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ABSTRACT

A feasible, portable and low-cost detection technique for train track
misalignment was proposed. Currently, the detection of orientation movement of
train along a flat head rail focuses on using different combination of optical sensor,
accelerometer and gyro sensors, separated at several compartment and parts of the
train. However, due to high implementation cost and complexity, these systems
could not be widely implemented in all of the passenger-loaded compartments train
and not suitable to switch from one platform to another, as it requires complex
mounted installations. Hence, a MEMS-based Inertia Measurement Unit (IMU) was
proposed to be implemented as an alternative low-cost and portable detection
solution. The primary objective focuses on identifying potential misaligned track
section through tri-axis Euler angles and tri-axis acceleration of the train. Equipped
with an onboard Arduino ATMega328 microcontroller, the IMU was programmed
through Arduino IDE by using USB-to-UART converter. Direction-cosine-matrix
(DCM) algorithm was also implemented to detect and correct numerical error for the
gyroscope via reference data from accelerometer. Practical implementation had also
being conducted on both car and passenger-loaded train. These data were extracted
onto PC for storage and post-processing via MATLAB. The measurements were
analyzed and presented with discussion on track characteristics, train motion and
noise. Also, analysis through the frequency spectrum over time provides insight onto
possible misalignment region. The overall measurement analysis showed good

correlation between actual track features and IMU sensor data.
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CHAPTER 1

INTRODUCTION

1.1 Background

Since the late 18"™ century, introduction of railway-guided vehicles have
improved personal mobility and ease communication between different places.
Even until today’s modern world, majority of countries still relying on railway
vehicles as the major medium of transportation, which includes different types of
train services, such as freight train, inter-city trains, high speed train, trams and
mine lines. All these railway vehicles share the common characteristics, where
they are guided by a rail system. Some example of railway includes common
railway, electrified railway, high-speed rail, maglev and monorail [1]. As the
railway vehicle need to be operated on a guided pathway, the train operator only
has the control over the longitudinal direction of the train by changing its speed,
but no any direct control over the horizontal, orientation or other movement of
the train. Hence, any poorly maintained, misaligned and faulty railway track
could results in vast orientation on the train, which could eventually lead to
discomfort or motion sickness by the passengers. Some of the serious cases could

even lead to derailment and rollover by the train.

1.2 Problem Statement

In order to effectively detect any misalignment and faulty tracking system
along the railway, several methods had been proposed and patented in the U.S,,
which includes detection of changes in the RF signals or sonic vibration along the
train track [2-3]. However, most of these methods often required a huge number
of expensive instruments to be installed at various site of investigation. Also, the
current system used in most of the European Countries often requires multiple
sensors to be installed in various compartment of the train. Hence, these highly
complex systems could require high installation costs and not portable to be
switch to other platform. It will also require a Track Recording Coaches (TRC)
or a test drive to run on the track after maintenance work had being conducted.

1



Hence, it might incur more cost and the actual orientation movement between a
passenger-loaded train and railway could not be provided. As the misaligned
track are often caused by heating and stress effect, the train track might possibly
being affected by any weather changes within a short period of time, especially

during the summer, even after regular track maintenance had being conducted.

1.3 Objectives and Scope of Study

The purpose of this study is to develop a train track misalignment detection
system with a sensitive measurement sensor unit interface onto a microcontroller-
based device, where it will provide actual readings and data with respect to the
movement profile of the train. From which, the measurement data collected from
an actual train will be able to provide valuable information for the train operator
to detect any faulty train track and improves response of railway vehicles with
regards to the track condition.

The term ‘misalignment’ in this project refers to out of adjustment of
horizontal and vertical layouts of railing system. It generally describes the
straightness or uniformity of the track along a certain distance. A number of
causes of misalignment due to track geometry defect include various mechanical
failures of track components, such as ballast, dipped joints, lateral panel shift and
faulty switching gear. This project aims to be implemented on conventional
system, such as railways and tramways, while other guided system such as
monorails and magnetic levitation will not be considered predominantly, as they

have different track conditions. The primary objectives of this study are:

e To identify suitable measurement sensor for detection of orientation
movement on railway vehicles.

e To design, build and interface a sensitive measurement unit onto a
microcontroller-based device and PC.

e To implement and verify the feasibility of designed prototype on train motion
measurement.

e To display, interpret and analyze collected data on a single software platform.



CHAPTER 2

LITERATURE REVIEW

2.1 Track Misalignment Detection System

The development of train track misalignment detection started in the 70s, as
one of the early inventions on this scope of study was patented in 1972, where
they used a transmitter to provide coded pulse signals and produce electrical
energy in different site of the train track [12]. Any substantial changes in the
transmitted signals will be detected by a receiver placed at another end point. In
between 1980 to 1990, another three patents were filed in United States. These
three patents implied single radio frequency, dual frequency signals and sonic
vibration, respectively onto the train track [2, 3, 14]. Any changes substantial
changes along the track, such as phase angle and impedance were detected by
another receiver placed at a potential misalignment site. These collected signals

and measurement were also being compared to a set of pre-determined values.

However, Theodore R. Anderson pointed out that these measurement systems
often required a huge amount of installation cost to purchase equipment and
consumes a lot of man power and time [15]. These patents showed a significant
improvement on the detection of major misaligned track, however they were not
capable of detecting minor faulty train track, especially at the connection point of
bridges and train track [2, 14-15]. Some of the track built on bridges might
disconnect or not properly aligned with the tracks on the land during the event of
railway vehicles passing through bridges. Until the early 2000s, another patent
was filed in regards for detecting misaligned railroad tracks. An RF generator
was used to imply energy onto railway tracks. Any faulty train track will induces
a certain amount of energy, which are detectable by an antenna and thus trigger a

safety alarm system [15].

After the first few years of 2000s, the continuous research and development
on the detection technique for train track misalignment managed to produce a

number of effective systems that currently being implemented, especially in the



European Countries. According to a collaborative report recently published by
International Union of Railways (UIC) in July 2013, Track Recording Coaches
(TRC) was commonly used in Switzerland, Sweden and the UK [16]. Performed
under loaded condition, the track geometry measurements in Switzerland were
collected by an opto-inertial track geometry measurement system, where it
utilizes six optical sensor boxes placed under the train compartment to collect
track profile and determine any irregularities along the railway. Also in
Switzerland, Infranord uses measurement vehicles with accelerometer and Linear
Variable Differential Transformers (LVDT) placed under the compartment to
measure the quality of railway [12, 16]. Meanwhile, for the TRC in the UK as
shown in Figure 1, a combination of 3-axis accelerometer, gyro sensor and
optical sensor placed separately in the train were used to detect fault or broken
railway [16]. Typically, all these measurement systems could detect defects along
the railway in the speed up to 300km/h, with a sampling rate between 50 — 250
mm [12, 16].

