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Abstract Snake motion is a movement on a pair of rail wheels that does not go straight
forward but shifts to the left or right. Snake movement can cause deformation on the
rail and weariness on the wheel. The snake motion can be measured using sensors that
have a high sensitivity but are at risk for noise in the data readings. The control system
will not be able to perform at its best when the volume measurements are counted as
input data from the measurement. From the application of the filter algorithm to the
combination of the sensor accelerometer and gyroscope obtained results, noise
measurement can be minimised and data reading more stable. The result of noise
reduction depends on the value of the process variance; if the process variant value is
close to 0, then the filtering result carried out by the filter valve is more smooth. The
filter column with the 0.025 process variant produces an average error value of 3.9%
on the x axis, 3.1% on the y axis, and 5.7% on the z axis. With the highest error on the
measurement at the 30° parameter with the measuring difference of 1.27° at the x-axis,
the 60° parameters with the measured gap of 1.34° in the y-axis, and the -90°
parametrics with a measuring gap of 2.99° on the Z-axial.
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1. Introduction

Snake motion is due to the movement of a pair of wheels that are not moving straight
forward but shifting on the left or right side [1]. Snake movement has an impact on the
winding of the wheel. Because of the snake movement that forces the wheel to move to
the left and right, the winds of the flange wheel and the rail on the straight path will be
divided evenly between the right and the left [2]. So the measurement of snake motion can
be done to help in the implementation of maintenance of railway equipment and facilities
on a regular basis.

A sensor is a device to detect or measure the magnitude of mechanical, magnetic,
heat, radiation, and chemical variations converted into electrical voltage and current [3].
Sensors with high sensitivity are so susceptible to environmental noise when reading data
because sensors usually do not have protection from external interference such as wind
pressure and vibration. Well, noise from sensor readings should be suppressed or
eliminated as much as possible. However, it is hardly possible to eliminate noise altogether
because it occurs due to the nature of the environment from the outside. Another option is
to reduce noise or to separate noise from actual measurement data. Noise on data readings
can have serious consequences, leading to the control system not achieving its best
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performance or also causing the system to fail to be controlled if noise is counted as
measurement data. According to Kalman filters are capable of performing noise reduction
very well [4]. Thus, in this study, the Kalman filter was selected and used as a support to
reduce noise in the sensing process carried out by a fusion sensor that has high sensitivity
to measure snake motion.

2. Research Methods

2.1 Sensor Fusion

A sensor fusion is a method of merging data obtained from the results of a single
sensor reading into a single unit of information in a comprehensive way so that the given
result can be better and more accurate when compared to autonomous sensor measurement

[5].

2.2 Kalman Filter

The Kalman filter is an autoregressive filtering model because estimates of current
time conditions can be obtained from estimates from previous systems and observations
of the current time system. [6]. Kalman Filter has two parts: prediction and correction.
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Fig. 2. Process of Kalman Filter
The formula Kalman Filter equation is shown at (1) — (5):
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The estimate system in the Kalman Filter is divided into two parts: update and predict.
The predict part works with the system using the results of the prediction of the system
state in the previous time to predict the current state. The basic equation of the target
filter is not defined, so it needs to be modified for more specific purposes [7].

2.3 Snake Motion

The snake movement on the railway is due to the movement of the wheel pair, which
does not go straight forward but shifts to the left or right [1]. Irregular wheel movements
moving left and right will cause deformation on the track. The lateral style caused by the
wheel cannot be held by the track and consequently will be deformed [8].

3. Methods
3.1 Hardware Design

In the hardware design, this contains information about the design description of each
series of hardware that will lead to the manufacture of the tool. On the block diagram of
the system, the way the tool works is a diagram that describes the part of the workflow of
a system that is made. The workflow starts from input to output according to the
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specifications of the planned tool operating system.

Input ——I2C—» Data Processing —Serial—| Output

Fig. 3. System block diagram

Figure 3 describes a system block diagram of how the tool works. The final task of
this research was to design a prototype of the combination of the accelerometer sensor
and the gyroscope by applying the Kalman Filter algorithm. The data obtained from the
input of the accelerometer and gyroscope sensors in the MPU 6050 module will be
transmitted via I2C communication to the ADC on the Arduino Uno microcontroller to
be converted into digital data. The digital data read by the Arduino Uno microcontrollers
will then be used by the IDE application to run the Kalman Filter algorithm. This will
allow the accelerometer and gyroscope to work together to provide measurement data.
Process how the system works is shown in Figure 4

The system implements
the kalman filter sensor
fusion algorithm

GY521-
MPUG6050
movement
detected

Measurement
results saved

The accelerometer and the on SD Card

gyroscope obtain the
measurement data on the
X,y,zaxis which is
subsequently forwarded to end
the arduino.

