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Abstract
This thesis presents a prototype beacon-based indoor positioning system using
IR-based triangulation together with various inertial sensors mounted onto the
receiver. By applying a Kalman filter, the mobile receivers can estimate their position by fusing the data received from the two independent measurement systems.
Furthermore, the system is aimed to operate and conduct all calculations using
microcontrollers. Multiple IR beacons and an AGV were constructed to determine
the systems performance.
Empirical and practical experiments show that the proposed localisation system is
capable centimeter accuracy. However, because of hardware limitation the system
has lacking update frequency and range. With the limitations in mind, it can be
established that the final sensor-fused solution shows great promise but requires
an extended component assessment and more advanced localisation estimations
method such as an Extended Kalman Filter or particle filter to increase reliability.
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Chapter 1
Introduction
In the last few decades, positioning has been given a great deal of attention, partly
because of the demand of robotic guidance, smart factories and robot cooperation.[1].
Outdoor, Global Positioning System (GPS) have become the most suitable and efficient solution as it provides fairly accurate positioning at a low cost. In comparison,
indoor localisation and positioning set a more challenging problem. In these constrained areas, satellite-based radio navigation can no longer be utilized. Different
indoor applications require different types of indoor positioning techniques that fit
the constraints of the environment. By applying a Baysian filter multiple techniques
can be combined to complement each others drawbacks.

1.1

Problematisation

Even though many well-thought solutions have been presented to solve the various
issues of indoor localisation - there is still room for improvements. One application
that has emerged lately is smart factories, where many automated robotic units
need to be coordinated without incident. Nearly all positioning solutions for this
application are either unreliable, have low accuracy and noise suppression, or the
positioning is precise but the system is expensive and/or computationally heavy.

1.2

Purpose and Aim

The aim of this project is to create a hybrid indoor localisation system for AGV:s
based on triangulation with IR-beacons fused with measurements from an inertial
measurement unit (IMU). The two sensor systems will cooperate where the IRsensors provides absolute positioning at a low update rate and the IMU estimates
the movement at a high update rate. As a result, a high probability estimation of
the target’s position can be made.
The system will be evaluated in the perspective of cost, positional accuracy, range,
efficiency and scalability. In the end, the evaluation will be used to determine
weather or not the system is applicable for usage in larger scale indoor environments.
The evaluation will be concluded with a number of tests referred to as system tests.
From the result of the system tests the following question should be answered:
1
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1. Is the system reliable and can it operate for longer periods without faults?
2. Is the system prone to noise?
3. Is the positioning within desired margin of 3 cm?
4. Is the update frequency rapid enough for highly mobile targets?
5. What is the range of the IR transmitter and receiver?
6. How is a Kalman Filter implemented and can it be used accurately estimate
position using sensor data from the two localisation systems?

1.3

Background

An indoor positioning system is a system that continuously determines the position
of an object in real-time. Indoor environments are complex in the sense that there
are multiple objects and obstacles that reflect signals, which lead to multi-path and
delay issues. Furthermore, indoor position suffers from interference from surrounding systems, such as wireless and mobile devices, that can cause signal instability
and signal strength fluctuations [14].
Contrarily, there are some aspects that aid indoor positioning in comparison to
outdoor positioning. For example, there are rarely any humidity and temperature
fluctuations and vehicles confined to a restricted area usually move at a slower pace.
Moreover, the layout and infrastructure is usually predetermined or known, which
can be utilized. [1]
Throughout the years, several methods have been presented to provide a solution to
various indoor localisation problems - using dead reckoning, Wi-Fi signal strength
triangulation, Bluetooth beacons, camera systems, ultrasonic sensors and more sophisticated systems such as light detection and ranging (LIDAR). Each technique
varies tremendously in terms of cost, accuracy, precision, technology, robustness,
security and scalability. Table 1.1 shows a comparison between different indoor
localisation technologies [1]:

2
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Table 1.1: Comparison of different indoor positioning techniques
Technology
Zigbee

Methods
Advantages
Signal strength based techniques
RSS, Phase shift
Very low energy
measurement
consumption and
low cost

WLAN

RSS

Bluetooth

RSS, Proximity

Cellular Based

RSS

UWB

Can utilize existing communication network
devices equipped
with a WLAN
connectivity.
Does not require
line of sight.
Highly standardized and built
into most personal devices such
as smartphones.
Does not require
line of sight.

Immune to interference from other
devices operating at the same
frequency.
RF based techniques
ToA, TDoA
High accuracy
(even in severe
multi-path conditions). Passes
through most obstacles and will
not interfere with
other RF systems
when properly
designed.
3

Disadvantages
Zigbee solutions
that operate
in unlicensed
ISM bands can
be vulnerable
to interference
from many signal
types. Additionaly, the accuracy
is comparatively
low.
Requires a signal
strength map and
offers relatively
low accuracy.

Greater number
of cells yields
better accuracy
but increased
cost. Requires a
host system to
locate the BT
radio. Utilizes unlicensed spectrum.
Unreliable due
to different signal propagation
conditions.

High cost. Even
though comparatively noise
resistant, this
technique is still
prone to noise
caused by metallic materials.
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RFID

Camera based
technologies

Infrared

Ultrasonic

Dead reckoning

RSS, Proximity

Penetrates nonmetal objects and
does not require
line of sight

Visual and light based techniques
Pattern recogniRelatively cheap
tion
in comparison to
UWB and ultrasonic solutions
Proximity, Differ- High accuracy.
ential phase shift, Suitable for sensitive communiTDoA, AoA
cation as it can
not be accessed
from outside the
confined space.

Audio based technologies
ToA, TDoA
Does not always
require line of
sight and do not
interfered with
electro-magnetic
waves.

Other technologies
Tracking
Cheap and does
not require much
hardware.

4

Small positioning
coverage and cannot be easily integrated with other
systems. The RF
communication
is not inherently
secure and suffer
from comparatively high power
consumption.
Requires line of
sight and coverage is limited.
Requires line of
sight as the signals can hardly
penetrate any obstacles. Diffuse
infrared systems
are prone to noise
from many light
sources such as
fluorescent light,
sunlight and infrared radiation.
Cannot penetrate solid objects
and susceptible
to false reading
due to reflections.
Can be interfered
by some high frequency sounds.
Only approximate position and
many systems
have deviating
errors that accumulate over time.
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1.4

Deliminiation

The number of units in this prototype system will be limited to a maximum of
two IR-scanners and receivers. This serves the purpose to reduce cost while still
ensuring that there are enough units for proof of concept. The testing area will be
a maximum of 8 x 8 meters.

1.5

Outline

The thesis is divided into seven chapters, starting with the current chapter ”Introduction”, which explains the reason behind prototyping this system. The second
and third chapter, ”System Attributes and Concepts” and ”System Implementation”, will explain the theoretical foundation on which the project relies and how
it has been implemented in the system. The fourth chapter, ”System Tests and
Result” will present the tests and results used to evaluate if the system is applicable
for implementations in larger indoor environments, such as in warehouses. Chapter
five, ”Discussion”, will present all test results and evaluation of these results. Lastly,
everything is summarized and concluded in the final chapter ”Conclusion”.

5

Chapter 2
System Attributes and Concepts
As previously mentioned, the nature of the application environment has a major
impact in determining the most optimal indoor localisation solution. To create a
cheap yet scalable and highly precise solution for large indoor environments, a hybrid
approach can be used. Utilizing a beacon sensor network and merging it with inertial
sensor-systems have two primary advantages. The beacon system increase scalability
in the sense that unlimited users can utilize the beacons. Merging of the two sets of
sensor readings can account for uncertainties and yield a high probability estimation
of a targets position [15]. In this chapter, each sensor system will be described in
terms of their attributes and working principles. Furthermore, the issues of both
systems will be addressed followed by an introduction to a Bayesian filter and how
it can be used to estimate a targets position.

2.1

IR-Positioning System

The IR-positioning system is based on triangulation using IR-laser beacons. A single beacon will be denoted as an IR-Scanner. Similar to a system introduced by S.
Hernándes, J.M. Torres, C.A. Morakes and L. Acosta [6], IR beacons scan the whole
area. In their system, the beacons were mounted onto the wall at the same horizontal
level as the receivers. Each receiver was made of an array of photo cells. As the laser
from the beacon is swept in a single horizontal plane across the receivers, the position is obtained by measuring the time it takes for the laser to cross each photo cell.
While the system in [6] was limited to sweeping the laser in a single plane, this
proposed system will utilize lasers that distribute the beam into lines in both the
vertical and horizontal plane. These sheets of light are swept angular and vertically
by discrete rotational steps, see the red lines in Fig 2.1a and 2.1b. For each step,
the angle, beacon-ID and sweep direction will be transmitted with the lasers. The
horizontal sweep enables the receiver - in this case an AGV - to presume that it is
positioned along the line projected onto the surface by the laser, see the blue line
of Fig 2.1a. From the angular sweep, the AGV can presume it is positioned along
another line, see the blue line in Fig 2.1b. As the AGV receives information about
the angle for the two different sweeps, the intersection of the two lines pinpoints the
exact position, see Fig 2.1c.

7
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(a) Vertical Sweep

(b) Angular Sweep

(c) Sweep Intersection

Figure 2.1: IR Positioning System
To calculate the position of the intersection a number of trigonometric calculations
are required. First, the position will calculated relative to the transmitter position.
Thereafter, the result can be converted to fit a coordinate system, such as a XYplane on the floor.
From the two lines projected by the lasers and the height of IR scanner, a few
triangles can be extracted, see Fig 2.2. Triangle A and B are enough to obtain the
position.

Figure 2.2: Triangles for the trigonometrical calculations
Figure 2.3 displays the triangle A and B, where h is the hypotenuse of A, xt and yt
are the distances relative to the IR-scanner, θ is the angle of the horizontal sweep
and φ is the angle of the angular sweep.

8
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Figure 2.3: Triangles and variables used in trigonometrical calculations
(2.1.1a-c) are used to calculate the position of the AGV.
xt = Z ∗ tan(θ)

(2.1.1a)

p
Z 2 + x2t

(2.1.1b)

yt = h ∗ tan(φ)

(2.1.1c)

h=

To convert the coordinates relative to the IR scanner to coordinates relative to
the indoor environment, the angle and position of the transmitter must be known.
Figure 2.4 display a system in 2D with a located AGV at (xt , yt ) relative to the
scanner. The scanner sits at an angle α to the x-axis.

Figure 2.4: Distances and angles when calculating the position relative the system
Equations (2.1.2a-d) present the final coordinates of the AGV relative to the whole
system. For x1 , x2 , y1 and y2 see Fig 2.4.
x = x1 − x2 = xt ∗ cos(α) − yt ∗ cos(90° + α)

(2.1.2a)

y = y1 − y2 = xt ∗ sin(α) − yt ∗ sin(90° + α)

(2.1.2b)

9
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Finally, the position is obtained by adding the positing of the IR scanners, (IRx , IRy ).
px = IRx + x

(2.1.2c)

py = IRy + y

(2.1.2d)

If a 3 dimensional position is desired, two beacons have to be used.

