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ABSTRACT 

Considering the importance of axle counter function in detecting the train wheels and determining the clearance or 
occupancy of a track section, it is important to ensure a safe and reliable performance of this system. In this paper, in 
order to improve the sensor performance, the authors have focused on the orientation of magnetic sensors’ coils. In 
order to improve the detection capability of the system, through measuring the induced voltage in the receiver coil, it is 
important to adjust the relative orientation of the transmitter and receiver coils. Due to the existence of infinite relative 
orientations, in order to determine the optimum orientation for the sensor coils, Kriging methods which is one of the 
Response Surface Methodologies (RSMs) is applied. Finite Element Method (FEM) is utilized to provide sample data, 
as inputs to the Kriging algorithm. The analysis not only provides the optimum relative orientation of the sensor coils, it 
also improves analysis time, comparing to field based measurements. The analysis results are validated by the labora-
tory based data implemented in the control and signaling laboratory of the school of railway engineering and also field 
based tests in Iranian railway. 
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1. Introduction 

Axle counter is one of the most important railway sig-
naling devices, in detecting the train wheels and deter-
mining the clearance or occupation of a track section. 
The detector senses the wheels through evaluating the 
changes in the magnetic coupling between the coils 
placed at either rail sides. 

With increasing the application of power electronic 
and semiconductor devices in railcars, the radio based 
communication systems, and magnetic braking systems, 
the electromagnetic noises in the railway environment 
has faced with a considerable increase in the electro-
magnetic interference sources. These sources may affect 
the track side signaling equipment, such as axle counters, 
track circuits, balises and etc., and degrade their safety 
and performance. Therefore, it is important to consider 
appropriate protection and/or mitigation approaches. The 
noise reduction is especially indispensable in the case of 
the axle counter, which is one of the most important 
railway signaling devices for accurate and safe train de-
tection and control systems. 

Different parameters which affect the performance of 

the axle counters in proximity of electromagnetic inter-
ference sources are needed to be investigated. The work-
ing frequency, current and voltage amplitudes, sensors 
orientation, shielding of the sensors and their connections 
and also software and hardware based signal processing 
algorithms, are from the areas which need to be investi-
gated and studies in detail. 

In this paper, optimizing the orientation of magnetic 
sensors’ coils to improve the signal to noise ratio of the 
sensor output signal and improving its mitigation against 
the interfering signals is investigated.  

Different optimization algorithms are used by re-
searchers in different applications so far, from which 
genetic algorithm, response surface methodology (RSM), 
simulated annealing and tabu search are just a few exam-
ples. Kleijnen in [1] and [2], and Myers and Montgomery 
in [3] provide and extensive overview on optimization 
methods and their applications. Among the various opti-
mization approaches introduced by researchers, the re-
sponse surface methodology, RSM, due to its advantages 
and capabilities is chosen.  

The important point about RSM is that in this method 
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a large amount of information are extracted from a small 
number of experiments. In contrast with classical meth-
ods in which a large number of experiments are required 
to explain the behavior of a system and are time con-
suming.  

Response surface methodology is a combination of 
mathematical and statistical techniques for analyzing 
computational experiments. The analysis of experiments 
uses a metamodel (also called response surface), which is 
an approximation of the I/O function of the experiment; 
i.e., the experiment yields I/O data that are used to esti-
mate this function. Due to the existence of infinite rela-
tive orientations of the sensor coils, Kriging method 
which is one of the response surface methodologies is 
applied in order to analyze the whole range of orientation 
of the coils and introduce the optimum orientation. 

Because of the difficulties in testing the sensors in all 
possible positions and orientations, finite element mod-
eling, FEM, approach is utilized. The data provided by 
FEM, is fed to Kriging method. The approach and re-
sulting algorithms are validated by testing on real system.  

