ீ  is the gear ratio. The 
relation between the gearbox angular velocity and the 
motor angular velocity is given as 
 
𝜃̇ீ = 𝜂ீ𝜃̇ெ                (4)  
 
and the gearbox output torque is defined as 
 

𝑇 = 𝐾ீ ቀ𝜃ீ −
2𝜋𝑥஻ௌ

𝐵஻ௌ
ൗ ቁ + 𝐷ீ ቀ𝜃̇ீ −

2𝜋𝑣஻ௌ
𝐵஻ௌ
ൗ ቁ (5) 

 
where, 𝐾ீ  is the gearbox rotational stiffness, 𝜃ீ is the 
gearbox output angular position, 𝑥஻ௌ  is the ball-screw 
linear displacement, 𝐵஻ௌ  is the ball-screw friction 
coefficient, 𝐷ீ  is the gearbox rotational damping, and 
𝑣஻ௌ is the ball-screw linear velocity.  

The ball-screw converts the gearbox output rotational 
motion to a linear motion of the front-toe according to the 
following equation 

 
𝐽஻ௌ𝜃̈஻ௌ + 𝐵஻ௌ𝜃̇஻ௌ + 𝐹௦ = 𝑇 − 𝑇஻ௌ        (6)  
 
where, 𝐽஻ௌ  is the ball-screw inertia, 𝜃஻ௌ  is the ball-
screw angular position, and 𝑇஻ௌ is the ball-screw load 
torque. Thus, the relation between the rotational velocity 
𝜃̇஻ௌ and the linear velocity 𝑥̇஻ௌ of the ball-screw and its 
rotational displacement 𝜃஻ௌ and its linear displacement 
𝑥஻ௌ are defined as 

 
 
    
 
 
 

     
 

Fig. 4 The real electro-mechanical switch system (left); and its simplified schematic diagram.  
 



  
 

𝑥̇஻ௌ =
𝜃̇஻ௌ𝑙஻ௌ

2𝜋
ൗ = 𝑥̇ி்             (7)  

𝑥஻ௌ =
𝜃஻ௌ𝑙஻ௌ

2𝜋ൗ = 𝑥ி்             (8)  
 
where, 𝑙஻ௌ  is the screw length, 𝑥̇ி்  is the front-toe 
linear velocity, and 𝑥ி்   is the front-toe linear 
displacement.  

Using a stiff spring-damper assembly to connect the 
ball-screw and the front-toe will provide the same linear 
motion for both. Whereas, the actuator force applied to 
the front-toe is computed as follows. 

 
𝐹௧௢௧௔௟ = 𝐷஻ௌி்(𝑣஻ௌ − 𝑣ி்) + 𝐾஻ௌி்(𝑥஻ௌ − 𝑥ி்)   (9 ) 
 
where, 𝐷஻ௌி்  is the damping of the ball-screw and 
front-toe assembly and 𝐾஻ௌி்  is the stiffness of the ball-
screw and front-toe assembly. And the load torque of the 
ball-screw and front-toe assembly is given by 
  

𝑇஻ௌி் =
𝐹௧௢௧௔௟𝑙஻ௌ

2𝜋ൗ            (10) 
 

The total system model will be defined as the 
relationship between the ball-screw rotational 
displacement 𝜃஻ௌ  (i.e., its linear displacement 𝑥஻ௌ 
which equal to the front-toe linear displacement 𝑥ி்  as 
shown in Eq. (8)) and the motor stator current 𝐼ெ, which 
it is related directly to the power supply voltage 𝑉௦. Thus, 
the simplified linear model of the total system can be 
given as 

 
𝐽௧௢௧௔௟𝜃̈஻ௌ + 𝐵௧௢௧௔௟𝜃̇஻ௌ + 𝐾௧௢௧௔௟𝜃஻ௌ = 𝑇ெ௖𝐼ெ    (11)  
 
and the transfer function can be computed by taking the 
Laplacian transform of Eq. (11) and it is defined as 
 

𝐺(𝑠) =
ఏಳೄ(௦)

ூಾ(௦)
=

்ಾ೎
௃೟೚೟ೌ೗
ൗ

௦మାቀ
஻೟೚೟ೌ೗

௃೟೚೟ೌ೗
ൗ ቁ௦ା

௄೟೚೟ೌ೗
௃೟೚೟ೌ೗
ൗ

    (12) 

 
where, the total inertia 𝐽௧௢௧௔௟ of the switch and the motor, 
the equivalent spring stiffness of the rails 𝐾௧௢௧௔௟ , and the 

viscous friction coefficient of the total system 𝐵௧௢௧௔௟  are 
calculated as   
 
𝐽௧௢௧௔௟ = 𝐽ெ + 𝐽 + 𝐽஻ௌ           (13) 
𝐵௧௢௧௔௟ = 𝐵ெ + 𝐵ீ + 𝐵஻ௌ           (14) 
𝐾௧௢௧௔௟ = 𝐾ீ + 𝐾஻ௌி்             (15) 
 

Four faulty scenarios (i.e., motor fault, total system 
overloaded fault, switch blade changes fault due to spring 
force stiffness changes, and excessive friction or 
resistance fault) can be considered that depend on any 
changes on the motor torque constant 𝑇ெ௖  , the total 
inertia 𝐽௧௢௧௔௟, the equivalent spring stiffness of the rails 
𝐾௧௢௧௔௟  , and the viscous friction coefficient of the total 
system 𝐵௧௢௧௔௟ , respectively. It should be noted that in this 
paper, only the last fault scenario (i.e., excessive friction 
or resistance fault) is considered by changing only the 
viscous friction coefficient of the total system 𝐵௧௢௧௔௟  
that represent the friction coefficient between the sleeper 
and the rails as given in the Table 1.   