2.2

IMU Positioning

The IMU positioning system estimates the receivers position by dead reckoning,
using data from an IMU. In this case, the IMU consists of an accelerometer, a gyroscope and a magnetometer. One way to estimate the displacement from acceleration
is by using the euler method. From the accelerometer data, a, the velocity of the
AGV can be calculated, see (2.2.1). Thereafter, the displacement from the AGVs
starting position, (px i , py i ), can be calculated from the velocity, see (2.2.2). As the
IMU works with samples and not continuous signal, the time ∆t is the time since
the last sample.
vn =

n
X

s=

n
X

∆vi =

n
X

ai ∆ti = an ∆tn +

∆si =

n
X

vi ∆ti = vn ∆tn +

n−1
X

n−1
X

ai ∆ti = an ∆tn + vn−1

(2.2.1)

vi ∆ti = vn ∆tn + sn−1

(2.2.2)

The nth sample is the last and/or current sample and ith sample is any sample
between the first and the last. Previous samples are denoted n − 1, n − 2 and
so on. The ∆v is the difference in velocity between two samples and ∆s is the
difference in displacement. Combining (2.2.1) and (2.2.2) the total displacement
can be calculated using the current acceleration data.
a
s = v∆t + sn−1 = (a∆t + vn−1 )∆t + sn−1 = sn−1 + vn−1 ∆t + ∆2 t
2

(2.2.3)

The matrix form of the equations of the displacement and velocity is shown in (2.2.4)
and the position of the AGV according to the IMU follows (2.2.5)


  
 sprev
1 2
s
1 ∆t 2 ∆ t 
vprev 
=
(2.2.4)
v
0 1
∆t
a
      
 

px
px i
sx
px−1
∆sx
=
+
=
+
py i
py
sy
py−1
∆sy

10

(2.2.5)

CHAPTER 2. SYSTEM ATTRIBUTES AND CONCEPTS

2.3

Fusion of Data

Neither the IR-based- nor the IMU positioning system have all the attributes required for an optimal solution to the indoor localisation problem at hand. One issue
with the IMU is that only displacement can be calculated, not actual position. To
calculate a position, a initial position is required. In this proposed system, this
is provided by the IR-system. The current position is then estimated according
to (2.3.1), where the displacement was calculated with (2.2.3). Px/y i is the initial
position,Px/y n is the current position, Px/y (n−1) was the last position, s the total
displacement and ∆s is the displacement since the last measurement. As the displacement is time dependent, (2.2.4), the initial position is at 0s and the current
time is the sum of n samples where the each time sample is ∆ti .


 
 
Px n
Px i + s x
Px (n−1) + ∆sx
P =
(2.3.1)
=
=
Py n
Py i + sy
Py (n−1) + ∆sy
However, even with a given initial position, new issues arise. If the IMU had no imperfections, the accelerometer alone could be used to accurately calculate the AGV’s
location. Nonetheless, since the acceleration sensor data has to be integrated twice
to calculate distance, any error present in the measurements will accumulate and
increase exponentially over time. To compensate for this error, the IR-Scanners can
be used to consistently reset the accumulated error by providing an accurate and
precise absolute position.
On the other hand, the IR-Scanner has a set of imperfections of its own. Although
it can provide a highly accurate position, it always requires line of sight with the
observer. Furthermore, the time required to take discrete steps and transmit the
associated angle results in a rather slow update rate. If the AGV moves with a high
velocity or if an object blocks the line of sight, the displacement in-between readings
could be far and untracked. Another issue arises when the distance between the IRScanner and AGV becomes far. Because the IR-Scanner is transmitting the angle
with discrete steps, ∆ϕ, there is a dead-zone between each step. At long range,
this dead-zone will have a exponentially increasing delta distance, ∆d, in-between
each step, see Figure 2.5. To account for these various issues, an IMU is an ideal
supplement.

Figure 2.5: Requirement of IMU in-between the discrete steps of the IR-Scanner
at long range
11
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The most common technique to fuse a set of different sensor readings is by applying
a Bayesian Filter. Section 2.3.1 will give an introduction to one of the most common
and simple of those filter types - the Kalman Filter.

2.3.1

Kalman Filter

Proposed by R.E. Kalman in 1960, Kalman Filter is an optimal linear status estimation method which takes a series of data observed over time, including noise
and inaccuracies, and makes a prediction that yields high probability estimation.
Kalman Filters quickly became a favoured solution for optimization because of its
fast calculations, efficiency and real-time applicability. Most commonly, it is found
in systems that are continuously changing, such as navigation systems or systems
that track maneuvering or orbiting objects. Furthermore, it is an excellent tool in
the fields of dynamic positioning where sensor data fusion is required for increased
accuracy. [12]
In general, Kalman Filters are divided into three main types; Kalman Filter (KF),
Extended Kalman Filter (EKF) and Unscented Kalman Filter (UKF). The latter
two are used in nonlinear systems by incorporating linearisation techniques into the
standard KF solution. Since the system in this project can be modelled as a linear
system, only the standard KF will be introduced. [12]
The filter works on a two-phase principle - update and predict. [15] Fig 2.6 shows
a block diagram of the working principle. State refers to the state of the tracked
object. This could be any or several physical vector quantities, such as velocity,
position or temperature.

Figure 2.6: Kalman Model
12
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The purpose of each stage of Fig 2.6 are as follows;
1. Provide the system with prior knowledge of the systems state. The state could
be temperature, position velocity or any other physical quantity.
2. Input information from the first sensor that can be used for physical models,
i.e. throttle input or accelerometer data.
3. Using a physical model, predict what the result should be in accordance with
the provided information.
The following equation represent the standard object state prediction equation
of a Kalman Filter predict phase:
x̂ = Ak x̂k−1 + Bk ~uk + w
~k
Ak is the status transition matrix, x̂k−1 is the previous state of the tracked
object, Bk is the control matrix, ~uk is the is the control vector and w
~ k is the
system noise vector.
4. Fetch sensor measurements from a second sensor that should be merged with
the previous prediction.
5. Compare the predicted values with the sensor measurement and update the
estimation in accordance with which is most probable.
The following equation represent the standard object state update equation of
a Kalman filter update phase.
′

x̂k = x̂ + K(zk − Hk x̂k )
K is the Kalman gain that weighs the values and zk is the second sensor input.
Hk is the observation matrix, which is used to convert the matrix or vector
form of the measurements to fit the model and state vector.
6. Retrieve the updated estimated state of the tracked object.
7. Set current state to the previous, k →
− k−1
A preferable way to further understand the working principle of a KF is by using a
simple example.
Linear Kalman Filter Example - Prediction Phase
This project has a miniature robot that has a state ~xk , with position and velocity,
see 2.3.2. As previously mentioned, this vector could include any physical vector
quantity.


~xk =

v(t)

(2.3.2)

Moreover, lets assume that the robot is equipped with a GPS or other similar positional tracker. These type of sensors are usually accurate up to about 1 meter and
have a slow update rate. In many systems, this sensor alone would be insufficient
13
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to accurately and reliably provide the robot with its position and avoid incidents.
Besides the information given by the sensor, some information about the robots
movement might be known. Commands to the drivers and motors generate movement in a specific direction, which can be used to predict where the robot will be
located in the next instance. However, the robots course can deviate from influence
of external forces and interference. The wheels could slip and the movement could
be buffered by inclines or wind. In other words, there is no guarantee that each
wheel turn will precisely represent how far and in which direction the robot might
have travelled.
Both the sensor readings and the predictions based on physical properties have
inaccuracies. By implementing a KF, all the information at hand can be used together to more accurately estimate what the most likely outcome will be [2].
The KF will assume that all the variables in the vector (2.3.2), in this case the
robot’s position and velocity, are Gaussian distributed. Hence, each variable has a
mean value µ, which is the center of the random distribution. Furthermore, each
variable has a variance σ 2 , which describes the uncertainty. [2] This is illustrated in
Fig 2.7. Note that position and velocity are uncorrelated.

Figure 2.7: Uncorrelated Gaussian distribution
On the other hand, if the velocity and position are correlated, the distribution
changes as illustrated in Fig 2.8.
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Figure 2.8: Correlated Gaussian distribution
In this case, the estimation can be based on the previous measurement. If the robot
moves with a higher velocity it is more likely the robot has travelled further than if
the speed was lower. This is the kind of relationship that is important in an implementation of KF, as it gives the filter more information to base its estimation on.
The correlation between the two quantities can be described by a covariance matrix
[2]. Each element of the matrix is often denoted as Σij , which is the correlation
between the i-th and j-th state variable.
When creating a dynamic model of the robot’s state and Gaussian distribution,
two pieces of information are required at the time k. The best estimation x̂k and its
covariance matrix Pk [15].
 
p
(2.3.3)
x̂k =
v
P
P 
pp
P pv
Pk = P
(2.3.4)
vp

vv

To predict the next state at time k we use the information about the current state
k-1 [2]. This yields a new distribution as illustrated in Fig 2.9.
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Figure 2.9: New state prediction
This prediction step is represented by the status transition matrix, Ak , [12], see Fig
2.10. It takes all points of the original estimate and makes new prediction based on
i.e. kinematics equations. This is the location the robot would be at, given that the
original estimate was correct an no disturbances affected the robot along the way
[2].

Figure 2.10: Status transition with the transition matrix
To model this, Ak is based on the first part of the basic kinematic formula that
follows (2.3.5) and (2.3.6).
posk = posk−1 + ∆tvk−1 +
vk = vk−1 + ∆ta
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Multiplying this with the previous estimation yields a matrix referred to as the prediction matrix, (2.3.7) [12]. The acceleration is not included in the status transition
matrix but can be used as an input. This will be discussed later.