Displacement Transducers

; Inertial Transducers :

Optical Scanners

L

Figure 1. An example of TRC used in Network Rail, UK, which utilizes optical
sensor to measure longitudinal level and track irregularities [16].

Another method of measurement was called the Continuous Track
Monitoring (CTM) system. This system was used by the Deutsche Bahn, a
German railway company, where several accelerometers were installed in
different parts of the train, mainly closed to axle bearing of the train compartment
[16-17]. In addition to that, a GPS mapping technique and 6-Degree of Freedom
(DOF) inertia measurement unit was also being employed to collect measurement
data along with its location tag [12, 16-18]. Despite different methods of data

collection along the railway, most of the measurement systems shared a common
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characteristic, where the collected data have to be sent and stored onto a private
system server, ranging from a weekly to yearly basis [12, 16]. From which, the
maintenance team will be able to post-process and analyze the data, while further

improves maintenance management via systematic monitoring on track profile.

2.2 Tilting Concept

When a railway vehicle moves along its longitudinal direction along the track,
the irregularities of roadway exert a number of components of acceleration,
including vibration from faulty track components acting upon the train. These
forces, together with the classical track hunting oscillation caused the swaying
motion on the train [4]. A study by Rickard Persson pointed out that when a train
experiences irregular orientation or making a sharp curve, the train body will tilt
to a certain angle, but with its body still mainly attached to the train track [5].
This concept was also being applied to the invention of tilting train, where the
train tilt inwards to compensate the centrifugal force when making pass through a
curves [5-6]. Figure 2 shows the tilting train moves inwards to reduce the lateral
forces. It helps to enhanced turning speed while maintaining a smooth transition

during banked curvature.

Latgral force

Tilt angle @,

Track plane Track plane
Py P

force \ force

; Vertical ) ¥ Vertical
|

|

1

|

Figure 2. The tilting train (right) was designed to compensate the lateral forces
experienced by the vehicles with a certain angle of tilting, as compared to a non-
tilting train (left) [5].



Hence, an effective tilting measurement system is required to measure the
allowable titling angle. An actively tilted train uses computer-controlled
mechanism with sensor to measure and control the tilting angle with an electric
and hydraulic actuator [5, 7]. One of the most successful actively tilted train is
Pendolino Tilting Train operating in 11 countries across Europe, where they uses
acceleration sensor and gyroscope to measure lateral acceleration and roll
velocity of the vehicles [8]. And through the control signal transmitted by the
sensor, the electrical mechanical actuators will make necessary adjustments for

tilting of the train.

2.3 Inertia Measurement System

For the determination of orientation movement acting upon a single object,
typically a combination of gyro sensor and accelerometer had being used. It is
also commonly known as a single unit called Inertia Measurement Unit (IMU).
This system had been widely used in different field of applications, including
motion control on self-balancing robot and human airbag fall protection system
[9, 10]. Besides, it also plays an important role for applications on dynamic
orientation calculation in Inertia Navigation System (INS) and Altitude and
Heading Reference System (AHRS), where they have being commonly used in
military vehicles, such as aircraft, submarines, missiles and spacecraft [4, 9].
Together with IMU sensors, both of these systems are used to provide inertial
measurement and position guidance to the operator without the need to

communicate with satellite.

A simple design of an IMU typically incorporates both accelerometer and
gyro sensor in a single circuit platform. The angular velocity (w) of a moving
object could be measured from a gyro sensor [4, 9-11]. However, in order to
obtain the tilt angle(8), integration of the collected data is required as shown in

the equation below:

Hzfa)dt ¢y

Despite that, one of the main problems associated with gyro sensor is the so

called, drifting error, where the output is not constant offset even when the object



Is at rest. Hence, this small error or noise could incur serious problem where the
integration of the results will diverge to infinity [9]. In order to compensate this
angular drift, accelerometer is commonly integrated together with gyro sensor. It
is mainly used to measure the motion and gravitational acceleration acting upon
an object. The tilt angle of an object can also be measured and calculated with an

accelerometer, as shown in the equation below:

_, Measured Acceleration

(2)

0 = sin
Gravity Acceleration

However, similar to the problem faced by solely using gyroscope,
accelerometer also encountered with the inaccuracy of measurement data. For the
case of an moving object, there will be a number of extra components of
acceleration induces on it, other than the constant acceleration due to earth’s
gravity [4]. Although these additional forces and error might only occur at a
certain period, however it could also results in inaccurate tilting angle, especially
for applications which requires high accuracy. Some of the method to minimize
this effect includes introduction of low-pass filter to the output of accelerometer
[4, 9-12]. Although it might slow down the process time of the data, however it
could increase the accuracy by eliminating any unwanted high frequency of

forces components.

Hence, the combination of gyro sensor and accelerometer in a single unit
could be used to compensate the error occurred between both of them, where the
gyro sensor is more suitable for short term usage and accelerometer is more
useful for long term [4]. In order to effectively combine the processed data from
both of the sensor unit, Kalman or complementary filter is typically designed and
used [4, 9, 11-12]. Both of these filters will reduce the drifting error and produce
accurate tilt angle in a shorter period of time, by continuously update and correct
the measurement. In addition to that, a number of manufacturers have also
included magnetometer, low-noise amplifier and digital filter to increase the
sensitivity and accuracy of the whole measurement unit. However, it might incur
more cost to the development of the measurement unit and might lead to very

complex interfacing and control algorithm.



CHAPTER 3
METHODOLOGY

3.1 Overview

A combination of motion sensor devices mainly consisting of MEMS-based
gyroscope and accelerometer are used throughout the project. Both of these
sensors are capable of measuring the orientation movement of an moving object,
where a tri-axis angular rate gyros are capable of detecting the roll, yaw and
pitch angles, while an accelerometer will detect the acceleration with respect to x,
y and z-axis, as shown in Figure 3. An IMU that combine both of these sensor
devices is a suitable candidate for motion detection and recording for our
application. A low-cost Arduino IMU distributed by Cytron, was served as the
key component of the prototype. It is equipped with MPUG6000 3-axis
accelerometer and gyroscope, that has the capabilities of measuring up to a limit
of +16g of force acceleration and gyro sensitivity of up to 131 LSBs/dsp
Onboard Arduino ATMega328 processor and A/D Converter continually access
and read data from the sensor device via Serial Peripheral Interface (SPI). A

simple flow of the prototype is shown in Figure 4.

