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Abstract

This thesis investigates and evaluates different control strategies for automating the
alignment of laser beams in high-precision measurement systems, specifically within
Easy-Laser’s XT20 platform. The aim is to replace the manual adjustment process with
an automated system capable of aligning a laser beam with a Position Sensitive Device
(PSD) and estimating the relative distance between the transmitter and detector. A
comprehensive system model incorporating a brushed DC motor and its mechanical
interface is developed. Both physical modeling and system identification techniques are
employed, followed by the design and implementation of two control algorithms: cascade
PID and Linear Quadratic Integrator (LQI). The control strategies are compared in terms
of response time, overshoot, steady-state error, and robustness. To improve real-world
performance, the controllers are further enhanced with signal filtering and a feedforward
friction compensator. Experimental results demonstrate that the LQI controller with
feedforward compensation performs best, achieving sub-2 second alignment times. The
thesis also explores methods for detector localization and distance estimation using
the PSD; however, full localization was not achieved. The final solution significantly
improves measurement speed and alignment accuracy, enabling automated laser beam
positioning within 30 seconds—matching the performance of a skilled human operator,
while highlighting key areas for future development.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

ESF Error Shaping Function

LQ Linear Quadratic

LQI Linear Quadratic Integrator

LQR Linear Quadratic Regulator

PID Proportional Integral Derivative controller
PSD Position Sensitive Device
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Nomenclature

Below is the nomenclature of parameters and variables that have been used throughout

this thesis.

Electrical Variables

Terminal voltage (input voltage to the motor)
Armature current

Armature resistance

Armature inductance

Back EMF (electromotive force)

Torque constant

Back EMF constant

Mechanical Variables

Electromagnetic torque
Angular velocity of the motor
Viscous damping coefficient

Rotational inertia

Laser Head and Gear Variables
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WM
WH
Ju
Ja
Ju
by
b
bu
npg

ng

Angular velocity of the motor shaft
Angular velocity of the laser head
Motor inertia

Gear inertia

Laser head inertia

Motor damping coefficient

Gear damping coefficient

Laser head damping coefficient
Gear ratio of the planetary gearbox

Gear ratio to the laser head

State-Space Variables

x

1 =1
To = Op
23 = Oy
uw=Vr
Y
y1=1
Y2 = On

State vector

Current

Angular position of the laser head
Angular velocity of the laser head
Control input (applied voltage)
Output vector

Current

Angular position

State-Space System Matrices

A

B
C
D

System matrix
Input matrix
Output matrix

Direct transmission matrix

Derived Parameters
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1

Introduction

Bad alignment of equipment is one common cause of machine failures, significantly
impacting the environment and interrupting production when repairs or replacements are
needed [1]. According to [1], correct laser alignment could reduce energy consumption
with 3-10 %, guarantee a machine’s longevity and prevent production issues. Easy-Laser
supplies the industry with state-of-the-art measuring devices and, as part of this thesis
project, aims to enhance its current flatness measurement solution by automating the
process of aligning the laser beam with the position sensitive device (PSD).

Figure 1.1: Easy-Laser’s product range used for various alignments. XT22 is used for
flatness and XT'12 provides user-interface functionality.

1.1 Background

Alignment of machinery in industries is of critical importance. The rising demand for
high-quality products and the long lifespan of machinery necessitate precise alignment
and measurement.

The current system in Figure 1.3 is used for measuring the flatness of a planar surface



1. Introduction

up to a radius of 40m. Easy-Laser aims to switch from aligning the laser beam manually
[2] with the finetuning knob in Figure 1.2. The objective is to automate Easy-Lasers’
existing laser-based measuring system Easy-Laser® X'T22 in Figure 1.1.

Figure 1.2: Existing angle fine-tuning adjustment knob.

Easy-Laser has identified the main challenge and time-consuming task of their existing
system as the manual process of aligning the laser beam with the detector [2]. They
plan to solve this by fitting their existing XT20 laser transmitter with an actuator
that can automatically and reliably align the laser beam with the position sensitive
device (PSD) on the laser detector, thus improving flatness measurement in industrial
applications.

Measurement points examples bl

|
Rotary laser transmitter with
integrated actuator

Figure 1.3: llustration of how the system should be used to measure flatness using the
current XT22 hardware. Prone to human errors, the angle 6 is currently set manually
by rotating the laser beam.


https://easylaser.com/en-us/applications/flatness

1. Introduction

1.2 Aim

The objective of this project is to automatically localize the laser detector and align the
laser beam with the Position Sensitive Device (PSD), as illustrated in Figure 1.3. This
will be accomplished using appropriate control algorithms. The system is also expected
to calculate the relative distance and angular position of the detector unit by using the
existing hardware and sensor configuration.