1
∆t
x̂k−1 = Ak x̂k−1
(2.3.7)
x̂k =
0
1
Next, along with the prediction about the new position and velocity, the covariance
matrix also needs to be predicted based on its previous state. This is done by
multiplying each point in the distribution with Ak in accordance with the common
covariance theorem, (2.3.8). The predicted state of the covariance matrix then
becomes (2.3.9). [12].
X
cov(x) =
(2.3.8a)
cov(Ax) = A

X

AT

Pk = Ak Pk−1 ATk

(2.3.8b)
(2.3.9)

To summarize, the two equations required to model the current and predicted state
(position and velocity) of the robot have become:
x̂k = Ak x̂k−1
Pk = Ak Pk−1 ATk
As previously mentioned, some changes in the position and velocity of the robot
are not directly related to the state. External factors, such as applied throttle or
breaking, could affect the system [2]. For example, the robot could be commanded to
increase its speed by applying throttle. In another instance, the navigation system
could command the robot to stop. The addition of these inputs to the estimate can
be represented by expected acceleration. Any input used by the model is stored in
the control vector, ~uk [12]. To model this, the remaining part of the basic kinematics
equation can retrieved by multiplying the vector with the control matrix, Bk [2]:


∆t2
(2.3.10)
x̂k = Ak x̂k−1 +  2  a = Ak x̂k−1 + Bk ~uk
∆t

One final element is required in the prediction phase - the addition of external uncertainties. So far, the model can predict the robot state based on known inputs
and external forces. However, other uncertainties come into existence as the robot is
exposed to low-friction or uneven surfaces, wind or other effects that might slow or
speed it up. The predictions can not be consistently accurate if these uncertainties
are not taken into account [2] .
To model uncertainties associated with the robot movements a predicted error has
to be added to every prediction step [2].
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Figure 2.11: Uncertainties due to external sources
In Fig 2.11 the state of the original estimate could have different outcomes depending
on the uncertainty from external sources. In turns, the Gaussian distribution and
the covariance will increase in size in accordance with the noise covariance matrix Qk .
Furthermore, the disturbances have to be added to the state prediction. This correction for known noise and disturbances can be added as a vector, wk , the system
noise vector [12]. For example, if the ~uk would be readings from an accelerometer,
wk could include the uncertainty of the measurements. This uncertainty can be
found in datasheets or via precise practical experiments. In another example; if ~uk
was throttle input, wk represent any wear and tear of the vehicle.
The final prediction phase equations become (2.3.11) and (2.3.12) and are called
the status- and estimation deviation covariance equations [12]:
x̂k = Ak x̂k−1 + Bk ~uk + w
~k

(2.3.11)

Pk = Ak Pk−1 ATk + Qk

(2.3.12)

In the update phase the relation between these equations will be explained.
Linear Kalman Filter Example - Update Phase
The next phase of the two-phase KF principle is the update phase [15]. The robot
might collect information from many different sensor readings, i.e. velocity or orientation, not directly linked to the state itself. The unit and scale of this set of sensor
readings might not directly correlate to the tracked state. To model this conversion,
the observation matrix [12], Hk , is used [2]. The observation matrix simply alters
units and scales the sensor readings such that they can be input to the filter. This
is illustrated in Fig 2.12.
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Figure 2.12: Unit and scale conversion using the observation matrix
By applying Hk to the best estimates we get a new expected mean, ~µexpected = Hk x̂k ,
and covariance, Σexpected = Hk Pk HkT , that is comparable to those of the sensor readings [2].
Similarly to the prediction phase, noise has to be added to the update phase and
the sensor readings. Because of the uncertainties, the estimate can result in a range
of readings. The covariance and mean of these uncertainties are commonly referred
to as Rk and z~k respectively [2], see Figure 2.13.

Figure 2.13: Uncertainties in sensor reading
As a result, there is now two distributions - one for the transformed prediction
and one for the observed sensor readings. The final step in the update phase is to
combine these two Gaussian distributions with respect to which is more likely [2].
There are two probabilities, either it is more probable that the new sensor reading,
i.e. from the GPS, gives the correct real position of the robot or it is more probable
that the prediction is correct.
The combination of the two distributions is done by multiplication. This yields
′
′
a new Gaussian distribution with a new mean, ~µk , and covariance, Σk [2], as illustrated in Fig 2.14:
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Figure 2.14: New Gaussian distribution
In matrix form, the new mean and covariance become:
(µ0 , Σ0 ) = (Hk x̂k , Hk Pk HkT )

(µ1 , Σ1 ) = (~zk , Rk )

′

~µ = ~µ0 + K(~µ1 − ~µ0 )
′

Σ = Σ0 − KΣ0

(2.3.13)
(2.3.14)

Σ0
(2.3.15)
Σ0 + Σ1
The Kalman Gain matrix, K yields the minimum mean-square error of the estimation and determines which probability to trust more - the observation or the
prediction [10].
K=

Applying (2.3.13) and (2.3.14) as a step in the Kalman Filter results in the final update phase equations with the new best estimates [2]. Note that some Hk
matrices have been canceled out:
′

x̂k = x̂k + K(~zk − Hk x̂k )

(2.3.16)

Pk = Pk − K(Hk Pk HkT + Rk )

(2.3.17)

′

K=

Pk HkT
Hk Pk HkT + Rk

′

(2.3.18)

x̂k is the new best estimate and holds the position and velocity of the robot that
′
′
are most likely. The final step of the Kalman Filter principle is to feed x̂k and Pk as
the most current predictions, x̂k−1 and Pk−1 , and run the whole process again [2].
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To summarize, the predict phase uses (2.3.11) and (2.3.12) to predict the new state
of the tracked object:
x̂k = Ak x̂k−1 + Bk ~uk + w
~k
Pk = Ak Pk−1 ATk + Qk
The update phase uses (2.3.16), (2.3.17) and (2.3.18). This phase updates and sensor
fuses the prediction with a second set of sensor readings from another sensor:
′

x̂k = x̂k + K(~zk − Hk x̂k )
′

Pk = Pk − K(Hk Pk HkT + Rk )
K=

Pk HkT
Hk Pk HkT + Rk

A flow chart of the Kalman Filter loop is shown in Fig 2.15. Each stage is tagged
with the associated equation:

Figure 2.15: Kalman Filter flow chart
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System Implementation
This chapter describes the design and functionality of each subsystem and the implementation of the Kalman Filter. Note that the some hardware choices are based
on availability rather than performance. Because this system aims to show proof
of concept rather than high performance no major component comparison has been
conducted.

3.1

AGV

This section will describe and discuss the design of the AGV. The PCB was designed
using Altium Designer 2018 ™and the body was designed using Autodesk® Inventor®
2019.

3.1.1

Design Requirements

To perform all the designated AGV tasks, several design rules were set. The AGV
should:
• Control at least 3 DC motors
• Have an IMU for accelerometer-, gyroscope- and magnetometer sensor data
• Be able to communicate with other devices via Wi-Fi
• Have sensors for proximity detection
• Use components that operate at 3.3V
• Have at least one IR-sensor for receiving data from the IR-scanner(s)
• Generate 3.3 from a 7.4V source.
• Have status LEDs
• Have reverse polarity protection
• Be cost efficient
The AGV was designed for Kiwi Drive. Kiwi Drive is a holonomic drive system
utilizing three omni-directional wheels placed 120 degrees from one another. This
configuration enables free movement in any direction without changing orientation.
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3.1.2

Hardware selection

In accordance with the design rules, components were selected and evaluated with
respect to performance and cost. Figure 3.1 presents a 3D render of the final PCB
design. The schematics can be found in Appendix D.

Figure 3.1: 3D render of AGV PCB
DC Motors
Regular geared DC motors are a good choice to propel the AGV, as they are reliable
and easy to control. The greatest concerns regarding the choice of DC motors for
an application like this are size, power consumption, torque and RPM. High torque
is not important with a mobile robot as lightweight small as this AGV. A geared
motor with low RPM is preferable to ease controllability. Considering that the supply voltage of the NiMH battery is 6.5-7.7 VDC the motor should be rated for this
voltage.
With the previously mentioned considerations in mind, the motor that was selected
was GA12-N20 Geared Mini DC Motor. It is a low cost, 200 RPM @ 6V, small
DC motor, geared with a reduction rate of 1:10, stall current of 1 A and very small
form factor [5]. One issue with low-cost DC motors is the variation in performance
between units. The gears are commonly worn out after a rather short period of
operation and the RPM may vary from unit to unit. These imperfections can be
dealt with by regulation of the motor control.
DC Motors Drivers
In order to control the three DC motors, two DRV8833 DC/Stepper Motor Drivers
by Texas Instruments were used. They are well documented, which eases operation.
Each driver consists of two H-bridges and can control a pair of DC motors. This
yields the option to add an additional motor – for example if the kiwi-drive is not
working properly and a fourth wheel is necessary. The driver can deliver up to 1.5 A
RMS per motor and stall peak currents of 4 A, which is well above the requirements
for the chosen DC motors. Each motor is controlled through two PWM pins. The
motor driver also have features to control current consumption and an option to put
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the driver into sleep mode. Furthermore, the driver has a very small form factor
(5x5 mm) and only requires a couple of decoupling capacitors to operate as per
specifications [19].
Inertial Measurement Unit
Since this project requires an IMU with at least 9 degrees of freedom (3-axis accelerometer, 3-axis gyroscope and 3-axis magnetometer) the number of cost-efficient
products that offer the three sensors in single chip is limited. The IMU that was
ultimately chosen is called MPU-9250 by InvenSense. It offers the 9 degrees of
freedom required, is low power, operates at 3.3V and can be interfaced with I2C,
a well-established communications protocol. Moreover, the sensor has an internal
digital motion processor (DMP) that can be used to relieve the processor of some
computations. The downside with this sensor is that the accelerometer has a RMS
noise of 8 mg and the gyroscope measurements drifts with 0.1°[9]. A Kalman Filter
can be applied to adjust for this error.
Another solution that may yield higher accuracy and reliability would be to use
better components. However, this was opt out since it would increase costs and this
sensor was deemed sufficient to show proof of concept.
Microcontroller
As the AGV is not exposed to many computationally heavy tasks, the main concern
was the size, number of pins and ability for Wi-Fi connection. Each motor driver
requires 5 pins each and can use a 3.3V power supply. The IMU requires 2 pins
for I2C-communication, the Hall effect sensors require 1 pin each (resulting in a
total of 6 GPIOs) and each of the 3 status LED requires a pin to control logic level
MOSFETs. All in all, this adds up to a total of 16 GPIOs, where two need to have
I2C capability.
The microprocessor module that was chosen was the ESP-WROOM-32 by Espressif
Systems. It contains a mircoprocessor called ESP-D0WDQ6, flash memory, a PCBantenna and high-precision discrete components. It offers a low price ultra-low power
solution with integrated Wi-Fi, Blutooth Low Energy and ethernet modules all in
one single chip. Additionally, it has 28 GPIOs (with 8 ADC-, 2 DAC-, 2 SPI-, 3
I2C-, and 3 UART-channels), 4 MB of flash memory, 520 KB of SRAM and operates
at clock speed of 240 MHz [23]. In total, this satisfies all requirements set by the
design rules.
Since the AGV is simply a prototype system, an ESP32 development board was
used rather than the single chip because it include extra circuitry such as power
management and USB to Transistor-Transistor Logic (TTL) serial converters. The
ESP-WROOM-32 module by NodeMCU was chosen. This development board is
convenient for this project as it incorporates a 6-12V to 3.3V converter, which can
be used for all the AGV components, and a FTDI used to program the ESP32.
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IR-receiver
To detect the infrared pulses from the IR-scanners, a suitable option is to use photodiodes. The photodiodes that were chosen are called BPV22NF. There are several
reasons that endorse this specific choice of photodiodes. They have a built-in daylight blocking filter/film (790-1050 nm), which includes the 850 nm light from the
IR-lasers but excludes most of the sunlight and disturbance from indoor lights. Furthermore, they are highly sensitive and can operate at high speeds. In addition,
they have a wide field of view of 120 degrees [22].
The photodiodes produce a very small current when illuminated, which means that
the signal needs to be amplified and filtered. Figure 3.2 shows the complete IRreceiver circuit.