Figure 3. lllustration of axis orientation on train.
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Post-processing and
Inertia analysis of data

Measurement
Unit (IMU) ‘

Arduino Data send onto PC ‘ﬂl ﬂI:II:II:|
- é !
Microcontroller > -

Data Server

Figure 4. Simple flow diagram on the overall setup of the project.

3.2 Experimental Setup

To verify the feasibility and applicability of the prototype, it is initially tested
along a bumpy road in front of Chancellor Hall, UTP. Then, it will be conducted
on passenger cabin of train services of Malaysia, to measure actual track features
on a loaded and normal train operation. The primary route of consideration is the
operation of Electric Train Services (ETS) from Kampar Station to KL Sentral
Station. The key milestones of this project mainly separated into two stages, as

shown in Figure 5. Gantt Chart was also showed as in Table 1.

Key Milestones

First Stage Second Stage

U Interfacing of Inertia Measurement | 1 Data processing through
Unit (IMU) onto PC MATLAB
QO Verify prototype and actual data |  Display and predict possible

recording misalignment

Figure 5. Key Milestones of this project.
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Table 1. Gantt Chart of the project.
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3.3 Hardware Setup

In accordance with the given budget, the Arduino IMU was purchased with
the amount of RM430.00 from Cytron Technologies Sdn. Bhd., which equipped
with MPU-6000 device that includes tri-axis gyros and tri-axis accelerometer,
HMC-5883L device with 12C magnetometer and Arduino ATMega328
microcontroller running at clock frequency of 16MHz. In addition to that, it also
has a GPS port with FTDI autoswitch, which would allow additional GPS
module to be installed. Other than that, an USB-to-UART converter was also

purchased to facilitate the serial communication between PC and microcontroller.

Arduino IMU

- Tri-axis gyroscope
* Tri-axis accelerometer
~+ ArduinoATMega328 |

>0y e

USB-UART Converter

xxxxxxxxxxxx

Figure 6. Connection between Arduino IMU and USB-UART Converter.

To connect the IMU with USB-UART converter, both units have to be
soldered with 6-pins header socket. The ‘Vsel’ pin of USB-UART converter was
also solder with 3.3V jumper to the middle pad and it could supply the rated
voltage as the input to the IMU, where the Arduino Atmega328 could support
input voltage from 1.8V to 5.5V. The connection table for both units was

showed in Table 2.
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ArdulMU

USB-UART Converter

Auto-reset

Data Terminal Ready (DTR)

Transmitter (Tx)

Receiver (Rx)

Receiver (Rx)

Transmitter (Tx)

Input Voltage

Voltage (Vsel)

Ground (GND)

Clear to Send (CTS)

Ground (GND) - BLK

Ground (GND)

Table 2. Connection table between ArdulMU and USB-UART Converter.

3.4 Hardware-Software Interface

As the Arduino Atmega328 was pre-loaded with Arduino Bootloader, the

interfacing between IMU and PC could be programmed using Arduino IDE. The

driver for USB-UART converter was successfully installed on PC and shown on

USB Serial Port. A pre-defined library for MPU-6000 (gyro and accelerometer)

was also added into Arduino IDE and programmed to obtain raw data from both

sensors. A sample of display raw data from both gyro and accelerometer was

shown in serial monitor, as in Figure 7. ANO to AN2 represent data from

gyroscope and AN3 to ANS represent data from accelerometer, in x-axis, y-axis

and z-axis, respectively. The device was placed in a reasonably flat surface and

baud rate was set at 38400. By using Serial Peripheral Interface (SPI), the analog

data from these sensors were sent at the clock rate of 1IMHz and sample rate of

about 50Hz. The program flow chart was shown as in Figure 8.

v | Autoscroll

25.00,AN3:-716.00,AN4:189.00, AN5:8055.00,
24.00,AN3:-723.00,AN4:192.00,AN5:8038.00,

Figure 7. An example of analog data from gyroscope and accelerometer shown
on serial monitor.
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Initialization
(MPU6000 — Gyroscope & Accelerometer)

Calibration (Offset correction)

Calibration
done?

YES

Read analog raw data & Scaling

Update DCM Matrices

Normalization

Drifting correction

Conversion to Euler angles

Print data via Serial Monitor

Figure 8. Program flowchart representing the workflow of interfacing between PC
and IMU.
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3.5 Direction-Cosine-Matrix (DCM) Algorithm

In order to obtain useful orientation movement from these analog raw data, a
direction-cosine-matrix (DCM) algorithm was implemented in Arduino IDE.
The block diagram of DCM algorithm was shown in Figure 9. The gyroscope
was used as the primary source of orientation information. Reference vectors
from accelerometers were used to detect gyro drifting and numerical error. A
proportional plus integral (PI) feedback controller was implemented to fed back

and make necessary adjustment to the data matrix in DCM.

Raw data
(Gyroscope) ) Rotation
Scaling + Normalization Matrix
Ad'l?srtI:(;ent Raw data
J (Accelerometer)
Error
PI Controller Drift Scali
. calin
Detection 9

Figure 9. Block diagram of direction-cosine-matrix (DCM) algorithm.

To represent the orientation of moving train with respect to the ground frame,
this DCM algorithm uses 9 elements of rotation matrix to describe the
orientation of one coordinate system with respect to another. And, the key
properties of the rotation matrix is orthogonality, where two vectors (body and
ground coordinates) are perpendicular in every frame of reference. Hence, the
row and columns are supposed to be perpendicular to each other and the sum of
the squares of the elements in each column or row is equal to 1. A rotation
matrix is shown in Equation (3). The acceleration motion on the train are

represented asr, 1, and 7 (m/s%) for all three axes while the gyroscope scaled

data are labeled as Gy, G, and G, in radians per second.