The aim of this thesis is to develop a reliable and high-performing control system
that minimizes alignment time, misalignment, and measurement sampling time. As
mentioned in 1.1, this will play a critical role in improving both the efficiency and user
experience of the company’s laser-based measurement systems. The primary focus is to
ensure precise alignment of the laser beam with the PSD, while the secondary goal is to
calculate the distance between the transmitter and the PSD.

The system should perform as well as a human operator, that is localizing the detector
unit, positioning the laser beam on the detector and take a measurement sample no
longer than 30(s].

1.3 Limitations, Boundaries and Assumptions

This thesis assumes that the PSD is stationary and oriented orthogonally to the laser
beam. This implies that the detector unit is positioned tangentially to the laser’s
scanning circle, as illustrated in figure 1.4. The development of tracking algorithms for
the detector after the initial detection event is outside the scope of this work and will
not be considered.

®
PSD

m
La‘l“wa & .

XT70 Detector Unit

Figure 1.4: The PSD element is assumed to be perfectly orthogonal with the laser
beam. This is not the case in the real life application.
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The objective will be accomplished utilizing existing sensors and hardware provided by
the host company. The sensors that will be used includes a rotary encoder [3], a PSD
on the detector unit, and a current sensor for the brushed DC-motor. No other sensor
will be implemented in this thesis.

The logging function of the hardware limits the sampling frequency to 100[H z] limiting
the possible analysis, since the observation does not include all samples.

1.4 Research Questions

The research questions outlined below summarize the objectives that this thesis seeks to
address and resolve.

RQ1. How do the performances of a cascade PID controller and a Linear Quadratic
controller compare in positioning the laser beam to a given reference angle?

RQ2. How can the Position Sensitive Device (PSD) on the detector unit be utilized
to estimate the relative angle and distance between the detector and the laser
transmitter?

Research Question 1 (RQ1) 1.4 seeks to identify the different control strategies for
aligning the laser beam within +2 mm of the Position Sensitive Device (PSD) center
up to 40[m] which corresponds to an error of 0.05[mm/m]. To achieve this objective,
a mathematical model will be developed to simulate various control strategies. An
experimental setup will be designed to evaluate these strategies, where the controller
will adjust the motor position to achieve a specified alignment angle.

Research Question 2 (RQ2) 1.4 investigates various methods for estimating the relative
angle 6 and the distance L. The focus is on comparing the accuracy of angle and distance
measurement while also considering computational complexity. RQ2 also explores laser
frequency modulation as a method to localize the center of the Position Sensitive Device
(PSD). A quantative approach will be used to evaluate the proposed methods outlined
in the following.

M1. Modulate the laser frequency based on # and estimate the laser frequency in the
detector unit. Convert the estimated frequency back to the reference angle 6.

M2. Instruct the detector module to communicate with the laser transmitter to log
both the initiation and termination angles of the laser beam when it impacts the PSD.
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System Overview and Requirements

This chapter provides a comprehensive overview of the system architecture and
outlines the key functional and performance requirements. It begins by describing
the main components and their roles within the system, followed by an explanation
of the calibration and measurement procedures. Additionally, the chapter defines the
constraints imposed by the existing setup and explains how the improvements proposed
in this thesis contribute to achieving its overall objectives. The goal is to establish a

clear foundation for the design, modeling, and implementation efforts presented in the
subsequent chapters.

v/

‘ XT12 Tablet ‘

-_—

4 d
/ e

— o
—_—

—_—

/Bluetooth

= Z

Bluetooth

XT70 Detector Unit

SER@
XT22 Laser Unit E‘SV-‘-A

Figure 2.1: Overview of the system showing angle 6 to be controlled and distance L to
estimate.



2. System Overview and Requirements

The system is essentially a measuring tool used to ensure flatness of a planar surface.
It could be an industrial floor on which to install a large machine like a press, or a
coordinate table for a CNC-machine or the flange of a wind turbine. The applications
are endless and the need to speed up this process is a major challenge. The flatness
measuring process consists of two steps, configuration and measuring, [4], simplified in

Figure 2.2.

Align laser across and along the Place the detector unit on 3 reference Use the points to define
surface using the thumbscrews points and measure each height the reference plane

J

Measure the height

-

c

Place detector at next point

-~

Rotate laser to align
with detector unit

All points
measured?

Figure 2.2: Diagram showing the calibration and measurement steps.