Figure 3.2: IR-Receiver circuit
The photodiodes are connected in parallel in an array and input to a trans-impedance
amplifier connection. The trans-impedance amplifier circuit will output a voltage
proportional to the low input current from the photodiodes. To remove base-level
changes caused by daylight and external indoor lightning a high pass filter (HPF)
is placed at the output of the trans-impedance amplifier. The output of the HPF
is amplified with a non-inverting amplifier circuit to finally output the saturated
logic level signal required by the microcontroller. The amplifier that was used was
TLV2462. It is convenient since it includes two operational amplifiers in one single
package.
Hall-effect Sensors
To give the AGV proximity detection to avoid incidents with other AGVs in the
case of lost of line-of-sight with the IR scanners, 6 hall effect sensors connections
have been installed onto the PCB. The hall effect sensors that was selected are
called DRV5055. They have linear sensing which responds proportionally to the
magnetic flux intensity [8]. Using this linear response, they can be used as a crude
and approximative distance sensor for a couple of cm. For the proximity detection
to work, magnets or a magnet strip must be strapped along the outer border of the
AGV.
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Connectors
The PCB was fit with a high power tolerant terminal connection for the battery. For
the remaining inputs and outputs for motors, hall effect sensors and photodiodes
JST connectors are used. This ensures that every connection going in and out of
the AGV is easy to connect and disconnect when necessary.

3.1.3

AGV Body Design

Figure 3.3 presents the final AGV design.

Figure 3.3: Complete AGV assembly
The AGV dimensions are approximately 14 cm in diameter and 8 cm in height. The
design is composed of 3 main parts; a bottom plate, omni-directional wheels and
a top cover. The PCB is sandwiched between the top and bottom to increase the
mechanical strength. The hexagonal shape of the AGV body and the PCB makes
Kiwi Drive easy to implement.
The bottom plate serves several purposes. It acts as the AGV base plate and everything is connected to it. At the bottom of the plate the DC motors are strapped
into place with zip ties and braces that fit around the gears and tighten with screws.
The battery is placed on top of the motors and holders with guides to tighten the
fit. This makes it easy to change the battery when charging is required. The top
plate and PCB are connected to the bottom plate with screws and placed above the
battery, see Fig 3.3. The top plate acts as a cover for the PCB and has a mount for
the photodiodes in the top middle.
The omni-directional wheels are press fit onto the DC motor shafts and are composed of several constituents. Two base-wheels connect with a spacer in-between to
allow the smaller wheels to rotate. The smaller orthogonal wheels are connected to
the base wheels with galvanized wire as wheel axes.
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3.1.4

Software

The software of the AGV has been divided into 3 different categories; sensor and
steering, communication and positioning. The sensor and steering control is the
control for maneuvering the AGV as well as collecting data from the different sensors. The communication is used for controlling Wi-Fi and Bluetooth. Lastly, the
positioning is used to calculate the whereabouts of the AGV. The implementation
of the Kalman Filter and position estimation will be discussed in section 3.4. The
header files is attached in Appendix A.
Steering Control and Sensor Collection
The AGV’s movement is controlled by the 3 DC motors. The speeds of the motors
are set through the PWM control signal inputs of the drivers. Some conversion
is required to calculate the required PWM duty cycle of each motor for specific
movement and speed in a desired x and y direction. The velocity in x direction,
vx , can be calculated by multiplying each motors individual speed with −sin of
its respectively mounted angle and then adding them. Likewise, the velocity in y
direction, vy , is derived using +cos instead, see Fig 3.4. The angle of each motor is
denoted by θk where k is replaced by the number of the motor.

Figure 3.4: 3 AGV speed and angles
Given a AGV with n motors, the speed of each motor, vk , follows (3.1.1a), k ⊂ [1 n].
[16]


−sin(θ1 ) cos(θ1 )
 

T 
 −sin(θ2 ) cos(θ2 )  vx
v1 , v2 , ..., vn = 
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Since the AGV has 3 motors, the equation becomes (3.1.1b).
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−sin(θ3 ) cos(θ3 )

(3.1.1b)

Inserting the angles of the motors of the AGV motors - 0 deg, 120 deg and 240 deg
- gives the final equation, (3.1.1c), which is used to calculate the speed required of
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each motor.
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(3.1.1c)

The AGV uses two different sensors to navigate, an IMU and IR-receivers, together
with the option to add hall-effect sensors.
The IMU communicates via I2C and before any sensor data can be extracted, it
needs to be configured correctly. In this project the gyroscope of the IMU is set to
have a full-scale range of ± 2000 degrees per second and the accelerometer is set
to ± 2g. The update frequency is set to 100 Hz. For other configuration set-up
see the MPU9250/MPU6050 datasheet [9]. To get accurate readings and relieve
the processor of some computation, the digital motion processor (DMP) is used [9].
Furthermore, the IMU is configured to utilize the 512-byte first in first out register
(FIFO) available.
After the set-up is completed, the IMU requires additional calibration. Because the
accelerometer and gyroscopes scale factor is only calibrated during the manufacturing stage, some error tend to accumulate over time. Hence, the IMU is re-calibrated
at start-up by subtracting offset when the IMU is stationary. The offset is roughly
equal to the mean error of the sensor readings.
Sparkfuns library ”SparkFunMPU9250-DMP.h” is used to handle the MPU9250
[13]. To update the sensor values, the FIFO is checked to see if any new values are
available. If new values can be retrieved, the function ”dmpUpdateFifo()” is called,
which updates all the values in the class object. The get the gyroscope values in
pitch, yaw and roll, the function ”computeEulerAngles” is called, which utilizes the
internal DMP to offload the ESP.
To utilize the Hall effect sensors each AGV has to be equipped with a magnetic
strip around it. If the hall effect sensor senses a magnetic flux over a certain threshold an interrupt is triggered. This causes the AGV to stop. If the AGV is put still
for an extended period a function is called to make the AGV manoeuvre around the
obstacle.
The last sensor is the IR-receivers. Similar to the hall effect sensors, an interrupt routine is assigned to the input pin which is connected to the output of the
IR-receiver circuit. As the received signal is digital, it needs to be deciphered. The
IR transmission begins with a start pulse that triggers the interrupt service routine.
Thereafter, 20 bits of data are received after which the ESP32 exit the interrupt
routine and return to the main loop. The transmitted IR-signal will be discussed in
greater detail in Section 3.2.4 IR Scanner.
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Communication
This part of the software is mainly composed of communication control through
TCP. However, to be able to communicate, a Wi-Fi connection needs to be established. Three different ways to establish connection were implemented.
1. Use a predefined SSID and password and automatically connect to the Wi-Fi.
2. User enters a SSID and password before choosing to connect.
3. The ESP32 scan for available Wi-Fi. When a SSID is chosen, the user needs to
manually configure the password. This is done via wired connection through
the USB port.
When a stable Wi-Fi connection is established, communication through TCP begin.
The length of the received instructions depends on the request from the control
system. However, the instructions always follow the same format;
CMD → subCMD/args → (sub)args →...
Where CMD is what function the AGV should execute. subCMD is a sub-command associated with the main command. args are the arguments required for the function
in question. For example, if the following message is received;
IAA
I stands for IMU, the first A means Accelerometer and second A corresponds to all
values. This command will cause the AGV to return the x,y and z values from the
accelerometer. As the IMU is read only, no information is required to declare weather
or not it is a read or write command. If the command requires a specification of
read/write, a W or R would be used between the two A’s. For example, if the request
is to move the AGV to position (px,py) the following command is used:
PRWXY
P stands for position, R for desired position (C would request the current position),
W for write and finally X for the x-position and Y for the y-position. A list of all
commands can be seen in Appendix B. The size of the commands and arguments
can differ. However, the main command is always 1 byte.
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3.2

IR Scanner

This chapter describes and discusses the design of the IR-scanner. The PCB was designed using Altium Designer 2018 ™ and the enclosure was designed using Autodesk®
Inventor® 2019.

3.2.1

Hardware Selection

For the IR-scanner to operate as planned, a set of design rules were established. The
requirements are listed below:
• Control a pair of stepper motors
• Have an IMU for orientation sensor data
• Generate all required voltages from a 12V source
• Be cost efficient
• Control two 5 mW laser diode modules
• Apply an optics filter to form a laser line from a dot laser diode
• Be able to communicate with other devices via Wi-Fi and Bluetooth

3.2.2

Hardware Requirements

With the design requirements set, hardware components were selected with focus
on performance and cost efficiency. The complete PCB is presented in Fig 3.5 and
the schematics can be found in Appendix D.

Figure 3.5: 3D render of IR-Scanner PCB
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Stepper Motors
For this project, NEMA stepper motors were selected. They are commonly used
stepper motors in industrial applications and are named after their size. For example, a NEMA14 motor has the dimensions of 1.4 x 1.4 inches. Other characteristics
include number of steps per revolution, height, shaft length and rated current consumption.
The resolution of the IR-laser sweep motion is determined by the number of discrete steps the motors can take per revolution. Hence, the higher the steps per
revolution the more precise the IR-localisation will be. The selected motors are
NEMA17 stepper motors with 400 steps per revolution and current consumption of
0.4A per phase [17]. This resolution is sufficient and power consumption is sufficient,
seeing as this is a prototype system. The only drawback is their rather large form
factor.
Stepper Motor Drivers
Stepper motor drivers are required to control the stepper motor pair. The driver
that was selected is called TMC2208. They are thoroughly documented with a good
user guide. They can be controlled via a two-pin configuration - one for single step
and one for direction - or via single wire UART communication. Hence, the driver
requires very few pins to operate. The TMC driver also includes silent step mode,
where precise current control lessens the noise generated from the motors. This feature is useful as the IR-scanner will perform constant sweep motions at a high rate.
Besides this, they also offer the option of micro-stepping, which increases the step
resolution of up to 256 times. The micro-step feature is configured using two input pins which can be used to increase the resolution by up to 16 times or via UART.
Additionally, the drivers can control the motor’s torque to speed ratio by adjusting
the current to and from the motors by an analogue reference signal [21]. This reference signal can be generated using a digital-to-analogue converter (DAC) or with a
voltage divider using a potentiometer.
Cooling
According to the datasheet of the TMC2208 stepper motor drivers, they commonly
require heat-sinks (and sometimes active cooling). Hence, the motor drivers have
been mounted with small heat-sinks and the PCB is fitted with a connector where
a 12V DC fan can be connected.
IR-Laser
For the selection of laser modules, there were two major requirements. First, the
laser had to be classified within a certain laser class, specified by The Swedish Radiation Safety Authority (SSM), to assure that no harm would come to the human
eye upon direct illumination. Second, the laser module required an optical lens that
evenly distribute the emitted laser over a thin line.
SSM has a set of laws in Sweden called Strålskyddslagen, (Radiation Act). These
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laws classify which lasers are allowed and whether a permission is required. The
different classes of lasers are classified by how powerful and harmful the laser beam
is. They are called 1, 1M, 2, 2M, 3R, 3B and 4, where lasers in class 1 are harmless
and lasers in class 4 can cause injuries and fires. Lasers with an assigned class from
and above 3R require permission and devices fit with laser modules above class 1
must have a laser warning symbol/label as illustrated in Fig 3.6 [18]:

Figure 3.6: Laser Warning Symbol
Lasers in class 3R emit a laser with a power output of less than 5mW and can cause
severe glare. It is recommended to use protective goggles when handling these types
of lasers as they can be harmful if the eye is illuminated over a longer time period.
If, however, the laser is scattered or spread the laser is classified as 2M [18]. The
laser power per square mm will dissipate over distance when a laser is spread across
a thin line. Hence, for this prototype system to function properly at distances of
10-20 meters, the most fitting laser class for this project is 2M.
The selected laser was a 5 mW IR laser line module called 850nm 5mW 3.2V IR
Line Laser Diode Module, by LaserLands [11]. It is important to note that this laser
cannot be used without a permit if the optic filter is removed.
There are a few types of lenses that convert a dot laser to a line laser. The most common lenses are called cylinder lens, sinusoidal cylindrical lens and Powell lens. Each
type diffracts the light differently. Their respective lens profile and light intensity
distribution is illustrated in Fig 3.7.