2. Railway Axle Counter 

An axle counter system is used for counting the number 
of train axles coming in and going out of a section of rail 
track. The system consists of sensor coils for detection of 
the train wheels, electronic unit (electronic junction box) 
for signal conditioning and counting of the wheels and 
evaluator unit which compares the number of the wheels 
entering the rail section and the wheels exiting the sec-
tion. The comparison result approves that the section is 
clear of the train or it still is occupied by a train (Figure 
1). Axle counter detector makes use of electromagnetic 
flux linkage between two coils mounted on either side of 
the rail, to detect the passage of the wheels. Figure 2 
shows the image of the axle counter detectors installed in 
the School of Railway Engineering, SRE, in Iran Univer-
sity of Science and Technology, IUST. 

To analyze the system’s behavior, its simplified mag-
netic equivalent circuit can be used. Magnetic equivalent  
 

 
Figure 1. Schematic of a railway axle counter system. 

circuit of system in presence and absence of wheel is 
shown in Figure 3. In this model the reluctance Ri is de-
fined as Ri = l/μA and the magnetomotive force F as F = 
NI, where l is the mean length of the flux path around the 
coil, A is the mean cross sectional area of the flux path, µ 
is permeability of the material and N is number of coil 
turns and I is amplitude of coil current. 

The permeability of air is about 4π  10−7, while the 
permeability of the rail and wheel is much higher. In this 
model the reluctance of the wheel and rail is considered 
to be zero.  

The magnetic flux generated by the transmitting coil 
flows through the path with lower reluctance. In the 
presence of the wheel, the magnetic path is shaped 
through the wheel and rail, causing less flux flow in the 
receiving coil and hence lower induced voltage in the 
receiver. 

In order to detect the passage of a wheel, the induced 
voltage in the receiving coil is monitored continuously 
and its changes beyond some predefined threshold is 
interpreted as existence or absence of a wheel. In other 
words, the wheel detector detects the wheel when the 
amplitude of induced voltage in the receiving coil is less 
than a threshold level, as shown in Figure 4. 

Van Alphen in [4] and Bloomfield [5] mentioned that 
axle counters can get affected by the magnetic fields 
close to the rails and also from the magnetic fluxes emit-
ted from the train or caused by the traction return current. 
In addition in converter-fed traction drives, the repeti-  
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Figure 2. Axle counter sensor coils in signaling laboratory 
of SRE. 
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Figure 3. Magnetic equivalent circuit of system (a) in ab-
sence of wheel; (b) in presence of wheel. 
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Figure 4. Induced voltage and detecting principles. 
 
tive charging and discharging currents which flow in the 
rail can appear as electromagnetic interference at multi-
ples of the converter modulation frequency. This type of 
interference has been detected during regenerative brak-
ing. Practical measurements have shown that transient 
rail current values can reach 10 A [6]. This interference 
can cause the sensor to count, taking the system to failure 
mode, where the number of wheels entering the block 
will not be the same as the number of wheel exiting it. 

In order to reduce or eliminate the effect of noises on 
induced voltage, voltage amplitude difference in the 
presence and absence of a wheel (ΔV), should be as great 
as possible. Having fixed the transmitting coil voltage, 
frequency and also the number of coils’ turns, induced 
voltage in the receiver depends on the relative orientation 
of the coils. Optimum orientation of sensors is where ΔV 
has its maximum value, in which the highest signal to 
noise ratio for a particular level of noise can be achieved. 
In fact, greater ΔV in no-interference and noise condi-
tions, results in higher sensor detectability of the wheels 
and less sensitivity to the noise. 

3. Modeling of Axle Counter System by FEM 

The Finite Element Method (FEM) is a numerical tech-
nique for finding approximate solutions of partial differ-
ential equations as well as of integral equations. 

By using the FEM, the original boundary-value prob-
lem with an infinite number of degrees of freedom con-
vert into a problem with a finite number of degrees of 
freedom. Then a system of algebraic equation obtain. 
And finally, solution of the boundary-value problem 
achieve by solving the system of equations. 