A typical flatness assessment involves numerous measurement points, often ranging
from 20 to 40 or more. Conducting these measurements is a time-consuming process
that usually requires two operators: one managing the laser transmitter and the other
moving the detector unit between points. As a result, substantial efficiency gains can
be achieved by automating or speeding up the measuring procedure.

The central challenge lies in accurately determining the detector unit’s position without
making extensive modifications to the existing hardware, beyond integrating DC-motor
control 1.4 and processing the Position Sensitive Detector (PSD) data 1.4. As
documented in [5], a Position Sensitive Detector (PSD) is a type of sensor that is
capable of measuring positions in either one or two dimensions on a designated surface.
The PSD can be configured in various configurations, one of which includes continuous
transmission of positional data alongside estimating the modulation frequency of the
laser at both the leading and trailing boundaries of the PSD element when the laser

7
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Figure 2.3: Picture shows the deviation of the measured coordinate table with respect
to the calibrated reference plane.

sweeps past it. Additionally, it is feasible to establish a detection trigger by utilizing
the sampled outputs from the PSD.
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System Modeling

A model of the system is required for two primary purposes: (1) to simulate the
system’s behavior under various scenarios, and (2) to utilize model-based optimal
control. According to [6], Chapter 8.1, a model need not—and cannot—be exact;
feedback control is forgiving if the stability margins are sufficiently large.

The system model comprises a brushed DC motor, a planetary gearbox, and a helical
gear that transmits motion from the planetary gearbox output to the laser head. The
model incorporates both the electrical dynamics of the brushed DC motor and the
mechanical dynamics of the motor and gear system. As illustrated in Figure 3.1, the
electrical subsystem of the motor is coupled to the mechanical components, including
the planetary gearbox, and helical gear.

Brushed DC-motor Planetary Gear
L

Tu = Jpe@nm + Tpein

di
U=Ri+ LE +e€a €q = Awy Ty = Juwnm +bywy +Te

Ty = Jpwy +bgwn

<
o

=P

(

Figure 3.1: Mathematical model of drive system including subsystems.



3. System Modeling

Since the controllers in the system will be implemented in discrete time while the
model is formulated in continuous time, a standard continuous-time analysis cannot be
applied directly. According to [6], there are two methods to address this issue. The first
approach involves designing both the controller and the plant in continuous time and
relying on a sufficiently high sampling frequency—assuming the hardware can support
it. The second approach is to discretize the continuous-time model. As noted by [6],
for a linear system with piecewise constant inputs between samples, a corresponding
linear discrete-time model can be derived. This method properly captures the effects of
time discretization. However, it only describes the system behavior at discrete sampling
instances, not in between them. Since the control system in this thesis is executed on a
microcontroller with limited sampling capabilities, the first approach may not provide
sufficient accuracy. Therefore, the discretization approach is chosen to more accurately
account for the effects of sampling in the control design.

To accurately model the system’s transient and steady-state behavior, several parameters
must be either measured or estimated. This challenge was addressed using instruments
such as oscilloscopes, multimeters, and a DC power supply. The parameters are listed
in table 3.1.

Table 3.1: System parameter values

Parameter | Value | Unit | Method

R, 2.616 Q LCR-meter

L 0.0336 mH LCR-meter

K 1.96 mNm/A Datasheet

Jar 0.288¢-7 Kg -m? Datasheet

b 4.5e-8 - Provided by the company
Jpa 0.015e-7 Kg -m? CAD drawing
bpa 2e-5 - Provided by the company
npa 185193/2744 - Datasheet

Ja 85.623e-9 Kg -m? CAD drawing

ba 13e-2 - Provided by the company
ng 132/30 - Provided by the company

10



3. System Modeling

3.1 Physical Modeling

There are two approaches to model a system according to [7]: physical modeling
and system identification. Physical modeling relies on known physical principles and
parameters to describe the system, while system identification uses observed input-output
data to fit a model that captures the system’s behavior. Chapter 3.1 focuses on
the physical modeling approach, whereas Chapter 3.3 addresses the identification
method.

The physical model of the system can be derived by combining the electrical and

mechanical equations of a brushed DC motor. This approach is outlined in [8], where the
system is described using the differential equations shown in Equations 3.1-3.4:

diq

Vi = Ryiq + L dt“ + €4 (3.1)

T, = Kri, (3.2)

e, = K w (3.3)
dw

T, =bw+ J— 3.4

wtJ— (3.4)

Figure 3.2 provides an overview of the brushed DC motor, while Figure 3.3 illustrates
the implementation of the equations in a block diagram. By applying block diagram
manipulation, the transfer function of the brushed DC motor—from the input voltage
Vr to the angular velocity wy; can be derived, as shown in equation 3.5.