Figure 3.7: Lens profiles and output intensity distribution
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The selected laser module comes pre-installed with a sinusoidal cylindrical lens.
As light passes through this type of lens it is scattered with maxima- and minima
points in accordance with the waves seen in the lens profile. At longer distances,
this creates a dotted line rather than a evenly distributed line. Although this might
have sufficed for this project, it is good to remove as many uncertainties as possible.
Therefore, a Powell lens that creates an evenly distributed line was installed instead.
To control the laser modules, logic level MOSFETs, IRLML2502TRPBF, were used.
They are rated for high switching speeds, have a ultra-low on-resistance of approximately 0.04Ω and are 3.3V compatible.
Microcontroller, IMU and IR-Receiver
The microcontroller, IMU and IR-Receiver are the same as for the AGV. The reader
is referred to read the section, 3.1, for a more detailed description of the components
and the reasoning behind the selections. The major reasons for using the same
components are convenience (using the same drivers and software implementation)
and to reduce cost through quantity discount.
Connectors
A 12V/2.25A switching power supply unit (PSU) is used to power the device. This
can deliver enough power even when the stepper motors operate under full load.
The PSU connects to the PCB via a DC barrel connector and all other signals such
as the motor connectors, laser and cooling fan connectors have been fit with JST
connectors. This eases the plug and unplug of any cables.
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3.2.3

Enclosure Design

Figure 3.8 presents the final IR-Scanner enclosure design.

Figure 3.8: Complete IR-Scanner assembly
The dimensions of the design are approximately 9x9x7 cm. The design is composed
of one main frame sandwiched in-between a front and back lid and laser module
mounts that fit onto the stepper motor shafts. The main frame is a hollow cube
with mounting holes for the 12V DC fan and the stepper motors. The lower stepper motor is used as a stand while the other stepper motor is mounted inside the
enclosure to maintain a central centre of mass.
The back lid mounts the IR-Scanner PCB and is mounted onto the main frame
via M3 screws. On the backside of the back lid the mandatory laser warning symbol
is embossed. The front lid has extrusions for ventilation and the laser module.
The IR laser modules are mounted centered and orthogonal onto the stepper motor
shafts with an arm that is used to trigger the micro-switches.

3.2.4

Software

Upon start-up, the IR-scanner calls the initialisation function. In this function the
scanners are connected to Wi-Fi, communication is established with the control
system through TCP and the stepper motor drivers are set up. Each stepper motor
is controlled through 2 pins. One pin selects the spin direction by setting it HIGH
or LOW. The second pin makes the motor take one step upon a rising edge. Three
more pins are used for control of the stepper motor. Two of them set the resolution
by setting micro-step size and the last pin is used to recall a start position upon
start-up. The two output micro-step configuration pins are set to 0 which result
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in one 8th of a step [21]. For different configuration see Table 3.1. The last pin
is connected to a micro-switch. During initialisation, the stepper motors are run
until the micro-switches are triggered. Afterward, they return to a start position
100 steps before the trigger point. The header files of the IR scanner are attached
in Appendix A.
Table 3.1: Micro-step configurations
MS1
HIGH
LOW
LOW
HIGH

MS2
LOW
HIGH
LOW
HIGH

Micro-step
half of a step
quarter of a step
8th of a step
16th of a step

The IR-Scanner software consists of 3 main parts, excluding the initialisation phase.
After receiving a start signal from the control system, the first part starts. It
calculates what message should be transmitted with which IR Scanner. A total of
20 bits will be sent during each transmission. Figure 3.9 shows the layout of the
sent message, where H stands for hamming code, T denotes the beacon ID, S denotes
which sweep direction (horizontal or angular) and D represents the current angle.

Figure 3.9: Layout of IR message
As the stepper motors are using micro-steps that are an 8th of one regular step and
one revolution is composed of 400 steps, the number of positions become 8 times
400. This results in a total of 2400 micro-step positions per revolution. In this
project, an IR-Scanner is assumed to scan between 0-180 degrees. This results in
a total of 1200 micros-steps per sweep. The binary value of 1200 is 100 1011 0000,
meaning 11 bits are required for the angle. The angle representation is shown in
Table 3.2. Bit 12 represents which direction that is being swept, if bit 12 is high,
the sweep is horizontal and if it is low, the sweep is angular.
Table 3.2: Step representation in bits
Step
1
2
3
..
.
1600

Binary representation
Horizontal
Angular
0000 0000 0001 1000 0000 0001
0000 0000 0010 1000 0000 0010
0000 0000 0011 1000 0000 0011
..
..
.
.
0110 0100 0000

1110 0100 0000

The next 2 bits represent the IR-Scanner IDs. As 2 bits are used, the maximum
number of IR-Scanners that can be used is 4. This should be accounted for when
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evaluating the availability of the system. If more than 4 scanners are required extra
bits are necessary. In turns, this results in a different calculation of the hamming
bits.
The last 5 bits represent the hamming code used for bit error-correction. To calculate the hamming bits (called parity bits in this report), they must be integrated
into the bytes. Every power of 2 bits, i.e 1,2,4,8..., will be a parity bit [7]. The
number of bits affecting the parity bit is equal to the position of the bit, though
the pattern is recursive. For example, the bits affecting the parity bit at position
4 are bits 4-7, 12-15 and so on. The number of parity bits required can be seen in
table 3.3. If the number of data bits are between two values, the number of parity
bits are equal to the value of the higher data bit number, i.e. 8 data bits require 4
parity bits as 11 are the next threshold of data bits. If the number of affecting bits
that are high is even, the parity value is 0 and if the number of affecting bits that
are high is odd, the value of the parity bit is 1.

Table 3.3: Hamming Code number of parity bits
Number of Parity bits
2
3
4
5
..
.

Number of data bits
1
4
11
26
..
.

Total bits
3
7
15
31
..
.

m

k =2m -m-1

n =k+m

According to Table 3.3, as the system uses 15 bits of data, 5 bits is needed for parity.
Table 3.4 displays the bit representations.
Table 3.4: Hamming Code of 15 bit data
T2
p1
p2
p3
p4
p5

T1
x
x

S

A12
x

x

x
x

x

x

P5

A11
x
x
x
x

A10
x
x
x

A9
x

A8

x
x

x
x

A7
x
x

A6

x

x

A5
x

x

P4

A4
x
x
x

A3
x
x

A2
x

P3

A1
x
x

P2

x

x

x

The second part of the software used in the IR-Scanners handles the IR transmissions. A message is initiated by a high signal for 60 microseconds then low for 30
microseconds. Thereafter, the bit-rate will be equal to half of the time of the high
start signal. When every bit has been transmitted, the stepper motor proceeds one
step and sends the next message. This is repeated for all steps, one motor at a time.
The last part of the transmission occurs when both sweeps have been completed. After that, the IR-scanner contacts the control system and informs it that the current
session is complete. A flow chart of the procedure is seen in Fig 3.10.
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Figure 3.10: Flow Chart of IR Scanner

3.3

Control System

For the system to work, a control system is required. The control system provide the
AGV with desired x- and y-coordinate for positioning and information about the IRscanners positions which is required for localisation. Furthermore, it synchronizes
the IR-Scanners by informing which beacon is to sweep next. The control system
implementation will not be discussed more as it is not an area of focus in the project.

3.4

Implementation of Kalman Filter

The implementation of the Kalman Filter (KF) is aimed at a micro-controller application. Therefore, it is important that the filter is not computationally heavy.
Although the filter is simple and does not guarantee high accuracy estimations, it is
sufficient to show proof of concept. The implemented filter was first verified using
simulations in MATLAB before it was ported to the actual system in C++. In
order to port the filter to the ESP32 as a class in C++, a library to handle matrix
operations called BasicLinearAlgebra, by Tom Stewart was used[20]. The final implementation is attached in Appendix A.
As previously mentioned, KF works in a two phase-principle. First a model of
the system is applied that estimates the new position and velocity of the AGV.
In the second stage, the update phase, the measurements from the IR-Scanners are
taken into account to correct any errors present in the position and velocity estimate.
To model this, the state of the AGV is represented by the state vector x̂k and
an accompanying covariance matrix Pk :

 2
 
σp
σ pv
p
P =
x̂k =
v k
σ vp
σ 2v
As stated in the section 2.3.1, the necessary relations of the predict phase are given
by the following equations:
x̂k = Ak x̂k−1 + Bk ~uk + w
~k
Pk = Ak Pk−1 ATk + Qk
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Qk determines how much trust to put in the prediction model versus the updated
estimate using the Kalman Gain. Because of the uncertainties in this simple model,
this variable was fit intuitively. The foremost uncertainty is the variation of the
accelerometer.
Because the AGV can move freely in any direction using the omni-directional drive,
the model can rely on accelerometer data alone as input, uk . The state transition
matrix, Ak , and the control matrix, Bk used to model the prediction is based on the
standard kinematics equations, (2.3.5) and (2.3.6):

 2 

dt /2
1
dt
Bk =
Ak =
dt
0
1
As mentioned in Section 2.3.1, the update phase uses the following equations:
′

x̂k = x̂k + K(~zk − Hk x̂k )
′

Pk = Pk − K(Hk Pk HkT + Rk )
K=

Pk HkT
Hk Pk HkT + Rk

This is where the sensor fusion takes place and the IR-measurements are used to reset
the accumulated error of the IMU. In this KF implementation, zk is the IR-Scanner
measurement updates:
 
p
zk = IR
vIR
Rk holds the error of the IR-Scanner measurements and was set using test results
that reveals the IR-systems error characteristics. Because the IR-Scanner has a much
lower update frequency than the IMU, the update phase is only executed when a
new scanner measurement is available. In the MATLAB implementation this is done
by only updating the Kalman Filter loop with IR-measurements every 80 ms. In
the C++ implementation the update phase of the Kalman Filter is only called upon
successfully deciphered IR-sensor messages from the horizontal and vertical sweep.
Once the update phase has been executed, the updated estimates are fed back as
the previous estimate into the prediction phase.
Because the input measurements from the IR-scanner is a 2x1 vector with the same
parameters as the state vector, the observation matrix, Hk , becomes a 2x2 identity
matrix:


1
0
Hk =
0
1
The result from the model implementation in MATLAB and C++ are presented in
chapter 4.
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System Tests and Result
This chapter presents the tests used to evaluate the systems performance and an
economics presentation of the systems costs. In the upcoming sections, each test
will be described followed by the test results. Moreover, all tests will fall under one
or two different categories - test of robustness or accuracy.