The FEM is used to determine the electromagnetic 
field around the sensor coils and also the induced voltage 
in the receiving coil. This provides the opportunity to 
model the system in a variety of coil orientations. 

In order to validate the model developed in FEM 
(Figure 5), the FEM results are compared with experi-
mentally measured induced voltages in different sensor 

arrangements. Table 1 indicates that the modeled values 
of induced voltages are in reasonable agreement with the 
measured ones. 

Figure 6 shows the laboratory set up of the axle 
counter sensors, studied in the research work. 

The flux density distributions around the receiving coil 
in presence and absence of the wheel are shown in Fig-
ure 7. When the wheel is located in between of the 
transmitting and receiving coils, flux magnitude de-
creases owing to the lower reluctance of the wheel rather 
than the air, which results in a reduction of the induced 
voltage in the receiving coil. Additionally, with the pre- 
sence of the wheel, the flux density direction becomes  
 

 
(a)                        (b) 

Figure 5. 3D Axle Counter Model, (a) meshed rail and 
wheel; (b) Receiver, transmitter and rail model. 
 

 

Figure 6. Laboratory set up. 
 
Table 1. Comparison between measured and calculated 
induced voltages (θR is fixed in −40˚). 

Induced voltage 

Measured (mV)Calculated (mV) 
Sensor Orientation (θT) 

340 335 −30˚ 

400 409 −20˚ 

450 467 −10˚ 

500 515 0˚ 

85 79 0˚ (In presence of the wheel)
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Figure 7. Distribution of magnetic flux density θR = −60˚ and θT = 60˚ (a) No wheel; (b) in presence of the wheel. 
 
nearly normal to the coil axis, which results in reduction 
in the flux passing through the receiving coil, and results 
in further reduction in the induced voltage. 

4. Optimization 

Optimization is a method of making the system or the 
design as perfect, cost effective and/or qualified as pos-
sible, considering the existing environmental and opera-
tional constraints and conditions.  

The aim of utilizing optimization in the axle counter 
design, as an electromagnetic system, is to determine the 
most appropriate orientation and location of the coils 
relative to the rail and to each other, to provide the maxi- 

mum affordable sensitivity in detecting the train wheels 
and at the same time maximum protection against the 
environmental noises and interferences. In other words 
finding the set of optimum θR and θT values which pro-
vides the maximum ΔV. 

Different researchers have used highly accurate mod-
els such as Finite Element Model with direct optimiza-
tion algorithms such as differential evolution and Genetic 
algorithms.  

Due to the fact that these approaches are computation-
ally expensive, using statistical approximate models, 
such as Response Surface Model (RSM) and Kriging 
model are recommended in some engineering cases [2]. 
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4.2. Kriging Method  Although these approaches are not as accurate as direct 
optimization methods, but they can be categorized as fast 
methods. A short explanation on the above mentioned 
methods is represented as follows: 

4.1. Response Surface Methodology (RSM) 

RSM or Classic RSM is the basic approach to statistical 
optimization problems, used in various cases by re-
searchers. Assuming a set of n sample points x = {x1, 
x2, ···, xn} of an m-dimensional input with  and 
responses y = {y1, y2, ···, yn} with yi  , the response 
value y(x) can be expressed as a realization of a low- 
order polynomial regression model with a random error 
function.  

m
ix 

Then the approximate model can be expressed as:  

  0
1 1 1

m m m

i i ij i j
i i j

y x x x x  
  

            (1) 

where  is the error function and βs are the unknown pa-
rameters which are solved by least squares method. To 
estimate the model parameters, Equation (1) can be writ-
ten in matrix notation as 

Y X                     (2) 

where Y is an n  1 vector of observations with respect to 
n sample points x, X is a known n  m observation matrix, 
β is an m  1 vector of regression coefficients (unknown 
parameters), and  is an n  1 error vector with zero 
mean and covariance C. The vector of least squares esti-
mators, ̂ , can be determined subject to the minimiza-
tion of 

  2

1

n
T

i
i

L y X y X 


    

T

        (3) 

Then the least square estimation (LSE) of β is: 

  1ˆ TX X X y


               (4) 

Different researchers have used RSM for optimization 
of the electromagnetic devices. Due to the constraints of 
the RSM approach in global approximation [2], this ap-
proach is not suitable for optimizing the axle counter 
sensors in all their possible orientations. 