LA = (3.5)
Vp  JLs®+ (JR+ Lb)s + KrK,, ‘

Using torquebalance of the system yields the following dynamics, relating 7. to with
angular velocity for the motor.

J J b b
Te:wM<JM+ =+ 2H2>+wM(bM+ © o+ 2H2) (3.6)
npg NpeNy npc  NpgNg

11
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T
* - J g [
LT E a Tn-_- : g
—

di
U= Ri+ LE + e g = Awng Tar = Jagedps + byguiag + T

Figure 3.2: Electric and mechanical model of the DC-motor.

Vr 4+ 1 Current \| K Torque | 1 WH
x- Ls+R " ’ g Js+b

€a

K.npeng |{
Figure 3.3: Block diagram for DC motor.

Transfer function:

War 1

M 3.7
Te JG JH bG’ bH ( )
S JM + + 2 + bM + n +

2 2 2
npG  Npclu PG NpgNy

Or from electromagnetic torque to angular velocity of the laser head.

wH_ 1

br
+ anpGnH + bGnH +
npgNy

(3.8)

T,
S JanGnH + JGnH +
npgny

With both the electrical and mechanical transfer functions established, a closed-loop
system can now be designed. As outlined in 1.4, three different control systems will be

12



3. System Modeling

designed, all of which will be implemented in discrete time.

The discretization method employed in this thesis is the Zero-Order Hold (ZOH).
According to [9], ZOH is a straightforward discretization technique that accounts for
the dead time between samples. In practice, this means that the system retains the
sampled value for a brief period before acquiring a new sample.

3.2 Friction Modeling

The friction within the system was approximated through an empirical evaluation using
both current and angle measurements. Other advanced methods was investigated based
on a friction observer approach, as outlined by [10]. Although several methodologies
exist for modeling friction, a linear friction model was preferred to simplify the analysis
and design of the control system. For modeling friction at low velocities, the LuGre
and Elasto-Plastic models offer excellent capabilities [11]. This will discussed further in
chapter 4.2.5

3.3 Model Identification

From chapter 3.1, the physical model of the system is complex. This raises the question
of whether a simpler modeling approach could be used. According to [12], a brushed
DC motor typically behaves as an overdamped second-order system, which can be
approximated by a first-order transfer function.

As outlined in [12], the angular velocity of a DC motor can be approximated using
a first-order system model as seen in figure 3.4. Consequently, the motor’s angular
position can be represented through a second-order function, according to equation 3.9.
This characterization arises from the interaction of a rapid electrical system with a
comparatively slower mechanical system.

w K L K
Vo ors+1 TV s(rs+1)

(3.9)

According to [13], the parameters of a first-order system are defined as follows: the
steady-state gain K = lim;_,..(y), and the time constant 7 = yg3% in response to a
unit step input. Based on this approach, an experimental step response was conducted,
resulting in figure 3.4. The figure shows both the actual system response and the

13
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equivalent first-order approximation derived from the identified parameters.

It is worth noting that more advanced methods exist for estimating parameters in linear
models. [7] discusses black-box identification techniques such as Box-Jenkins (BJ),
Output Error (OE), AutoRegressive Moving Average with eXogenous inputs (ARMAX),
and AutoRegressive with eXogenous inputs (ARX) models. Once a model structure is
selected, linear regression can be used to fit the model to the system’s input-output
data.

For simplicity, the basic first-order approximation was chosen in this thesis, and the
results are presented in figure 3.4.

Measured voltage step and first order transfer function

w

Response
N

-1 I I ! ! ! I
0 1 2 3 4 5 6 7 8

Time (s)

Figure 3.4: Voltage step response used for model identification.
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3.4 LTI State-Space Form

The differential equations 3.1-3.4 can be reformulated into the standard state-space
representation. By expressing these equations in state-space form, the resulting model is
a modified version of the one presented in [6]. The key difference is that this formulation
includes the angular position as a state variable, whereas the model in [6] considers only
the angular velocity.

T = Z'.a QH éH]T, x:[ia 9[{ Q'H}T, U:VT7 y:[ia HH]T

—Ra —Konpagn
TR O LPGH 1/L 10 O

A=] 0 o0 I B=|0|, c=|, | 4. D=0 (3.10)
—Kr 0 =B 0

Where the constants v and 3 are defined as follows.