4.1

Robustness

The robustness tests cover a lot of aspects, from noise susceptibility to hardware
limitations. In short, the robustness tests investigate stability and limitations. It
is important to pinpoint any errors that might occur because of lack of system
robustness before testing accuracy. Falling short in some of the upcoming tests
could have a significant impact on the system accuracy.

4.1.1

Susceptibility to External Lightning

As this system is aimed to be installed in indoor environments such as factories, warehouses and supermarkets, it is highly probable that the receivers will be exposed to
different types of light sources. IR-communication has a reputation of being easily
disturbed by sun and indoor light since many light sources have a spectrum that
includes the IR-wavelengths. By modulating the signal with error correction and
applying a filter, this was expected to be neglected. However, to reassure that these
precautions were enough to avoid the issue, a set of tests we conducted.
To test the receivers susceptibility to external lightning, the most common light
sources - halogen lamps, energy saving lamps (ESL) such as fluorescent tubes lights,
LED’s and sun light through windows - were directed directly at the receiver at
different distances. Table 4.1 presents the result:
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Table 4.1: IR-receivers susceptibility to external light sources
Halogen
Distance
0.5 m
1m
1.5 m
2m
2.5 m
Distance
0.5 m
1m
1.5 m
2m
2.5 m
Distance
0.5 m
1m
1.5 m
2m
2.5 m

Lux
280
110
70
40
20

Effect
Interrupts com.
Interrupts com.
Interrupts com.
Occasional interference
Unaffected
ESL
Lux
Effect
200
Unaffected
96
Unaffected
50
Unaffected
39
Unaffected
28
Unaffected
White LED
Lux
Effect
300
Unaffected
211
Unaffected
109
Unaffected
64
Unaffected
31
Unaffected

As a result of the daylight-blocking filter of the photodiodes, the IR-communication
was unaffected while a receiver was placed directly in the sunlight through office
windows. Furthermore, most windows act as filters which removes most of the IRlight present in sunlight.
As can be seen from the test result, halogen lamps affects the receiver while neither
ESL nor LED affect receiver. This becomes obvious if the spectra for the different
light sources is examined, see Fig 4.1. The wavelength of halogen lamp light peaks
at the used wavelength bandwidth of the photodiodes, while the wavelength of the
ESL and LED peaks at approximately 200 nm below.

Figure 4.1: Spectra of different light sources
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Even though halogen lamps interfere with the receivers, the range is quite limited.
If the illumination would be high, the signals from the IR scanner would be ignored
because of the error correction. Instead the AGV would solely rely on the IMU data
until contact with the beacons is reestablished. Moreover, the new EU regulations
states that no new installation of power grid driven indoor lightning can be halogen
lamps [3], which dismisses the issue altogether.

4.1.2

IR-Communication Range

Because the laser is distributed over a thin line, the power will dissipate much more
quickly than if the laser was focused to a single point. This could become a problem at longer distances since the signal will no longer be distinguishable from the
noise floor. To test the range and investigate the signal integrity, a static receiver
was placed at known distances from the IR-Scanner and probed with an oscilloscope.
From 0-2100 mm the received signal has the appearance presented in Fig 4.2 and
4.3, where Fig 4.2 shows the output of the trans-impedance amplification circuit
and Fig 4.3 shows the final processed signal:

Figure 4.2: Trans-impedance amplification circuit output at 1600 mm
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Figure 4.3: Output of the IR-receiver circuit at 1600 mm
At a distance beyond 2100 mm the signal becomes less and less distinguishable from
the noise floor, see Fig 4.4 and Fig 4.5.

Figure 4.4: Trans-impedance amplification circuit output at 2300 mm
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Figure 4.5: Output of the IR-receiver circuit at 2300 mm
At a distance of approximately 2500 mm the received signal is distorted to the point
where it is undecipherable.
The range of the IR beacons is determined by two aspects - the power output of the
laser modules and the signal processing of the IR-receiver. As can be seen from the
test result, the current prototypes range is too short for any practical implementation in larger indoor environments. The specified power output of the laser module
specified by the re-seller is unreliable considering it is designed to be cheap and not
for high quality nor performance. It is probable that the power emitted is less than
5 mW. Increasing the power output of the laser without taking proper precautions
would result in a violation against the Radiation Act. In an further development of
this project, high qualitative laser diodes should be used.

4.1.3

Communication Speed

Two factors impact the total update frequency of the IR-Scanner sweep motions the time it takes for the stepper motors to perform the micro-steps and the time it
takes to send each IR-message.
The time it takes for the stepper motors to execute one step is approximately 115
us, see Fig 4.6. Hence, a complete IR-Scanner sweep of 1200 steps takes roughly
138 ms.
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Figure 4.6: Micro-step duration
To test the maximum communication speed of the IR system, the transmission
frequency was increased while the receiver was probed with an oscilloscope. Figure
4.7, 4.8 and 4.9 shows the result.

Figure 4.7: Output of the IR-receiver at 40 kHz
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Figure 4.8: Output of the IR-receiver at 66 kHz

Figure 4.9: Output of the IR-receiver at 100 kHz
Evident from the test, at frequencies above 40 kHz the signal becomes distorted beyond recognition. As a result, the duration to complete all transmissions is limited
to this frequency. At 40 kHz, each transmission takes 575 us (20 BITs * 25us + a
75 us interrupt trigger pulse), resulting in a total of 690 milliseconds to complete all
1200 steps.
The sum total then becomes the duration of all micro-steps and IR-transmissions,
828 milliseconds (1.2 Hz).
Inside the laser module is an internal control unit is used to turn the lasers off
and on. This circuit also includes a capacitor that limits the charge and discharge
rate of the laser diode. Hence, the fall time of the laser becomes rather slow. The
tests show that the maximum frequency becomes approximately 40 kHz before the
IR-signal becomes undecipherable. At first, a viable solution to this issue would
seem to remove the control chip altogether and control the laser diode directly.
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However, this could drastically decrease the lasers life-time if a control circuit is
designed properly.

4.2

Accuracy

To examine the accuracy of the system multiple tests were performed - first for each
constituent and then for the system as a whole. The reasoning behind testing the
subsystems individually is to pinpoint and eliminate deriving errors.

4.2.1

IR-system

The test of the IR-system accuracy was performed by placing the AGV at different
known distances from the IR-scanner and then observe how much it differs from the
IR system measurements. The distance was iterated between 20 cm to 90 cm with
steps of 10 cm. During the test the IR-Scanner was placed at a height of 80 cm and
angled 45 °facing the floor.
Figure 4.10, presents the result of the measurements. Both x and y have nearly
identical errors and are therefore represented by the same figure.

Figure 4.10: IR-System positional error
The precision of the IR beacons is high given that the position of the beacon itself
is precisely determined. The angle of the scanners has to start at a predetermined
starting point and the scanners height used to calculate the position have to be
accurate and so on. Seen in the result, the IR-Scanners achieve the desired accuracy
of ± 3cm. It is worth mentioning that during the conduction of this test, the beacon
height was obtained using a measuring tape. With more precise instruments it is
highly probable that the accuracy would increase.

4.2.2

IMU

To test the accuracy of the IMU, the AGV was dragged known distances in the x
and y direction and the displacement was estimated using the Euler method. A new
iteration of the test was conducted for each direction while increasing the distance 10
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cm, starting at 20 cm and ending at 100 cm. The sample rate of the accelerometer
was set to 100 Hz.

Figure 4.11: Deviation using the accelerometer
At first, the accuracy of the accelerometer seems surprisingly good when measured
in one direction. The error accumulation is reasonable and the displacement can
be approximated within approximately ± 5 cm. However, this accuracy is not true
when measuring the estimated movement error in the y-direction when the AGV
was moved directly in the x-direction, see Fig 4.12.

Figure 4.12: Deviation in y when testing the accuracy of x
The error is approximately ± 2 cm. As opposed to the error presented in Fig 4.11,
this error is not countered by any deacceleration and will accumulate more quickly
over time.

4.2.3

Kalman Filter

The MATLAB model of the KF implementation uses pseudo-random error values
for the noise covariance matrix, Q. The covariance matrix, P , and the sensor noise
covariance matrix, R, holds the standard deviations of the accelerometer and IRScanner obtained from the previously mentioned system tests. Figure 4.13 shows the
result of the Kalman Filter tracing a simulated movement in the x direction. The
accelerometer measurements were assigned with a noise coefficient between 0 and
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0,491 (variance times gravity) and the simulated IR-measurements were assigned
with a random inaccuracy between 0 and 0.2.

Figure 4.13: Kalman filter simulated in MATLAB
In the top plots of figure 4.13, the time between IR measurements is set to 800 ms.
The bottom plots simulate a scenario where the AGV does not get any updates
from the IR system for longer periods of time (16 seconds). This serves the purpose
to illustrate the systems performance if an obstacle blocks the line-of-sight between
the receiver and the IR-Scanners. The two rightmost figures have a high process
noise covariance, Q. Meaning, the system trusts the IR-Sensor input more than the
prediction based on the physical model.
Upon completion of all simulation tests, the KF implemented on the AGV was
tested. The test was performed by running the AGV in a pentagon- and square-like
motion with a high- and low valued noise covariance matrix respectively. Figure
4.14 presents one of the test set-ups while 4.15 and 4.16 present the results.

Figure 4.14: Kalman Filter square motion test set-up
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Figure 4.15: Kalman Filter output with high model trust factor. The axis show
mm.

Figure 4.16: Kalman Filter output with high IR-Scanner measurement trust factor. The axis show mm.
The performance of the KF is highly dependent on two factors - the update frequency of the IR-system updates and the deviation in the position estimate of the
IMU data. Given that most trust is put in the IR-measurements the Kalman Filter
works well, as shown in the result of Fig 4.16. However, the slow update of the IR
beacons makes the deviation of the IMU even more prominent. The accuracy fluctuates along with how accurate the IMU is, which in turn depends on how much sensor
noise is present. It is our presumption that the high error present in the Kalman
Filter is due to the error shown in Fig 4.12. The IMU tends to sense movements in x
while only travelling in the y direction that is not countered by any deacceleration.
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This is further evident in the Kalman Filter result of Fig 4.15. Similar to the error
if Fig 4.11, the Kalman Filter estimates based on the IMU data will dart in the
x-direction while the AGV is travelling in the y-direction and vice versa.
In the final filter implementation the precision is mostly inherited from the IRScanners. Because the filter estimations are heavily based on the last IR-Scanner
measurement the precision of the filter estimation is ± 3 cm.