Txx rxy/ G—z rxz/ Gy
Rotation Matrix = | Tyx/G; Tyy Tyz/G_x 3)
Tux/ G—y rzy/ Gy T2z

14



As shown in Figure 9, after the collection of raw data from gyroscope, the
values were scaled to radians per second by multiplying with a gain value of
approximately 0.00106 radians per second. Meanwhile, the raw data from
accelerometers were also scaled to m/s? by multiply with a gain value of
approximately 417.533. These pre-determined values were obtained from DCM
algorithm developed by J. Munoz and W. Premerlani [19]. From the rotation
matrix created by both data from gyroscope and accelerometers, normalization
process is required to maintain the orthogonality conditions as described in
Equation (3). The orthogonality error value is calculated by the dot product of

the X and Y rows of the matrix, as shown in Equation (4).
ryx
error =X.Y =XTY = [Tax Txy Taz] [ryy] (4)
ryz

After determining the orthogonality error, half of the error was apportion to

each X and Y rows by using the formula show in Equation 5 and 6.

error
Txy = Xorthogonal =X- 2 Y (5)

[ Txz | orthogonal

error

(6)

Yy = Yorthogonal =

- YZlorthogonal

The Z row of the rotation matrix is adjusted to be orthogonal to the X and Y

row, by using the cross product of the X and Y rows as shown in Equation 7.

Tzx
[rZYI = Zorthogonal = Xorthogonal ve Yorthogonal 7
T2z orthogonal

The last step in the normalization process is to scale the rows of the rotation
matrix to adjust the magnitude of each row vector to one. The formula used for

scaling in X-row is shown in Equation 8 and the same applied to Y and Z-rows.

1
Xnormalized = E (3 - Xorthogonal-Xorthogonal)Xorthogonal (8)
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For drifting adjustment, the reference vector from accelerometers were used
to detect gyro drifts and provide a negative feedback loop back to the gyros to
make any necessary adjustment. From DCM algorithm, the orientation error is
calculated by taking the cross product of the measured vector with the vector

estimated by the direction cosine matrix, as shown in Equation 9.
erroTyoupitch = Acceleration, x 1, 9

A proportional plus integral (PI) feedback controller is then used to produce a
rotation rate adjustment for the gyroscope. The K, and K; terms were taken as
0.015 and 0.000010, respectively, as developed by J. Munoz and W. Premerlani

[19]. The output from PI controller is then fed back to scaled gyro signals.

Based on the rotation matrix created, the Euler angles can then be calculated

based on the formula shown in Equation 10, 11 and 12.

Pitch = — sin™1r,, (10)
Roll = atan2 (rzy, rzz) (11)
Yaw = atan?2 (ryx, rxx) (12)

16



4.1 Output Data

With the implementation of DCM algorithm, the output data in terms of

Euler angles were tested at different angles and axis. However, the primary

CHAPTER 4
RESULTS AND DISCUSSION

consideration was taken at roll and pitch angles, which would be useful to

predict the turn rate of the train along its track while supported by data from tri-

axis acceleration. The samples of output data with and without DCM algorithm

were shown in Figure 10.

(i) At reasonably flat surface (0°)

(@) Uncorrected data with drift error

ROLL:-11.20, PITCH:-59.28, YAW:18.74, ACC_X:-0.21, ACC_Y:0.22, ACC_2:9.43,
ROLL:-11.27, PITCH:-59.32, YAW:18.81, ACC_X:-0.13, ACC_Y:0.21, ACC_2Z:9.49,
ROLL:-11.32 PITCH:-59.36 YAN:18.85 ACC_X:-0.17, ACC_Y:0.18, ACC_2:9.47,
OLL:-11.40, PITCH:-59.47, YAW:18.91, ACC_X:-0.19, ACC_Y:0.21, ACC_Z:9.49,
OLL:-11.50, PITCH:-59.71, YAW:19.01, ACC_X:-0.15, ACC_Y 0.22, ACC_Z:9.49,
OLL:-11.62, PITCH:-59.97, YAW:19.12, ACC_X:0.08, ACC_Y:0.20, ACC_2Z:9.50,
OLL:-11.65, PITCH:-59.97, YAW:19.15, ACC _X:-0.10, ACC_Y:0.20, ACC_2:9.49,
OLL:-11.68, PITCH:-59.96, YAW:19.18, ACC X:-0.21, ACC_Y:0.22, ACC_Z:9.54,
OLL:-11.80, PITCH:-60.21, YAW:19.28, ACC_X:-0.05, ACC_Y:0.23, ACC_2:9.49,
QLI-=11_539 RITCH:--£0 38 JAW:-19 38 ACC X:-0.18, ACC_¥:0.26, ACC Z:9.43,
(V] Autoscroll
(b) Corrected data with DCM algorithm
RoLL:-0.05, PITCH:-0.07, YAW:0.29, ACC X:0.02, ACC Y:-0.04, ACC_Z:9.47,
RoLL:-0.05, PITCH:-0.07, YAW:0.29, ACC X:0.04, ACC_Y:-0.04, ACC_Z:9.46,
RoLL:-0.08¢, PITCH:-0.08, YAW:0.29, ACC X:0.01, ACC Y:-0.00, ACC Z:9.51,
RoLL:-0.06, PITCH:-0.08, YAW:0.29, ACC X:0.03, ACC Y:-0.01, ACC Z:9.53,
RoLL:-0.0§, PITCH:-0.08, YAW:0.29, ACC X:-0.02, ACC Y:0.01, ACC_Z:9.50,
RoLL:-0.08¢, PITCH:-0.07, YAN:0.29, ACC X:0.03, ACC_Y:0.02, ACC Z:9.48,
RoLL:-0.05, PITCH:-0.08, YAW:0.29, ACC X:-0.00, ACC Y:0.01, ACC Z:9.49,
RoLL:-0.05, PITCH:-0.08, YAW:0.29, ACC X:0.01, ACC Y:-0.01, ACC_Z:9.55,
RoLL:-0.05, PITCH:-0.08, YAW:0.29, ACC X:-0.01, ACC_Y:-0.04, ACC-Z:9.51,
RoLL:-0.05, PITCH:-0.07, YAW:0.29, ACC X:0.01, ACC_Y:-0.00, ACC_Z:9.48,

Figure 10. Uncorrected and corrected output data when IMU placed on a

reasonably flat surface.
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It should be noted as in Figure 10 (a), the Euler angles in terms of roll, pitch
and yaw orientation shows a higher variation as compared to corrected data with
accelerometer through DCM algorithm. Also, the increment of three Euler
angles for each axis could be due to accumulation of numerical and drift error,
which caused the uncorrected Euler angles grow to infinity. Meanwhile, for the
corrected data, the roll angle varies between offset values of around +0.06°
while the pitch angle varies between approximately +0.08°. As the yaw
orientation requires reference data from external GPS module or magnetometer
for drift cancellation, hence the yaw data in this DCM algorithm is yet to be
corrected and it would not be suitable to predict misalignment of train track as it
only signify the heading direction of the train. In resting position, acceleration in
x and y-axis yields an offset value of approximately +£0.04 m/s?, while
acceleration in z-axis produces an initial value of approximately 9.50 m/s?,

with slight variation of +0.04 m/s?.