The authors have investigated the suitability of the 
RSM approach for optimization of the axle counter coils 
in [7]. In the mentioned research the range of coils ori-
entations’ changes are limited to θR = [−20˚, 80˚] and θT = 
[−80˚, 20˚]. The results of this study are evaluated with 
the results of other approaches in the section 5 of this 
paper.  

Due to singularity problems in some modes of the LSE 
estimation process, some researchers have proposed oth-
er optimization approaches such as Kriging and MARS 
methods. 

Kriging, also called spatial modeling, is a regression 
method that is becoming more popular in optimization 
algorithms due to its advantages in modeling nonlinear 
surfaces [2].  

Considering the Equation (2), the best linear unbiased 
estimation of β, has the form of 

  11ˆ T T 1X C X X C y
            (5) 

The above estimation is the minimum variance linear 
unbiased estimation, which is an optimal estimation in 
the statistical sense [8]. 

The covariance matrix C = [cij] can be defined as 

 2R , , , 1,2, ,ij i jc r x x i j      n       (6) 

where 2 is the variance, R is the correlation matrix and r 
is the user specified correlation functions. A popular 
choice for the correlation function, proposed by [13] is: 

   2

1

, exp
m

i j k i j
k

r x x x x


          (7) 

where m is the number of design variables and αk repre-
sents the unknown correlation function parameter vector. 
Small values of αk smoothen the Kriging prediction, 
while for large values of αk the Kriging model has accu-
rate predictions around the sampled points over which it 
is built, and very false predictions elsewhere.  

Kriging method, besides providing better perform-
ances, comparing to RSM, avoids the problem of singu-
larity in matrices. In addition Kriging models are fitted to 
data that are obtained for larger experimental areas than 
the areas used in low-order polynomial regression meta-
models; that is, Kriging models are global rather than 
local [2]. This is in contrast with the RSM, which due its 
low order, suits for problem with local optimization re-
quirements. 

5. Results and Analysis 

For the improvement of the signal to noise ratio of the 
output signal of axle counter sensor, optimal orientation 
of coils is investigated.  

For this optimization problem, ΔV is the objective 
function, and receiver and transmitter coils’ angles (θR 
and θT) are considered as independent variables (inputs). 
The ranges of θR and θT are −90 to +90 degrees (Figure 
8).  

In the mentioned range of coils’ orientation, unlimited 
relative setups for the coils can be assumed and studied. 
For evaluation of this range in steps of one degree, a set 
of 32,400 (=1802) situations needs to be analyzed. Con-
sidering the limitations of the FEM method in analysis of 
such an amount of test points, the above mentioned op- 
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Figure 8. Design variables and search domain. 
 
timization methods are highly effective. 

To construct an approximation model that can capture 
interactions between N design variables, a full factorial 
approach [3] can be used to investigate all possible com- 
binations. A factorial experiment is an experimental 
strategy in which design variables are varied together, 
instead of one at a time. The adequacy of the experiments 
is validated in the accuracy validation stage of Kriging, 
followed in this section. 

Using the Design and Analysis of Computer Experi- 
ments DACE software Matlab toolbox [9], all parameters 
of Kriging model can be estimated. Figure 9 shows the 
Kriging response surfaces of ΔV, which is created from 
the 64 experimental points with full factorial approach. 