4.3

Economics

This section presents the cost of the IR-Scanners and receivers. The cost of the
various components of the AGV will not be shown. The reason for this is that the
AGV only serves as a substitute to show the working principle of the localisation
system.
In Table 4.2 the cost of each subsystem is presented. This gives a good insight
to what the total cost of complete installation with several beacons would be. Note
that these costs are based on the prices listed by the manufacturer and exclude import tax, shipping cost and value added taxes. Moreover, these costs do not include
the cost of all 3D-printed parts and screws used to assemble the IR-Scanner.
Table 4.2: Subsystem costs
System
IR-Scanner
IR-Receiver

Cost
1118 SEK
36 SEK

A more detailed presentation of the costs of each component used in the two subsystems can be found in Appendix C.
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Chapter 5
Discussion
This chapter is divided into two subsections. The first part will discuss whether or
not the system is reliable for usage in larger indoor environments. The second part
presents future development that could improve the system.

5.1

Applicability

Besides the requirement of careful installation, no major flaws were discovered in the
accuracy of the IR scanner. However, the limitations in range and update frequency
of the IR-laser modules eliminated any possibility of a range test at longer distances
and any test to evaluate if the system is applicable with highly mobile targets. In an
semi-open indoor environment, such as a warehouse, the IR-beacons would require
a range of more than 10 meters.
One advantage with this proposed IR-based beacon system is that the cost is comparatively low to the the other localisation solutions with the same precision. For
example, a LiDAR solution use high-end special hardware which results in an accuracy of ± 1 cm at a cost ranging from 2400 SEK to 4000 SEK [4]. Moreover,
a LiDAR only enables positioning for one unit while this prototype system can be
utilized by an unlimited number of users. Furthermore, of the three most common
indoor light sources, the receivers are only noise susceptible to halogen lights at close
range.
Although the IR beacon system shows promise, the prototype system in its current state is not reliable enough for any large scale indoor positioning. The error
accumulation of the IMU is too great at the current update frequency of the beacons.
As a result, the Kalman Filter does not distinctly improve the accuracy. However,
it does show proof of concept. In the result of Fig. 4.16 the AGV relies on the
IMU between the IR measurements but still heavily trust in the last measurement
of the IR beacons. Furthermore, the system show no indication of a short life-time
or malfunctioning when operating nonstop for hours. However, to properly test this,
measurements should be conducted that investigates wear and tear from long-term
operation. Conclusively, the system could work with the right improvements.
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5.2

Improvements and Future Development

Because the IMU has a rapid error accumulation in the perpendicular direction of
its trajectory, any prediction based solely on the accelerometer data is highly unreliable. A study of different accelerometers performance should be conducted to find
the most fitting option for this system. This should yield more precise and accurate
measurements. Another improvement could be to implement a more sophisticated
approximation method than the Euler method, such as runge-kutta.
To improve the sensor fusion, a better Baysian filter has to be implemented, which
deals with the nonlinearity of the errors. An Extended Kalman Filter would be optimal, as it does not remarkably increase the required computation power and also
accounts for nonlinearities. Another improvement would be to add the the motor
drive to the model, which could help reduce the induced errors of the IMU.
An additional improvement would be to add more stages to the receiver circuit.
A Schmitt-trigger could be added to the final stage of the circuit and add noise
suppression filters. This would help reduce effect from the rise and fall times of
the received signal, seen in i.e. Fig 4.5, and preserve signal integrity. The high-pass
filter could be exchanged to a band-pass filter. This would make the receiver less
noise susceptible while it also allow a higher gain in the final amplification stage. To
improve the receiver further, different filters for different light wavelengths could be
used with a separate micro controller for each receiver, see Fig. 5.1. This makes it
possible to run multiple IR beacons simultaneously without risking any interference.

Figure 5.1: Alternative IR-Receiver
The next improvement that could enhance the prototype’s performance is increased
communication speed. The current micro-step duration of the stepper motors is 115
µs. Though this time cannot be decreased without damaging the stepper motors
in the long run, there are possible solutions. For example, an array of laser could
theoretically decrease the number of steps required for a full sweep see Fig 5.2.

Figure 5.2: Multiple IR transmitters
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If n number of laser modules were placed with a delta angle relative to each other,
the number of steps follows (5.2.1a). This would result in a time reduction equal to
(5.2.1b). Where θ represents angle, α represents steps and t represents time.
θtot = nθsub →
− αtot = nαsub →
− αsub =

αtot
n

(5.2.1a)

ttot
(5.2.1b)
n
In a future study of this work, it would be interesting to implement the IR beacons
using DC motors and mirrors. In this type of solution, the laser would be stationary
and a brush-less DC motor fitted with a network of mirrors would rotate at a fixed
angular velocity. Of course, this introduces need of an accurate regulation of the
angular velocity and the timing of the IR-transmissions. However, in theory this
could substantially increase the update frequency of the IR beacons.
ttot = αtot ∗ ts = nαsub ∗ ts →
− tsub = αsub ∗ ts =
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Chapter 6
Conclusion
Different indoor localisation applications require different considerations. The most
important factors are the user application, environment characteristics, cost and
computational power available. The localisation technique proposed in this thesis is
aimed to be low cost, precise, scalable and only require the computational power of
a standard micro-controller.
With the hardware used in this prototype, the limitations in regards of range,
communication-speed and update frequency makes it unpractical. On the other
hand, the simulations and real tests show that the IR-beacons and receivers alone
yield the target precision of ± 3cm while using low-cost components and processors.
The total cost of a single IR-Scanner and receiver is approximately 1100:- SEK and
40:- SEK respectively. The system shows no indication of having a short life-time.
However, the scanners are constantly sweeping lasers using motors, which usually
accelerate wear and tear.
One drawback of the system being beacon-based is that careful installation and
regular service of the IR-Scanners is essential to assure high precision. However,
one great advantage of this beacon-based system is that an unlimited number of
users can utilize the system. The only requirement is frequent line-of-sight. This
makes the system optimal for installation is large indoor environments where many
autonomous robots cooperate.
Regarding the localisation estimation method, a standard Kalman Filter solution
shows not to be a sufficient estimator in terms of the accuracy and precision in its
current application. In order to improve the precision of this system it is most likely
necessary to account for the nonlinear errors present in the IMU measurements. This
is not possible without implementing an Extended- or Unscented Kalman Filter or
another estimator altogether. On the other hand, the computational requirements
are very low which allows the ESP32 to run the estimation calculations at high
speed. Conclusively, the localisation procedure can run at very short intervals while
yielding a high enough precision to show proof of concept.
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Appendix A
Header files
AGV
AGV Functions
#include <SparkFunMPU9250-DMP.h>
#define GRAVITY 9.82
#define NUMBER_OF_LEDS 3
//Pins for all the LEDS
#define LED_PIN_1 0
#define LED_PIN_2 0
#define LED_PIN_3 0
//Motor 1: m1
#define ANGLE_MOTOR_ONE 0
#define M1_PWM_1 0
#define M1_PWM_2 0
//Motor 2: m2
#define ANGLE_MOTOR_TWO 0
#define M2_PWM_1 0
#define M2_PWM_2 0
//Motor 3: m3
#define ANGLE_MOTOR_THREE 0
#define M3_PWM_1 0
#define M3_PWM_2 0
typedef struct {bool on; int pin;} Led;
/*
*Variables
*
int pwm_pin1: First pin of H-bridge
*
int pwm_pin2: Second pin of H-bridge
*
int velocity; The angular velocity of the motor in % [0 100]
*
bool direction; Spin direction
*
int angle; Angle of the wheel
*/
typedef struct {
int pwm_pin1;
uint8_t channel_1;
int pwm_pin2;
uint8_t channel_2;
int velocity;
bool direction;
int angle;
} Motor;
/*
*Variables
*
int no_leds: Number of LED:s on the AGV
*
Led led[NUMBER_OF_LEDS]: Array containing all LEDs. (Led: (bool on, int pin))
*/
typedef struct{
int no_leds;
Led led[NUMBER_OF_LEDS];
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} LED_struct;
/*
*Variables
*
WiFiClient: class for TCP connection using arduino-esp32 library
https://github.com/espressif/arduino-esp32/tree/master/libraries/WiFi
commit: ea043cd
*
String: container for message from server
*/
typedef struct {
WiFiClient client;
String message;
} communication;
/*
*Variables
*
Motor m1,m2,m3:
*
LED_struct leds:
*
MPU9250_DMP imu:

*
float imu_ax_cal:
*
float imu_ay_cal;
*
float imu_ax;
*
float imu_ay;
*/
struct AGV_functions{

Motor objects. one for each motor
LED object for controlling the LEDs
IMU class object, using SparkFun_MPU-9250-DMP_Arduino_Library.
https://github.com/sparkfun/SparkFun_MPU-9250-DMP_Arduino_Library
commit: 20d777e
bias of the accelerometer in x
bias of the accelerometer in y
Acceleration value in x, m/s^2. Update by calling update_IMU();
Acceleration value in y, m/s^2. Update by calling update_IMU();

Motor m1;
Motor m2;
Motor m3;
LED_struct leds;
communication com;
MPU9250_DMP imu;
float
float
float
float

imu_ax_cal;
imu_ay_cal;
imu_ax;
imu_ay;

};
extern struct AGV_functions AGV_F;
/** INIT **/
//Initializes all the function (IMU, Motors and LEDs)
void AGV_functions_init();
//Initializes all PWM pins for the motors
void pwm_init();
//Initializes WIFI and setup for TCP connection
//*Param: int, Wifi init mode
void WiFi_init(int init_config);
/** IMU FUNCTIONS **/
/* ****
*Param: None
*Func: Updates values from the IMU and puts them in imu_ax and imu_ay;
*Retval:bool, true if new values, false if no new values
****** */
bool update_IMU();
/** LED FUNCTIONS **/
/* ****
*Param: bool, state of the
int, number of the
*Func: Set a specific LED
*Retval:None
***** */
void set_level(bool onoff,

LED
LED that should be toggled
to true or false to turn it on or off

int led_number);
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/* ****
*Param: bool, state of the
Led, The struct of
*Func: Set a specific LED
*Retval:None
****** */
void set_level(bool onoff,

LED
the LED that should be changed
to true or false to turn it on or off

Led l);