(if) Rotate to 45° along x-axis (Roll angle)

(@) Uncorrected data with drift error

ROLL:-65.92, PITCH:-1.38, YAW:-3.77, ACC X:0.32, ACC_Y:-5.82, ACC_Z:8.45,
ROLI-_££.19 PITCH:-1.22, YAW:-3.80, ACC_X:0.2¢, ACC_Y:-5.82, ACC_Z:8.49,
ROLL:-66.26, PITCH:-1.24, YAW:-3.78, ACC_X:0.25, ACC_Y:-5.80, ACC_Z:8.49,
CLL:-66.15, PITCH:-1.32, YAW:-3.76, ACC_X:0.24, ACC_Y:-5.75, ACC_Z:8.49,
OLL:-66.31, PITCH:-1.29, YAW:-3.76, ACC_X:0.24, ACC_Y:-5.81, ACC_Z:8.52,
CLL:-66.39, PITCH:-1.31, YAW:-3.77, ACC_X:0.16, ACC_Y:-5.74, ACC_Z:8.5¢,
OLL:-66.85, PITCH:-1.29, YAW:-3.78, ACC_X:0.20, ACC_Y:-5.79, ACC_z:8.53,
OLL:-67.15, PITCH:-1.11, YAW:-3.82, ACC_X:0.25, ACC_Y:-5.79, ACC_Z:8.53,
ROLL:-67.02, PITCH:-1.24, YAW:-3.79, ACC X:0.21, ACC_Y:-5.85, ACC_Z:8.44,
CLI-=£6 87 PITCH:-1.33, YAW:-3.75, ACC X:0.24, ACC Y:-5.74, ACC Z:8.52,
V| Autoscroll
(b) Corrected data with DCM algorithm
s PITCH:0.04, YAW:-0.79, ACC X:-0.04, ACC_Y:-8.89, ACC_Z:7.55,
:=49.21; PITCH:0.05, YAW:-0.79, ACC_X:0.00, ACC Y:-8.68, ACC Z:7.60,
:-49.20, PITCH:0.05, YAW:-0.79, ACC _X:0.01, ACC Y:-8.70, ACC Z:7.53,
:-49.20, PITCH:0.05, YAW:-0.79, ACC_X:0.02, ACC _Y:-8.67, ACC_Z:7.51,
:-49.21, PITCH:0.04, YAW:-0.79, ACC_X:-0.08, ACC_Y:-8.70, ACC_Z:7.58,
:-49.22, PITCH:0.05, YAW:-0.79, ACC _X:0.00, ACC Y:-8.72, ACC Z:7.53,
2 =289.23, PITCH:0.05, YAW:-0.79, ACC X:-0.01, ACC Y:-8.70, RCC_Z:7.54,
:-49.23, PITCH:0.05, YAW:-0.79, ACC_X:-0.02, ACC Y:-8.71, ACC Z:7.47,
£-49.23, PITCH:0.05, YAW:-0.79, ACC_X:-0.08, ACC Y:-8.72, ACC_Z:7.53,
| :-49.23, PITCH:0.06, YAW:-0.80, ACC X:0.00, ACC Y:-8.66, BEC.-Z2:7:55;
[¥] Autoscroll

Figure 11. Uncorrected and corrected output data when IMU rotate to

approximately 45° along x-axis.
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Other than that, the initial prototype has also being tested at approximately
45° along the x and y-axis for roll and pitch angle. The results were shown as in
Figure 11 and 12. As the unit was rotated along the x-axis to 45°, the orientation
should focus on measuring the roll angle, while pitch angle remains at its own
axis. The uncorrected data produces a similar result as in Figure 10 (a), where
the accumulation of numerical and drift error causes the uncorrected roll angle to
drift away. Meanwhile, the roll angle for corrected data shows an offset value of
approximately 4° from the actual angle. Similar results were observed when

tilting it to another side, which yield positive roll angle.

(i) Rotate to 45° along y-axis (Pitch angle)

(@) Uncorrected data with drift error

ROLL:-72.67,  PIICH:68.S@ YAW:-41.32,  ACC_X:-9.42,  ACC_Y:1.06,  ACC_2:6.25,
ROLL:-72.83,  [PITCH:68.51, | YAW:-41.35,  ACC_X:-9.56, ACC_2:6.18,
ROLL:-72.76,  [PITCH:68.42, | | YAW:-41.27,  ACC_X:-9.44, ACC_2:6.20,
ROLL:-72.58,  |PITCH:62.36, | | YAW:-41.28,  ACC_X:-9.48, ACC_2:6.01,
ROLL:-72.82,  |PITCH:68.21, | | ¥AW:-41.29,  ACC_X:-9.44, ACC_2:6.33,
ROLL:-73.27,  [PITCH:68.53, | | YAW:-41.49,  ACC_X:-9.4S, ACC_2:6.19,
ROLL:-73.61,  |PITCH:68.74, | | YAW:-41.66,  ACC_X:-9.55, ACC_2:6.23,
ROLL:-73.59,  |PITCH:62.63, | | YAW:-41.58,  ACC_X:-9.37, ACC_2:6.35,
ROLL:-73.65,  [PITCH:68.51, | ¥ YAW:-41.53,  ACC_X:-9.5S, ACC_2:6.28,
ROLL:-74.18,  [PITCH:69.05, | YAW:-41.88,  ACC X:-9.48, CC_2:6.26,
7] Autoscrol