J
o = JMTLPG'TLH+J(;77JH+ 1 (311)
npgny
bu
B =byunpeng + bgnyg + (312)
npcgnH

3.5 Model Verification

To minimize the gap between the developed model and the physical system, it is essential
to verify that the model accurately captures the system’s key dynamics. As emphasized
in [14], uncertainties in the model, such as unmodeled dynamics or parameter variations,
can lead to degraded performance or even instability when the system is placed in
closed-loop operation. Reliable controller tuning therefore depends critically on how
well the model represents the real system.

In this context, a test rig was developed to experimentally assess the model’s accuracy.
By comparing simulated and measured system responses under controlled conditions,
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the reliability of the model for control design purposes could be evaluated.

The purpose of the test rig, shown in Figure 3.5b, was to evaluate the behavior of the
real system in comparison to the simulated model. It was designed to measure the
angular velocity of the helical gear, the motor current, and the applied voltage.

The experiment focused on observing the steady-state angular velocity and the
corresponding motor current for various applied voltages. The voltage was incremented
in steps of 0.1 V.

Motor current was measured using a multimeter connected in series with the motor.
To measure angular velocity, a photo-interrupter sensor, consisting of an LED and
a phototransistor was monitored using an Arduino. By counting the number of
pulses generated as the gear rotated, the Arduino was able to compute the angular
velocity. Given a known pulses-per-revolution (PPR) value, the angular velocity wpg
was calculated using equation 3.13.

60 - N

PM=—""_
R PPR- At

(3.13)

where N is the pulse count within the time interval At. Using the measurements, the
motor and gearbox parameters are separated.

The pulses that the Arduino will register is generated by the photo-interrupter, as
previously mentioned, it consist of a LED and a phototransistor. The LED is connected
to V.. and ground, which means that it always is lit. If the LED is lit, the phototransistor
will register this and start leading current, which will be registered by the Arduino as a
rising edge. When the LED turns off, the phototransistor will also turn off, therefore
leading no current, generating a falling edge to the Arduino. From the phototransistor’s
perspective, the LED will act as unlit while a spoke from the rig is passing by. This is
illustrated in figure 3.5a, note that the switch in the schematic represents when a spoke
from the output shaft passes through the photointerrupter. In reality, the LED remains
on, and the phototransistor detects interruptions in light, generating signal transitions
monitored by the Arduino.

To enhance the accuracy of angular velocity estimation, the motor’s output shaft is
equipped with eight spokes. This approach improves measurement consistency and
enables faster convergence towards the correct angular velocity. Given the rise time of
the sensor [15], it is fast enough to detect even 8 spokes.
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3. System Modeling

The simulation and test rig’s results are presented in figure 3.5¢. From the figure, it
is clear that the system behaves linearly from 0.8 V' and higher. This means that for
relatively low voltages, the system behaves non-linearly. This will be discussed further
in chapter 4.
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(a) Schematic of test rig. (b) Motor test-rig.
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(c) Verification of the model showing the simulated steady-state current and angular
velocity of the laser head.

Figure 3.5: Overview of the test rig and validation setup. Top: mechanical schematics
of the test rig and motor holder. Bottom: model verification showing simulated laser
head performance.
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4

Controller Design

To enable the transmitter to accurately align the laser with the detector, a precise
controller with low steady-state error and high robustness is essential. This chapter
presents two types of controllers: (1) a cascade PID controller and (2) a Linear
Quadratic Integrator (LQI) and explores methods to improve their performance and
robustness.

4.1 Controller Requirements

The host company supplied a requirements list of the overall performance of the system.
To generate the innovation in a business case the settling time is set to a maximum of
30 seconds since that is approximately the time it takes for a seasoned measurement
technician to perform one measurement sample. No other requirements were imposed
by the company, but from a control system perspective, the oscillations around the
setpoint and overshoot /undershoot should be reduced as much as possible.

Furthermore, in this application, the input signal is typically a step function with a
maximum amplitude of m, as dictated by equation 4.21. To determine the required
system bandwidth, a step input with an amplitude of © was analyzed. The step signal
and its corresponding Fast Fourier Transform (FFT) are shown in Figure 4.1.

As seen in 4.1, the frequency content of the step reference is concentrated at low
frequencies, particularly below 10 Hz. This implies that the closed-loop system does not
require a high bandwidth to accurately track such inputs.
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Figure 4.1: A step input and its corresponding frequency spectrum. The signal’s energy
is concentrated in low frequencies, with most content below 10 Hz, indicating the system
does not require high bandwidth for accurate tracking.