/* ****
*Param: Led, The struct of the LED that should be toggled
*Func: Set a LED off if it is on and vice versa
*Retval:None
****** */
void toggle_led(Led l);
/** MOTOR FUNCTIONS **/
/* ****
*Param: Motor, Motor that should change velocity
vel, optional, Speed to be change to [0 100]
if velocity not provided set old velocity
*Func: Updates the motor to the new speed
(Also used to change direction therefore optional vel param)
*Retval:None
***** */
void set_speed(Motor m, int vel);
/* ****
*Param: Motor, Motor that should change direction
bool, Direction 0 - backward 1 - Forward
bool, Whether to update the motor to new values
*Func: Changes spin direction to specified direction
*Retval: -1 if BACKWARDS, 1 if FORWARDS
****** */
int8_t set_direction(Motor m, bool dir, bool updateSpeed);
/* ****
*Param: Motor, Motor that should change direction
*Func: Change the spin direction to opposite direction
*Retval:None
****** */
void change_direction(Motor m);
/* ****
*Param: int, speed in x dir
int, speed in y dir
*Func: Calculated the speed of each motor to drive in desired x and y speed
*Retval:None
****** */
void calculate_speed(int speed_x, int speed_y);
/* ****
*Param: unint8_t, pwm channel
uint32_t, Duty cycle (Standard [1 255])
uint32_t, Optinal, roof of duty cycle value
*Func: Set PWM duty cycle of the desired channel
*Retval:None
****** */
void ledcAnalogWrite(uint8_t channel, uint32_t value, uint32_t valueMax=255);
/** COMMUNICATIONS **/
/* ****
*Param: None
*Func: Rectrieves message from socket, stored in communciation.string
*Retval:bool, if a message was recieved or not
****** */
bool WIFI_get_message();
/* ****
*Param: byte* , Byte array containing all values that should be sent
*Func: Sends a message to the control system
*Retval:None
****** */
void WIFI_send_message(byte* send_arr);
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/* ****
*Param: None
*Func: Handles the message recieved from the control system
*Retval:None
****** */
void handle_message();

Positional Functions
#include "defines.h"
/*
*Variables
*
int x,y, position of the IR scanner
*
int h, height of IR scanner
*
float angle_to_x, angle of IR tower relative to x-axis
* uint32_t measurement[2], container of the angle values recieved
* uint8_t no_measurments[2], How many measurements recieved since last position calculation
*/
struct IR_scanner {
//Scanner properties
int x;
int y;
int h;
float angle_to_x;
//Sensor values
uint32_t measurement[2];
uint8_t no_measurments[2];
};
/*
*Variables
*
float x,y, position in each axis
*
float previous_x, previous_y, previous position
*
int timer, time-stamp of when values are received
*
int previous_timer, time-stamp of when previous values were recieved
*
float vx, vy, velocity in each axis
*/
struct AGV_IR_properties {
float x;
float y;
float previous_x;
float previous_y;
int timer;
int previous_timer;
float vx, vy;
};
/*
*Variables
*
float x, y: position
*
float vx,vy: velocity
*/
struct AGV_position {
float x, y;
float vx, vy;
};
extern struct IR_scanner scanners[];
extern struct AGV_IR_properties AGV_IR;
extern struct AGV_position AGV;
/* ****
*Param: uint32_t, message recieved from the IR Scanner
*Func: Calculates the Hamming code
*Retval:uint8_t, the 5 bits of the hamming code as bit 1-5
****** */
uint8_t Hamming_code(uint32_t value);
/* ****
*Param: int16_t*, containter for the position
IR_scanner, The Scanner struct containing the values
*Func: Calculates the position from angles
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*Retval:None
****** */
void Position(int16_t* pos, struct IR_scanner* scan);
/* ****
*Param: int, height of scanner
int, position x of scanner
int, position y of scanner
float, the angle of the scanner relative to x-axis
*Func: Adds a new scanner and makes it possible to recieve values from it
*Retval:None
****** */
void add_scanner(int h, int px, int py, float angle);
/* ****
*Param: uint32_t, message recived from the scanner
int16_t*, containter for the position
*Func: Decipher message and position if possible
*Retval:True if new a position has been calculate else false
****** */
bool decipherMessage(uint32_t message, int16_t *pos);

void calc_complementary();

Kalman
#include "BasicLinearAlgebra.h"
// 2 by 2 matrix
typedef BLA::Matrix<2, 2> Mat;
// 2 object long vector
typedef BLA::Matrix<2> Vec;

/* *********
* Using the library BasicLinearAlgebra for matrix operatorions
* By tomstewart89
* Git https://github.com/tomstewart89/BasicLinearAlgebra
* Commit ac663df
* *********/
class Kalman {
public:
/* ****
*Param: float*. Sensor noise covariance matrix elements
*Func: Constructor
*Retval:None
****** */
Kalman(float *R_arr);
/* ****
*Param: float, time since last calculation
*Func: Predicts a new estimate using
the model based on accelerometer data
*Retval:None
****** */
void predict(float dt);
/* ****
*Param: None
*Func: Compare estimated state with sensor values
and update the estimates accordingly
*Retval:None
****** */
void update();
/* ****
*Param: float, accelerometer measurements
*Func: Set variable u to accelerometer data
*Retval:None
****** */
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void set_imu_meas(float acc);
/* ****
*Param: float, position from the IR system
float, velocity from the IR system
*Func: Adds new sensor values to the z vector
*Retval:None
****** */
void set_IR_meas(float pos, float vel);
/* ****
*Param: float, initial position
*Func: Set the initial position
*Retval:None
****** */
void set_init_pos(float pos);
/* ****
*Param: None
*Func: get current esitmated position
*Retval:float, current position
****** */
float get_pos();
/* ****
*Param: None
*Func: Get current estimated velocity
*Retval:float, current velocity
****** */
float get_vel();
private:
/* **********
* VARIABLES *
*********** */
Vec X; //State vector that holds position and velocity
Mat P; //Error covariance matrix
Mat Q; //Process noise covariance matrix
Mat A; //Transistion state matrix
Mat K; //Kalman gain matrix
Vec B; //Control Vector
Mat R; //Sensor noise covariance matrix
Vec z; //Sensor measurements
BLA::Matrix<1> u;

//Accelerometer reading

static const Mat I; // Identity Matrix
static const Mat H;
//Observation model matrix
static const Mat H_t; //Transpose of Obs.mod. matrix
};

IR Scanner
#include "defines.h"
/*
*Variables
*
WiFiClient: class for TCP connection using arduino-esp32 library
https://github.com/espressif/arduino-esp32/tree/master/libraries/WiFi
commit: ea043cd
*
String: container for message from server
*/
typedef struct {
WiFiClient client;
String message;
} communication;
/*
*Variables
*
uint32_t init_steps; How many steps from uswitch to starting position
*
uint32_t laser; laser pin;
*
uint32_t dir; Spin direction pin of the stepmotor;

65

APPENDIX A. HEADER FILES

*
uint32_t step; Step pin of the stepmotor;
*
uint32_t uSwitch; uSwitch pin;
* uint32_t ms1; microstep controller pin 1;
* uint32_t ms2; microstep controller pin 2;
* bool dir_var; Which direction the step motor rotates
*/
struct Laser {
//Start position from uSwtich click
uint32_t init_steps;
//Pins
uint32_t laser;
uint32_t dir;
uint32_t step;
uint32_t uSwitch;
uint32_t ms1;
uint32_t ms2;
//Which direction stepmotor moves
bool dir_var = false;
};
extern struct Laser laserModule_1;
extern struct Laser laserModule_2;
extern communication com;
/** INIT **/
void laserInit();
//Initializes WIFI and setup for TCP connection
//*Param: int, Wifi init mode
void WiFi_init(int init_config);
/* ****
*Param: Laser* , laser module
*Func: Configures all pins and put in right mode
*Retval:None
****** */
void setup_step_motor(struct Laser* l);
/** TRANSMIT **/
/* ****
*Param: Laser* , laser module that should transmitt
uint32_t, Values that will be transmitted
*Func: Makes the IR send a specific message
*Retval:None
****** */
void sendIr(struct Laser* l, uint32_t val);
/* ****
*Param: uint32_t, message that should be sent
*Func: Calculates the Hamming code
*Retval:uint8_t, the 5 bits of the hamming code as bit 1-5
****** */
uint8_t Hamming_code(uint32_t value);
/** MOTOR **/
/* ****
*Param: Laser* , laser module that should take a step
*Func: It makes the step motor take a step
*Retval:None
****** */
void take_step( struct Laser* l);
/* ****
*Param: Laser* , laser module that should change direction
*Func: It makes the step motor change the spin direction
*Retval:None
****** */
void change_direction(struct Laser* l);
/** COMMUNICATION **/
/* ****
*Param: None
*Func: Rectrieves message from socket, stored in communciation.string
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*Retval:bool, if a message was recieved or not
****** */
bool WIFI_get_message();
/* ****
*Param: byte* , Byte array containing all values that should be sent
*Func: Sends a message to the control system
*Retval:None
****** */
void WIFI_send_message(byte* send_arr);
/* ****
*Param: None
*Func: Handles the message recieved from the control system
*Retval:None
****** */
void handle_message();
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TCP Protocol
W means write and is used to update values. R means read and is used to request
values. A message is written by adding each letter in a string. The first letter
represents ”title function” , i.e Position, IMU, Kalman and so on. The second letter
is the first column and so on. To contact the AGV from the control system and
updating the desired position, the following message should be sent. PRWXY
Where X and Y are the coordinates of the new position. Each is one byte

Control System to AGV
Message layout from when the control system send a message to the AGV. Every
letter are the ascii values. For the IMU, the hex value of the axises have been given
in parentheses.
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Control system to AGV Wi-Fi communication protocol
Letter to send
Representation/Function
P - Position
R/W
C
Current, Read-only
R
Requested
W
XY
2bytes(X 1byte, Y 1 byte)
R
I - IMU
Read-only
A
Accelerometer
X
X -values (0x58)
Y
Y-values (0x59)
Z
Z-values (0x5a)
[
XY-values(0x5b)
/
XZ-values(0x5c)
]
YZ-values(0x5d)
ˆ
XYZ-values(0x5e)
G
Gyroscope, same as accelerometer. X-Pitch, Y-Yaw, Z-Roll
M
Magnetometer, same as accelerometer
L - LEDs
R/W. 3 LEDs are used in project but 8 are available to be used
R
W
v
1 bit represent 1 LED. If bit high → on, bit low →off
1
LED1, not sent. Represented in v
2
LED2, not sent. Represented in v
..
.
128
K - Kalman

LED8, not sent. Represented in v
Read-only
P-matrix

T- Terminate
C- Continue

Stops all actions from the AGV
Only available if terminate has been called

P
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AGV to Control System
Message layout from when the AGV send a message to the control system. A
message sent as a response to a requested value will be represented by an ’A’ in
the ”Representation/Function” column. The message from the AGV to the control
system will be write-only as the AGV will not request anything from the control
system.
P - Position
XY
I - IMU
A
X
X
Y
Y
Z
Z
[
XY
/
XZ
]
YZ
ˆ
XYZ
G
M
L - LED
v

A
Four bytes, represented as floats
A
Accelerometer
X -values (0x58)
Four bytes
Y-values (0x59)
Z-values (0x5a)
XY-values(0x5b)
Four bytes for each values
XZ-values(0x5c)
Four bytes for each values
YZ-values(0x5d)
Four bytes for each values
XYZ-values(0x5e)
Four bytes for each values
Gyroscope, same as accelerometer. X-Pitch, Y-Yaw, Z-Roll
Magnetometer, same as accelerometer
A

Caption
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Appendix C
Detailed Economics

Figure C.1: Cost of all IR-System components
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Appendix D
Schematics
The following figures show the schematics of the IR-Scanner and AGV.
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