Fig. 4. Flowchart the system

3.2 Software Design

The accelerometer sensor is a good sensor used to monitor motion. It is able to give
accurate values in static conditions but has a slow response when following fast
movements [9]. So this study combined accelerometer measurement data with a gyroscope
to get better measurements. The following is a diagram of the concept of combining sensor
data with the Kalman Filter algorithm. From the diagram in Figure 5, it is clear that this
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sensor combination is done by combining the data from the accelerometer and gyroscope
measurement results using the Kalman filter algorithm. The final result of this study is that
the sensor can measure an object with minimal noise after applying a Kalman Filter.

Y(1) Y(2)
Fusion
h 4
1t M 1 Xtt-1 ] Xt
Xeltl » Prediction ‘y‘ Correction »

Fig. 5. Sensor Combination Diagram With Kalman Filter

The Kalman Filter data processing process diagram in Figure 5 is used to explain the
workflow of Kalman Filter on the measurement of the combined sensor accelerometer and
gyroscope. The first phase of the Kalman Filter performed is initial initialization, where at
this stage it is performed only once in each measurement. This phase also uses two
parameters, namely system initial status X, and initial state uncertainty P ,, and at this
stage is followed by prediction. Then go to the first measurement phase, where you have
to provide two parameters, namely the P uncertainty measurement update process and also
the input data from the sensor readings that will be input data on the y;system. The input
entered at this stage is the value of the y, sensor readings, the R; measurement uncertainty,
the state estimate of previous measurements X,,,_, and the uncertainty estimate PP, ,_,.
Based on the input, the status update process will calculate the word gain, which
subsequently yields two outputs, namely the current state estimates X,,, and the current
circumstances estimates P, calculated using the estimate update equation. This
parameter is the output that always exists on the filter slate. Next is the prediction stage;
this is the final stage of the estimation using the filter Slate. Where the uncertainty of the
state estimate begins to be calculated for the next system based on the dynamic model of
the system X, ;. = X,,; and extrapolates the current system state P, ;,, = P,,. In the
first repetition, the output from the initialization is treated as the estimate and uncertainty
of the previous state. In the next iteration, the prediction output treats the estimates and
uncertainties of the preceding state.
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Fig. 6. Data Processing Diagram Kalman Filter

Sensor calibration functions are used to obtain sensor readings with high accuracy
and precision. The instruments to be used for calibration are those that have already
obtained a proper licence for sale for public procurement or that have been certified
nationally or internationally. The test aims to determine the measurement differential and
percentage error of the measuring results of the combined sensor accelerometer and
gyroscope, which has applied the algorithm of the filter with the comparator of manual
measurements of the arc gradient.

Table 1. Calibration Testing

Standard Angle Measurement

No. angle (°) measurement (°) differential (°) Error (%)
1. 10° 10.99 0.99 9.9
2. -10° -10.96 0.96 9.6
3. 30° 31.27 1.27 4.3
4. -30° -30.85 0.85 2.8
5. 45° 45.95 0.95 2.1
6. -45° -46.56 1.56 34
7. 60° 60.92 0.92 1.5
8. -60° -60.55 0.55 0.9
9. 90° 90.3 0.3 0.3
10. -90° 93.82 3.82 4.2
error (%) 3.9

This test is done by comparing the measurement of the sensor with the measuring
instrument of the degree arc gradient. Average angles are obtained from an average of 5x
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measurements, where in one measurement there are more than 500 measures with a time
of 5 seconds. Here is a table of measurement test results for the combined accelerometer
and gyroscope sensor, which has applied the Kalman Filter algorithm to the x axis.

The calculation of the percentage error of angle measurement using the combination
sensor accelerometer and gyroscope can be measured with the following equation [10]:

value sensor—standar value
% error = x 100% 6)

standar value

Table 2. Data Table of Measurement on Y Axis

Standard Angle Measurement
No. angle (%) measuregment(") differential(®) Error (%)
1. 10° 11.01 1.01 10.1
2. -10° -10.87 0.87 8.7
3. 30° 30.46 0.46 L.5
4. -30° -30.9 0.9 3
5. 45° 45.55 0.55 1.2
6. -45° -45.62 0.62 1.3
7. 60° 61.34 1.34 2.2
8. -60° -61.02 1.02 1.7
9. 90° 90.74 0.74 0.82
10. -90° -90.62 0.62 0.62
error (%) 3.1
Table 3. Data Table of Measurement on Z Axis
Standard Angle Measurement o
No. angle (°) measurement (°) differential (°) Error (%)
1. 10° 11.40 1.40 14
2. -10° -11.48 1.48 14.8
3. 30° 31.09 1.09 3.6
4. -30° -31.78 1.78 5.9
5. 45° 46.24 1.24 2.7
6. -45° -47.13 2.13 4.7
7. 60° 61.38 1.38 2.3
8. -60° -61.82 1.82 3.03
9. 90° 92.98 2.98 33
10. -90° -92.99 2.99 33
error (%) 5.7

Based on the results of the x, y, and z axis accuracy tests shown in tables 1, 2, and 3
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on the x axis differential with an average reference angle of 3.9%, the minimum error was
found in the 90° test with a 0.3° difference, and the maximum error was in the 30° test
with a 1.27° difference. On the y axis, the difference was 3.1%; the minimal error was
observed in the test at -90° with the 0.62° difference; and the maximal error was present
in the 60° test at the 1.34° gap.