(b) Corrected data with DCM algorithm

RoLL:-2.25, PITCH:-48.61, YAW:4.82, ACC X:8.53, ACC Y:-0.24, ACC Z:7.64,
RoLL:-2.24, PITCH:-48.59, YAW:4.83, ACC X:2.36, ACC Y:0.28, ACC Z:7.69,
RoLL:-2.16, PITCH:-48.56, YAW:4.84, ACC X:8.48, ACC_Y:-0.48, ACC Z:8.10,
RoLL:-2.24, PITCH:-48.51, YAW:4.94, ACC_X:8.5¢, ACC Y:-0.75, ACC Z:7.71,
RoLL:-2.32, PITCH:-48.51, YAW:5.00, ACC_X:8.53, ACC_Y:-0.20, ACC Z:7.54,
RolL:-2.30, PITCH:-48.52, YAW:4.99, ACC X:8.55, ACC_Y:-0.32, ACC Z:7.69,
RoLL:-2.31, PITCH:-48.53, YAW:4.99, ACC X:8.51, ACC Y:-0.36, ACC Z:7.50,
RoLL:-2.32, PITCH:-48.53, YAW:4.99, ACC X:8.44, ACC _Y:-0.47, ACC Z:7.73,
RoLL:-2.34, PITCH:-48.51, YAW:4.99, ACC X:8.54, ACC Y:-0.17, ACC Z:7.57,
RoLL:-2.30, PITCH:-48.52, YAW:4.97, ACC_X:8.49, ACC_Y:-0.48, ACC Z:7.99,
[¥] Autoscroll

Figure 12. Uncorrected and corrected output data when IMU rotate to

approximately 45° along y-axis.
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In Figure 12, the IMU was rotated to approximately 45° along the y-axis and
the pitch angle was measured in this case. Similarly, the drifting error yields a
continuous increment of pitch angle, which varies largely with the actual angle.
Implementation of rotation matrix in DCM algorithm reduces the drifting error
in pitch angle and results a variation of approximately 3.5° from the actual

tilting angle.

The accelerometer has also being programmed in order to change the scale of
acceleration up to+2G, +4G, £8G and +16G for actual application and data
collection on heavy objects, such as car and train. The force of acceleration
could only support up to +1G by default. In addition to that, the verification on
the applicability and feasibility were initially tested on car. Orientation
information on a moving car, such as roll angle, pitch angle, horizontal and

vertical acceleration were collected and analyzed.

4.2 Car-mounted Field Testing

The prototype was mounted beneath the passenger seat of a car and travel
along the road in front of Chancellor Hall, UTP, as shown in Figure 13. This test
aimed to evaluate the applicability of the car-mounted IMU for detecting bump
on the road. The car was travelling at an average velocity of 20 km/h within a

duration of 1 minutes 30 seconds, for a distance of approximately 0.5 km.

Figure 13. One of the bump as located in front of Chancellor Hall, UTP.
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& CoolTerm_1* = | B |
File Edit Connection View Window Help
0 A o ™ 4
R 2= # | X | & 0!
New Open Save nne Disconnect | ClearData | Options | ViewHex | Help
[Initialization completed -
Data Rell Pitch Yaw Acceleration(x) Acceleration(y) Acceleration(z)
1 0.00 0.00 -0.00 0.01 0.01 9.50
2 0.00 -0.00 -0.00 -0.00 -0.00 9.53 =
3 0.00 -0.00 -0.00 -0.02 -0.01 9.54
4 0.00 0.00 0.00 -0.03 -0.03 9.50
S -0.00 0.01 0.00 -0.01 -0.01 9.54
6 -0.01 0.01 0.00 0.02 -0.04 9.49
7 -0.01 0.01 -0.00 -0.00 -0.01 9.52 &
COM4 /38400 8-N-1 @ X O RIS © DIR @ DCD
Connected 00:00:10 ORX @CS @DR @R

Figure 14. Display of measurement data on serial window.

The measurement data were serially sent onto PC and being captured by a
serial terminal, known as ‘CoolTerm’, as illustrated in Figure 14. These
collected data were saved into a text file and later being extracted into Excel and
MATLAB for post-processing and analysis. Figure 15 and 16 showed the
sample of captured data being stored in txt. (Text file) and xls. (Excel file)
format. By saving all these data into the PC, it allows user to review and post-
process the data. These data consists of Roll Angle(®), Pitch Angle(®) and Tri-
axis acceleration(m/s?). The travel distance for each data was estimated with

assumption of constant velocity.

| Data_4096 - Notepad o|B] X
File Edit Format View Help

Initialization completed

pata Ro11 Pitch Yaw Acceleration(x) Acceleration(y) Acceleration(z)

3 -0.02 -0.02 -0.00 -0.00 -0.01 9.41

2 -0.02 -0.02 0.00 0.08 -0.02 9.41

3 -0.02 -0.05 0.00 -0.09 0.02 9.43

4 -0.02 -0.01 0.00 -0.04 -0.03 9.43

5 -0.03 0.01 0.00 0.04 -0.04 9.46

6 -0.04 -0.0 0.00 -0.02 0.02 9.36

7 -0.03 0.00 0.00 0.08 -0.03 9.52

8 -0.04 -0.03 0.00 -0.00 0.00 9.36

9 -0.04 -0.02 0.00 0.02 0.01 9.46

£ »

Figure 15. Measurement data in Text format.

21



[ﬂ\ = |= Data_Testing_Chancellor - Microsoft Excel = [ & P
m Home Insert Page Layout Formulas Data Review View o @ o & R
N X Calibri 1 o = | General + [ conditional Formatting ~+  S=Insert~ X v A ¥
= BB~ B 7 U~|A A 34 E'} * % » | [ FormatasTable ~ & Delete ~ j v Z? }}
Paste - o = Sort & Find &
- & | EH A %0 5% ) Cell Styles ¥ [ Format * | 2~ Filter~ Select~
| Clipboard & Font “ | Alignment ‘ Number | Styles | Cells | Editing 4
13854 - fe v
A B C D E F G H |
1 |Initializaticompleted =
2 |Data Roll Pitch Yaw Acceleration(x) Acceleration(y) Acceleration(z) Distance (km)
3 1 -0.02 -0.02 0 0 -0.01 9.41 0.00012
4 2 -0.02 -0.02 0 0.08 -0.02 9.41 0.00024
5 3 -0.02 -0.05 0 -0.09 0.02 9.43 0.00036
6 4 -0.02 -0.01 0 -0.04 -0.03 9.43 0.00048
7 5 -0.03 0.01 0 0.04 -0.04 9.46 0.0006
8 6 -0.04 -0.01 0 -0.02 0.02 9.36 0.00072
9 7 -0.03 0 0 0.08 -0.03 9.52 0.00084
10 8 -0.04 -0.03 0 0 0 9.36 0.00096
11 9 -0.04 -0.02 0 0.02 0.01 9.46 0.00108
12 10 -0.03 -0.03 o -0.04 -0.01 9.29 0.0012

Figure 16. Measurement data in Excel file.