4.2 Cascade PID

A study [16] proposes a cascade PID control scheme for controlling the angular velocity
of a motor. Leveraging the fact that position is the integral of velocity, the same
control principle can be extended to regulate the motor’s position, and consequently,
the laser head’s position. Furthermore, as noted in [17], a cascade control structure
offers improved robustness and enhanced disturbance rejection compared to a single-loop
configuration.

Using the zero-order hold (ZOH) discretization method with a sampling frequency of
500 Hz, the cascade PID control loop, illustrated in Figure 4.2, is implemented.

4.2.1 PID Tuning

To improve the performance and robustness of the PID controller, two different tuning
methods were investigated: 1) the Ziegler-nichols method and 2) integral of time-weighted
absolute error (ITAE). According to [18] and [19], the ITAE method has less overshoot
and faster settling and rise time. Figure 7 in [19] shows that ITAE is performing
more robustly regarding parameter variation compared to Ziegler-Nichols, however,
implementing ITAE is more complex compared to Ziegler-Nichols because it requires
minimizing a cost function by numerical integration.
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Figure 4.2: Closed loop cascade PID

Ziegler-Nichols

The cascade PID controller was tuned using inspiration from the Ziegler—Nichols method
described in [9].

The final parameters are described in Table 4.1 below.

Table 4.1: Ziegler—Nichols tuned parameters for cascade PID.

Internal PID
Parameter Value

IP 0.9
II 0.01
ID 0.0

External PID
Parameter Value

THETA P 120.0
THETA I 40.0
THETA D 0.046

Integral of time-weighted absolute error

According to [19], the Integral of Time-weighted Absolute Error (ITAE) is often
considered a robust performance index when designing PID controllers. This method is
also employed in [18]. The ITAE criterion is defined by the following cost function:

[TAE = /OTt|e(t)|dt (4.1)
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Minimizing this performance index typically leads to an improved transient response.
The approach adopted in this thesis follows a similar methodology to that described in
[18].

To compute the ITAE, Simpson’s 1/3 rule — a well-known numerical integration
technique — is utilized. Simpson’s rule approximates a definite integral as:

[ Fwyde T2 () +ap(CE

)+ ) = sh(f(@) +4f(a+ 1)+ () (42)

Here, a and b are two points on the function and h is the step size for n = 2.

This expression can be derived for n = 2 over the subinterval [a,b]. Using Lagrange
polynomial interpolation, which states that a function can be approximated as:

(x—a—h)(x—0)
—h(a —b)

(x —a)(x —a—h)
(b—a)(b—a—h)

(x —a)(z —b)

Plz) = f(a) h(a+ h—1b)

+ fla+h) + f(b)

If one were to center the integral over a step rather than directly from a to b, make the
substitution u =z —a — h < = = u+ a + h and realize that h = (b — a)/2, the integral
could be written as:
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o [ ) s ] 20

+ f) (/_}; = Z)(q(ibti;) 1) du)

_ ;h[f(a) +4f(a+h)+ f(b)]

Note that this formulation applies specifically to n = 2, i.e., two subintervals. To
improve accuracy, the interval [a, b] can be divided into more subintervals. Applying
Simpson’s 1/3 rule to each pair of points yields:

n/2

hz [f(x2i—2) +4f (z2i-1) + f(x2;)]

h{f(zo) +4f(x1) +2f(w2) +4f(x3) +2f (24) + ... + 2f (wp—2) + 4f(xp_1) + f(20)]

n/2 n/2—1

h {f(fo) + 4Zf($2i—1) +2 Z f(x2) + f(2n)

Once the ITAE index is evaluated, the goal is to minimize it. In this thesis, MATLAB’s
fminsearch function is used for optimization. fminsearch is a nonlinear programming
solver that searches for a local minimum based on an initial guess. The algorithm
adjusts the PID parameters to minimize the ITAE index and thereby optimize system
performance. The best performing tuning obtained from ITAE is shown in Table
4.2.

Table 4.2: Best-performing ITAE tuned parameters for cascade PID.

External PID
Parameter Value

Internal PID
Parameter Value

IP 1.0 | THETA_P 35.6024
I1I 0.0 | THETA_I 157.6069
ID 0.0 | THETA_D 24.9886
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4.2.2 Optimal ITAE

To improve the system’s robustness, optimal Integral of Time-weighted Absolute Error
(ITAE) was researched. This thesis follow a similar methodology described in [19], where
the focus lie in designing a robust PID controller.