4.2 Kalman Filter Testing

The purpose of this test is to compare the graphics of the sensor readings that have
been applied to a change in the state of the filter with the sensor reading before the filter
readings are implemented. This test is done by creating a vibration around the sensor.

Figure 7 show the measurement by the sensor before applying the filter colour, and
the orange colour is the measurement of the sensor already in the filter. From
measurements on the three axes, it shows that the data generated by the already-
implemented sensor algorithm has a more stable sensor reading. As seen from the x-axis
measuring in Fig. 7, where the measures on the blue colour chart touch at figures 15 to -
15 after applying the filter, the noise measuring results touch at numbers 10.

X-axis

20

) accelero =X filtered

y-axis

20

Y accelero =Y filtered

-15
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Fig. 7. Data measurement of Kalman filter

4.3 Kalman Filter Matrix Varian Testing

This test aims to see the influence of the variance value of the matrix on the
measurement of the filter valve. This test is done by giving an input value of Q = 0.5 and
giving a vibration to the sensor for 5 seconds. Based on Figure 8, the measured results are
filtered on the axes x, y, and z only slightly. The measurement still has a lot of noise. Here
are the test results of the Kalman Filter method with a value of Q =0.5.

Q=0.5
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Fig. 8. Kalman Filter matrix varian testing

Based on the results of tests on axes X, y, and z, giving Q values of 0.5, 0.1, and 0.025
leads to the conclusion that the smaller the value of Q the measurement is filtered by the
filter cylinder, the more stable it is. Because Q plays a role in describing the uncertainty
in the change in the system state between k—1 and k. The larger the value in the Q matrix,
the greater the unexpectedness of the changes in the state. If Q is a diagonal matrix, the
elements represent uncertainties in the changing state in the corresponding dimensions.
The selection of the Q matrix is an important part of the Kalman filter configuration, so it
is necessary to estimate the level of uncertainty in changes in the system condition or
obtain values from experiments. The Q matrix can describe system changes such as
acceleration, change in speed, or other fluctuations in changing circumstances.

4.4 Snake Motion Testing

The purpose of the test is to find out the results of the sensor measurement against
snake motion. The test was carried out using a push truck with a delay of 100 ms.
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Fig. 9. Snake motion measurement on straight track

Curved measurement x-axis




Accuration of Measurement Snake Motion Based on Kalman Filter Sensor Fusion 311

Curved measurement z-axis

Fig. 10. Snake motion measurement on straight track

From the diagram in Figures 8 and 9, The x-axis that detects snake motion by
capturing the roll movement of the flatcar. On the x-axis, the data read has the smallest
value of 0.49° and the highest value of the snake movement of 2.89°. Whereas the z-axis
detects the snakes motion by catching the yaw movement on the flatcar movement. From
the z-axis measurement, the smallest measurements of 0.18° and the highest of 2.96° were
obtained. On the x-axis, the data read has the smallest value of 0.29° and the highest value
of the snake motion of 4.76°. Whereas the z-axis detects the snake movement by capturing
the yaw movement on the flatcar movement. From the z-axis measurement, the smallest
measurements of 0.26° and the highest of 6.44° were obtained.

5. Conclusion

The Kalman Filter Sensor Fusion algorithm is applied to the combination of the
accelerometer and the gyroscope by utilising the GY251 MPU 6050 module using the
Arduino Uno microcontroller performed in the IDE interface. If the variance value of the
process is close to 0, then the filtering result performed by the filter is stable. The application
of the filter calman method to sensor measurements provides measurement accuracy with
an average error value of 3.9% on the x axis, 3.1% on the y axis, and 5.7% on the z axis.
Snake motion measurements with acceleromete®r and gyroscope sensors that have been
applied to the Kalman Filter Sensor Fusion algorithm yield snake motions on the flatcar
occurring more when the truck passes the curvature, with the highest measurement of 2.89°
on the x axis and 2.96° on the z axis when a truck runs on a straight line and the maximum
measurement of 4.76° on the x axis and 6.44° on the z axis when it runs in the curve.
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