 
Table 1 Friction coefficient between sleeper and the 

rails. 
 

 
Case 1 

(healthy) 
Case 2 

(Fault 1) 
Case 3 

(Fault 2) 
𝐵௧௢௧௔௟   0 0.001 0.0025 

 
Case 4 

(Fault 3) 
Case 5 

(Fault 4) 
Case 6 

(Fault 5) 
𝐵௧௢௧௔௟  0.005 0.01 0.02 

 
 
3. RESIDUAL-BASED TECHNIQUE FOR FD 

OF THE RAILWAY SWITCH SYSTEM: 
SIMULATION RESULTS 

 
A simulation model of the analyzed electro-

mechanical switch system was developed in 
Matlab/Simulink as shown in Fig. 5, where the input is 
the power supply voltage and the outputs are the motor 
speed [rad/sec], the motor stator current [A], the force 

      

 
 

Fig. 5 Simulink block of the electro-mechanical switch system.  
 



[N], and the linear position of the switch rails (i.e., the 
switch toe position) [m]. The proposed model-based FD 
method was conducted and tested in six scenarios, 
healthy case and five faulty cases as summarized in Table 
1. Whereas, only a change in the friction coefficient 
between the sleeper and the rails was considered with 
different levels.  

The input and the different output signals under 
healthy case are shown in Fig. 6.  

Fig. 6 shows the electro-mechanical switch system 
dynamic response with the different output signals when 
was fed with a series of step voltage input.  

The residuals between the real system output 𝑦(𝑘) 
and the reference model output 𝑦ො(𝑘) for each output 
signal under the different faulty cases (i.e., from fault 1 
to fault 5) are shown in Fig. 7. These residuals are 

computed as fellows. 
 

𝑟 = 𝑦ො(𝑘) − 𝑦(𝑘)             (16) 
 
Observing the variation of these residuals, the 

detection of these different fault cases is possible, but 
with one drawback. These results may be clear for the 
experts in the CMS field, but probably not for the 
operators and technicians in the rail network, which will 
not recognize the presence or not of fault in the system, 
except when considering the linear position of the switch 
rails. Thus, another way to make these residuals more 
readable to both experts and operators/technicians is 
proposed in this paper.  

Accumulative residual vectors 𝑟௔௖௖  were computed 
and analyzed to see how they will differ from simply and 
directly observing the residuals variation. The new form 
of the residuals proposed in this paper is simply the 
accumulation of the error between the real system 
output(s) and the reference model output(s), which is 
defined as follows. 

          
𝑟௔௖௖ = ∑ 𝑦ො(𝑖) − 𝑦(𝑖)ே

௜ୀଵ            (17) 
 

where, N is the samples number.  
The proposed accumulative residual vectors evaluation is 
shown in Fig. 8. 

Fig. 8 shows the proposed accumulative residuals 
evaluation under the different faulty cases (from fault1 to 
fault 5) and it is clear that these proposed accumulative 
residuals evaluation is more readable than of those shown 
in Fig. 7 when considering simply the residuals variation. 
Further, it is very clear that the proposed residual-based 
FD can detect the presence or not of the different levels 
of the excessive friction or resistance fault that can often 
appear in the railway S&C system. Thus, the proposed 
accumulative residuals are more suitable to be integrated 

 
Fig. 6 The input and the different output signals 

under healthy condition.  
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Fig. 8 Accumulative residuals under the different 

health conditions: fault 5 in black, fault 4 in magenta, 
fault 3 in green, fault 2 in red, and fault 1 in blue 

color. 

 
Fig. 7 Residuals under the different health 

conditions: fault 5 in black, fault 4 in magenta, fault 
3 in green, fault 2 in red, and fault 1 in blue color. 



  
 

in the real rail network system. It should be noted that the 
considered fault scenario (i.e., excessive friction or 
resistance fault) can be detected using all the different 
outputs signals, including the motor speed signal, the 
motor stator current signal, the force signal, and/or the 
linear position of the switch rails.   

 
4. CONCLUSION 

 
In this paper, a modified way of how to compute the 

residuals between the real system output(s) and the 
reference model output(s) is proposed. The modified 
model-based FD method did improve the readability and 
interpretability of the results. The proposed model-based 
FD method was applied to a railway S&C system. The 
performance and effectiveness of the proposed residual-
based FD method is demonstrated using a simulation 
environment with a set of different fault levels. These 
different fault level cases were analyzed for the excessive 
friction or resistance fault in an electro-mechanical 
switch system since been one of the major faults in the 
railway S&C system. Further, the results show that the 
considered fault scenario (i.e., excessive friction or 
resistance fault) can be detected using all the different 
output signals, including the motor speed signal, the 
motor stator current signal, the force signal, and/or the 
linear position of the switch rails. 

For future work, field test will be conducted on the real 
electro-mechanical switch system located at the BCRRE, 
University of Birmingham under real conditions and 
under other fault types, including motor fault, total 
system overloaded fault, and/or switch blade changes 
fault due to spring force stiffness changes. 
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