Table 2 in [19] presents the optimal coefficients of Tirap(s) based on the Integral of
Time-weighted Absolute Error (ITAE) criterion for a step input. For convenience, the
table is reproduced below:

Table 4.3: The optimum coefficients of Trrap(s)

Order ‘ Characteristic equation
1 5+ wn
2 s? 4+ 14w, s + w?
3 s3 + 1.75w, s + 2.15w?s + w?
4 st + 21w, 83 + 3.4w2s? + 2.7w3s + wl

Here, Trrag(s) is expressed in equation 4.3. Note that the numerator must be a constant
to satisfy the ITAE criterion:

Y(s) ag
T = = 4.
TAE ™ R(s) ~ s" 4 bp_18" L+ ...+ bys + by (43)

To rewrite the transfer function found in chapter 3.1 as a closed loop with a PID is very
complex and time demanding. Therefore, for simplicity, the first order system identified
in chapter 3.3 was used instead. The closed loop function is given by equations 4.4 -
4.6.
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Gls) = S(Tf—i- 1) - 7'52K+ 5 (44)

Ge(s) =K, + [3 + Kgs = Kas” + i(ps + K (4.5)
_ G(s)Ge(s)
T = 5 6E6.0) (46)

To achieve optimality, the denominator of the closed-loop transfer function in equation 4.6
must match one of the characteristic equations from Table 4.3. Thus, the characteristic
equation becomes:

K Kais®+ Kps+ K _

1 =1
+ G(5)G.(s) + s .

(4.7)

1+ KK, KK KK;
N B
T T T

=S

From the equation above, the third order system is chosen from table 4.3. The natural
frequency, w,, is chosen to be the same as in [19], i.e. w, = 8. From the model
identification, K = 5.3498 and 7 = 0.0200. By observation, the following result is
obtained:

1+ KK, 1.75w, 7 — 1
—— =17, e Kj=——F — 4.8
- Wy = 1y K ( )
KK, 9 2.15w2T
=215w: & K, = o 4.9
T Wn p K ( )
KK; 3 wir
== i (1.10)

With the PID parameters now determined, it is important to note that the ITAE transfer
function requires a constant numerator to ensure optimality. However, the transfer
function in equation 4.6 does not satisfy this condition. A simple and effective solution
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is to introduce a pre-filter, thereby creating a two-degree-of-freedom (2DOF) control
structure. In [19] a zero-pole cancellation pre-filter was employed, where the pre-filter
includes poles matching the zeros of the closed-loop transfer function:

—36(s — 6.139)(s + 2.317)

Tc osed loop — 4.11
fosed 090 (5 1 5.665) (% + 8.335s + 90.38) (4.11)
1
Fre— ilter non—normalized — 4.12
pre=Jit feed = (52 6.139) (s + 2.317) (4.12)
—14.222

F (4.13)

pre— filter normalized — (8 _ 6139)(5 + 2317)

Using the non-normalized pre-filter results in significant DC gain attenuation, as shown
in Figure 4.3. To correct this, the filter is normalized so that |F'(0)| = 1, as illustrated
in Figure 4.4.

Step response with non-normalized pre-filter Step response with normalized pre-filter
T T T T

| . . . | I |
0 0.2 0.4 06 08 1 12 1.4 0 0.2 0.4 0.6 0.8 1 12 14
Time [s] (seconds) Time [s] (seconds)

Figure 4.3: Step response for non-normalized and normalized pre-filter

The result of using this zero-pole cancellation pre-filter is shown in the middle graph of
Figure 4.5, achieving the same performance as the optimal ITAE response. However,
the normalized pre-filter introduces an unstable pole at s = 6.139 as shown in equations
4.12 and 4.13, due to the non-minimum phase nature of the closed-loop system (i.e., a
right-half plane zero).
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Bode before normalization Bode After normalization
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Figure 4.4: Bode plot for non-normalized and normalized pre-filter

Zero-pole cancellation is generally discouraged in non-minimum phase systems, as any
deviation from exact cancellation can lead to instability.

An alternative approach is to treat the pre-filter as a low-pass filter with carefully
selected poles. Instead of fully cancelling the right-half plane zero, the filter partially
compensates for it, maintaining system stability while reducing the adverse effects. One
such filter is given by:

Tpp = (4.14)

s+ 2.5

The above discussion is valid for the continuous-time case. The discrete-time
implementation follows a similar approach. However, for the discrete case, a new
pre-filter was developed to further reduce the initial undershoot in the step response. A
more aggressive three-pole Chebyshev Type 2 filter was implemented. The resulting
discrete-time step response is shown in Figure 4.6. The figure shows that the initial
undershoot is negligible, at the cost of increased overshoot. The tuning obtained from
optimal ITAE is shown in Table 4.4.
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Table 4.4: Optimal ITAE tuned parameters for cascade PID.