In order to validate the accuracy of Kriging, the results 
of the Kriging and that of the FEM analysis for 15 dif- 
ferent orientation examples are compared. Figure 10 in- 
dicates that Kriging model is a reasonable estimator for 
this problem. Maximum value of ΔV for Kriging res- 
ponse surface is 840 mV in (θR , θT) = (−45˚, 45˚). Table 
2 shows the comparison of the induced voltages between 
the initial and optimized arrangements with FEM calcu- 
lations. As the table shows, using the optimization me- 
thod, a 400 mV larger voltage difference is achieved, 
comparing to the initial setup used in railway. 

In order to investigate the validity of the models and 
their outputs, the system is installed and tested in Iranian 
railway lines. Figures 11 and 12 show some sample of 
the real output signal which is used for post processing 
and wheel counting purposes. The sensors were installed 
in different orientations including the (−45˚, 45˚), as was 
the optimum orientation achieved by the Kriging method. 

In this figures the complete axle counter signal for dif- 
ferent trains passing through a station is represented. 

Table 3 represents the minimum ΔV which is provided 
by various installations. The real output data also ap-
proves the optimality of the orientations proposed by the 
Kriging approach. 

One of the main differences of the real system output 
and the modeled one is in ignoring the effects of the train 
body and rail current on the receiving coil. This induces a 
considerable noise on the receiving signals, hence reduc- 
ing the induced voltage difference for different wheels. 

3D view 

-90
-45

0
45

90

-90
-45

0
45

90
-200

0

200

400

600

800

Rx Angle (deg)

Kriging response surface of DV

Tx Angle (deg)

V
o

lt
ag

e(
m

V
)

 
 

Image view 

Kriging response surface of DV (mV)

Rx Angle (deg)

T
x 

A
n

g
le

 (
d

eg
)

 

 

-90 -60 -30 0 30 60 90
-90

-60

-30

0

30

60

90

0

100

200

300

400

500

600

700

800

 

Figure 9. Kriging response surfaces of ΔV. 
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Figure 10. Accuracy validation of Kriging. 

 
The test data shows a ΔV is sometimes reduced to about 
500 mV, which is about 300 mV less than what was 
achieved in the FEM model. 

6. Conclusions 

In this paper, combination of FEM and Kriging ap-
proaches are used to optimize the railway axle counter  
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Table 2. Comparison between the initial and optimized ar-
rangements. 

Induced voltage (mV) 
Sensor arrangement 

No wheel In presence of wheel ΔV

Initial arrangement 
(θR, θT) = (−40˚ ,0˚) 

515 79 436

Optimized arrangement 
(θR, θT) = (−45˚, 45˚) 

880 40 840

 
Table 3. Minimum ΔV for different coil orientations. 

Sensor Orientation (θR, θT) Minimum ΔV (mV) ≈ 

(−45˚, 45˚) 600 

(−40˚, 0˚) 400 

(30˚, 30˚) 200 

(−60˚, 60˚) 300 
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Figure 11. Output signal of the receiver in (−45˚, 45˚). 
 
coils orientation, which is more insusceptible to electro 
magnetic noise than initial arrangement used by some 
signalers. 

As the result shows, larger voltage difference by at  
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Figure 12. Induced voltage envelope for different coil ori-
entations (a) ( −40˚, 0˚); (b) (30˚, 30˚); (c) ( −60˚, 60˚). 
 
least 400 mV is achieved with the optimized arrangement 
(−45˚, +45˚), compared to the initial arrangement (−40˚, 
0˚), which results in reducing the effect of electromag-
netic noise in railway axle counter sensor. 

The field test results validate the outcome of this re-
search work. Further improvement in the model can be 
considered by a detailed investigation of the environ-
mental noises and electromagnetic interferences via var-
ious sources. As the results show the effects of noises 
caused by the train body and also by the track circuit 
current flow through the rails, can reduce the induced 
voltage level in the receiving coil, by maximum of 30%. 

The effect of individual parameters on the system per-
formance can be the subject for further investigation in 
future. 
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