A total of approximately 4100 set of samples were collected and around 400
Kilobyte (KB) of data were saved onto PC. The system collects roughly about
30 sets of samples per second and sampling distance of between 110 mm to 125
mm. Figure 17. shows the overall collected data from car-mounted field testing
which covers along a 0.5km distance with four separated bump as illustrated. As
shown, these signals contain a certain degree of vibration noise, which could be
due to the vehicle’s suspension system, irregular running surfaces of vehicle and
also sensor noise. The location of four bumps could be visually identified
through pitch angle, x-axis acceleration and y-axis acceleration, where
significant changes of magnitude and frequency could be observed. No
significant observations were visually identified for roll and y-axis acceleration,
due to different sources of noise present on the signal. On a later stage, a low-
pass filter was used to improve signal to noise ratio and eliminate high-
frequency noise, as the actual motion dynamics of vehicle are low compared to

vibration and noise when it passes through an obstacle or bump.
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As shown in Figure 17, the vertical acceleration (z-axis) displayed higher
sensitivity to the motion when it passes through the bump, where there is a
significant change of frequency observed. Accelerations of the car can occur up
to a maximum of 5.25 m/s? and up to 1.92 m/s? during deceleration upon
reaching the bump. The maximum pitch angle is around 12°, when climbing up
the bump. Concentrating on the intervals where it passes through second bump
(0.1 km — 0.2 km) as shown in Figure 18, multiple spikes could be observed on
x-axis acceleration when it passes over the bump and this could be due to motion
distortion, where the acceleration in x-axis overflow and displace from its
ground frame when passes through, thus causing it to record highly-susceptible

value of acceleration and creates multiple spikes.

Pitch Angle vs. Distance
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Figure 18. Close-up on pitch angle, x-axis acceleration and z-axis acceleration as

car passes through second bump.

As the acceleration measurements contain vibrations from several sources,
hence a low pass filter is used to improve signal to noise ratio. The filter used is
a FIR (finite impulse response) filter with stopband frequency of 1 Hz. After
filtering, car motion in terms of the roll angle and y-axis acceleration when it

passes through the bump, could be more clearly identified as shown in Figure 19.
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As shown in Figure 19, filtering technique helps to improve the identification
of car motion while eliminating vibration and noises, particularly for roll angle
and y-axis acceleration which could be used to identify swinging motion of the
car. It is believed that there are small variations of changes in terms of the
swinging motion of the car when passing through the bump, however it was
overthrow by noises and possibly by its suspension system, as shown in Figure
17. Low dynamics of car motion due to bumping surface could now be more
easily identified, particularly improvement on roll angle and y-axis acceleration
by eliminating high dynamics noise and vibration. These two data can then be
included as a supporting data to identify condition of road surfaces. Hence,
implementation of low-pass filter could help in better visualization and
identification of uneven road surfaces. From the motion measurements, several
road features could be extracted and these data showed good repeatability under

same road condition.

4.3 Train-mounted Field Testing

The system was tested on a two direction inter-city train track of Electric
Train Services (ETS) by Keretapi Tanah Melayu Berhad (KTMB). The field
testing covered from Kampar Station to KL Sentral Station, which has a length
of about 230 km . This route was chosen as it covers several railway
environments, such as rural area, fast track section, tunnel and city station. A
total of 9 stops were made along the journey. The electric train can speed up to a
maximum of 140 km/h. The system was mounted and tape on the floor of the
passenger cabin, which near to the tail of the train. These data represents usual

conditions of a normal operating and passenger-loaded train.

A total of 310,000 set of samples were captured and 36MB data were saved
into PC via serial terminal. These data were captured with a sampling rate of
about 707 mm — 734 mm. It is also estimated that approximately 30 sets of
samples were collected per second. Figure 20 presents the collected data from
Kampar Station to KL Sentral Station. The distances travelled were estimated
based on assumptions that the train was travelled on constant velocity of
125km/h. The actual distance and location subject to correction through future

expansion with additional GPS module.
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4.3.1 Overall Measurement Analysis

The on-board IMU was aligned based on the track feature in Kampar Station.
Offset values were collected and calibration were done during initialization.
Observing the overall motion data collected in Figure 20, vertical motion of the
train could be visually analyzed through z-axis acceleration, where the most
severe vertical acceleration were collected in city station, from Rawang Station
to Kuala Lumpur Station (160 km — 220 km). The initial values of z-axis
acceleration vary between 9.40 m/s? to 9.50 m/s? on even and smooth surfaces.
However, it shows high magnitude changes in vertical acceleration near to
Rawang Station and the acceleration variation could reached from a minimum
value of 3.93 m/s? up to a maximum of 16.46 m/s2. Urban station such as
Rawang, Kepong and Kuala Lumpur Station could suffer from severe and faulty
track features due to heavy and rapid usage of passenger transport train as well
as freight train. The train engine was running throughout the journey and
switched off at the end of data collection in KL Sentral Station.

{ e
el ¢
Kampar, Perak(® | !

¥ &tz - & 4h54min
every 40 min

Telukiintan

Hilir Perak

|

Coverage Kampar — KL Sentral
(7 interval station)

Distance 230 km

¢J “Rawang
Sampling rate 707 mm— 734 mm iy !

3 ) \ ’"j/\l\
Train condition Electric Train Service (ETS) : s N
Passenger-loaded

Ki¥Sentral (\

Figure 21. Distance coverage for train-mounted field testing. Picture inset shows

the mounting of prototype on-board.
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Meanwhile, the forward acceleration or deceleration of the train could also be
observed through x-axis acceleration. A significant deceleration could be
observed before the train approaching into every station, these values could
reach up to 2.71 m/s? for deceleration. Similarly, forward acceleration of up to
2.70 m/s? was also observed when the train leaves the stopping station. The
accelerating and decelerating motion of the train could also be supported by data
from pitch angle. A pitch-down motion was observed when the train slows
down before entering station platform, which results in negative pitch angle.
Similar observation was seen as the train accelerates, which then lead to positive
pitch angle. The swinging and rotating motion of the train could not be visually
identified, as it also records the turn rates as the train passes through a curve.
Similar to car-mounted field testing, acceleration in y-axis might overflow and
saturate when the train travelling through banked curve, due to the migration

from its ground frame.

4.3.2 Track Characteristics

These collected data showed close relation by mapping with actual track
features, such as straight track and curvature. A straight track has zero curvature
and often allows train to travels in a higher speed than banked curvature. A
relatively high magnitude was observed near to a straight track section before
Rawang Station. Fig. 22. shows the corresponding measurement data from z-axis
acceleration in KM147.6 to KM148. As compared with its surrounding track
environment, a higher magnitude changes in the vertical acceleration was
observed within a distance of 70 meter. This occurrence could be due to small
portion of uneven running surface on the rail, thus causing a significant bumping

effect on the train.
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Acceleration (Z) vs. Distance
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Figure 22. Vertical acceleration measurement in KM147.6 to KM148.

A banked curvature of a train track can be described as the lateral inclination
of the train, due to one part of the track being higher than the other. It thus
allows the train to travel at a higher speed through a curvature. Several
curvatures were encountered in the experimental testing. It can be identified
through a constant roll angle for a defined amount of time. However, as the train
passes through these curvatures, the y-axis acceleration was observed to
overflow and saturate at a constant value. Hence, the determination of train
motion at curvature has to rely on its roll angle. Fig. 23. shows an example of
measurement data in roll angles as it passes through two banked curvature. Roll
angle as high as 9.8° was observed in the first curvature and follows by a
relatively smooth straight track before transition onto second curvature. The
limitation of roll angle on a non-zero curvature will ensure a smooth transition,
safety and comfort to the passenger. Based on Fig. 22. and 23, a close-up on the
accelerometer and gyroscope data showed that acceleration measurement
contains motion vibration, as well as unwanted signals noise from ambient
source. The gyroscope measurement are significantly unaffected by these noise
and reflects only the train motion with small degree of sensor noise. This could
be further supported by observation in their frequency spectrum. Although signal

to noise ratio can be improved by using a low pass filter, however it is also
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important to note that faulty track component and misaligned track section could
impose high frequency component on the train and subsequently to the sensor

unit.
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Figure 23. Roll angle measurement data corresponding to two banked curvature.

4.3.3 Frequency Spectrum

The frequency spectrum of the signal is visually represented by the
spectrogram over its time signal. A short-time fourier transform (STFT) was
performed with overlap method. Power spectral density (PSD) of each segment
was also displayed on the spectrogram, represented by the degree of background
colours. It can signify the dynamics of the train motion. Fig. 24. shows the
frequency spectrum over time for y-axis acceleration measurement. Based on the
spectrogram, it clearly separate the standing and moving motion of the train.
Motion related to train movement has a dominant frequency between 0 — 3 Hz,
based on the y-axis and z-axis acceleration spectrogram. The x-axis acceleration
displays train motion at a slightly higher frequency, which is a result from untied
mounting, thus causing noise on its axes. The plots also showed noise and
vibrations with a dominant frequency of about 10 Hz. This unwanted signal
could be a result from engine vibration and sensor noise, as it is present at
almost every stopping motion of the train. Observing through the spectrogram of

all three axes, a significant higher magnitude of frequency in z-axis acceleration
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covering from Rawang to Kuala Lumpur Station (7500s — 10000s) was observed

as shown in Fig. 25. Similar observation was also noted in y-axis acceleration.
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Figure 24. Frequency spectrum over time of Y-axis acceleration.
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Figure 25. Frequency spectrum over time of Z-axis acceleration.
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Both frequency spectrum of roll angle and pitch angle shows similar
dominant frequency of 0 — 5 Hz for train motion. Meanwhile, these signals
showed no evidence that it is affected by engine vibration. The spectrogram of
roll angle can provide information related to the bank curvature and lateral
movement of the train body. A significant high frequency of this signal could be
due to instant rise of acceleration, resulting from laterally misaligned track.
Meanwhile, the pitch angle provides information related to the accelerating and
breaking period of the train. With focus on the roll angle and pitch angle, the
faulty track components, such as ballast, switching gear and bottom plate could
results in instant rise and vast vibration on the frequency spectrum of the
orientation angle. Thus, these faulty track sections could be identified through
the magnitude of its frequency spectrum due to increment in the irregularities
between train and its track.
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Figure 26. Frequency spectrum over time of roll angle.
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Figure 27. Frequency spectrum over time of pitch angle.
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The development of train track misalignment detection system aims to
provide feasible detection technique for any misaligned railways system, improves
maintenance management and thus enhance riding comfort for passengers. In
addition to that, the data collected from the interaction between train and its railway
could also serves as one of the safety precaution for derailment or rollover. Train
motion and orientation could be recorded by an IMU, which incorporated with
gyroscope and accelerometer. Through Arduino microcontroller, the data collected
from motion sensors can be transported to a PC for data collection and further
processing. In order to increase the accuracy of these data, a DCM algorithm is
required to compensate drifting error from gyro sensors based on reference data from
accelerometer. The overall measurement analysis showed good correlation between
actual track features and IMU sensor data. Several sources of unwanted vibrations
and noise, such as engine, suspension, sensor placement has higher dominant
frequency than low-dynamics train motion. Track features, such as bank curvature
and straight track could be inferred from its measurement data. Analysis through the
frequency spectrum over time provides insight onto possible misalignment region.
The end product of this system is expected to be portable and used in a wide range of
train vehicles, as it does not required any major installations and modifications to suit

its usage.
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5.2 Recommendations

To improve the feasibility and competitiveness of the system as a whole, a
GPS mapping technique would also be an added advantage in order to display the
actual location of train and provide reference data for yaw drift correction. Longitude
and latitude position of the misaligned track surfaces could be provided to the
maintenance team for inspection and repair work. However, several factors have to
be made into consideration, including low accuracy due to atmospheric effect and
geometric distribution of satellite. Further design improvement and optimization
would be required for this add-on. Also, the IMU sensor can be mounted near to axle
bearing to capture the direct interaction between wheels and its track. This method
could help to reduce unwanted vibrations from its engine and suspension system. In
addition to that, as the MEMS technology growing rapidly, these MEMS-based
motion sensors could be expected to be fabricated and produced with a lower cost in
the future. Hence, another possible improvement to this system would be to reduce
its cost, without any trade-off for its accuracy and sensitivity. Design improvement to
this system will also require detailed optimization on the placement of these sensors
on the compartments, well-designed control algorithm and accurate sensor

calibration.
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