Internal PID

Parameter

Value

External PID
Parameter Value

IP
11
ID

1.0
0.0
0.0

THETA P 0.5144
THETA I  1.9141
THETA D  -0.1346

27



4. Controller Design

4.2.3 Final tuning

Using the PID parameters determined through the Integral of Time-weighted Absolute
Error (ITAE) criterion, presented in table 4.2, the closed-loop system achieves a
bandwidth of 64.38[rad/s|. Since the system’s bandwidth is significantly higher than
the frequency content of the step input, illustrated in figure 4.1, it will be capable of
accurately track a step response. The relatively high bandwidth of the cascade PID
tuning makes it possible to actively track the detector while an operator is moving it,
this will be discussed further in chapter 7.

From figure 4.2, the following closed loop transfer function from 6,.; to 0y is
obtained:

O 0.019933(z — 0.8816)(z% — 1.9942 + 0.9936)
Ore; (2 + 0.3148)(z — 0.8816)(22 — 1.993z + 0.9934)(22 — 1.819z + 0.8331)

(4.15)

The corresponding system poles are listed in Table 4.5 and illustrated in Figure 4.7.
According to [6], a discrete-time closed-loop system is considered stable if all poles lie
within the unit circle in the complex plane. As shown in both the table and the figure,
this condition is met, thereby confirming the stability of the designed system.

Table 4.5: Closed loop system’s poles

Pole | Value

1 0.1152 + 0.4529i

0.1152 - 0.45291
0.4744 + 0.00001
0.9807 + 0.02491

0.9807 - 0.0249i
0.9842 + 0.00001
0.5327 + 0.00001

N O Ul Wi

The Bode plot of the closed-loop system, shown in Figure 4.8, demonstrates a gain
margin of 16.2 dB and a phase margin of 124 degrees. These values suggest that the
system is highly robust and capable of withstanding significant disturbances, an essential
characteristic for high-precision control applications, as emphasized in [6]. The same
figure also includes the systems’ step response, which confirms that the system accurately
follows a step input with minimal deviation.

In theory, this system performs excellently. However, in practice, the real system has
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significantly longer settling time, hence, the system does not perform similarly to the
simulator as seen in figure 4.10. From figure 4.11, it is clear that in practice the system
does not move until the voltage reaches around 1.95 V' as noted in chapter 3.5. The
lower graph in figure 4.11 illustrates that even if the system does not rotate, the motor’s
torque keeps increasing until the system finally starts rotating. From this it can be
concluded that, to initiate a rotation, a certain threshold voltage must be overcome,
which depends on the static friction in the system. This will be discussed further in
chapter 3.2. Figure 4.11 also shows that this static friction is significant since the motor
needs a relatively high voltage to start rotating. For this purpose, as suggested in [20],
a feedforward control algorithm was developed.

O vs 0
reference
S 1\ - ===
Sos} ) a!
> 0F l reference | _|
0 10 20 30 40 50 60 70 80 90
< Measured current
=05 [ M |
(0]
5 0 :
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0 Estimated angular velocity
g gg .
I T L) -
3 0 10 20 30 40 50 60 70 80 90

Control voltage
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NORR
b
|
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Time [s]

o

Figure 4.10: Initial performance of the Cascade-PID controller showing difficulties in
accurately controlling small movements.

4.2.4 Feedforward Friction Compensator

It is worth mentioning that beyond the threshold voltage, the system behaves linearly
as mentioned in 3.5. However, for low angular velocities, the non-linearity in the system
dominates as mention in [20]. To enhance the controller’s performance, a friction
compensator is integrated into the system. This thesis adopts a methodology similar to
that proposed in [21], specifically by evaluating various friction models and developing a
feedforward compensator based on the identified model.

Following the implementation of the first friction model, as illustrated in figure 5 of [22],
the results were satisfactory, as evidenced in figure 4.12 and 4.13.

From these figures, it is clear that the system exhibits less overshoot without the
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Figure 4.11: Estimated angular velocity and torque when stepping the duty cycle from
0% to 100%.
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Figure 4.12: Step response with integrated compensator
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Figure 4.13: Step response without integrated compensator

compensator than when the compensator is integrated. However, the settling time

is significantly shorter with the compensator. The results are summarized in table
4.6.

Case | Overshoot [%] Settling time [s] Rise time [s] SS-error [mm/m)]
With compensator 2.7687 1.3900 0.1209 0.0750
Without compensator 1.7908 5.8100 0.1302 0.3090

Table 4.6: Comparison between with and without a friction compensator integrated to
the system.

4.2.5 Nonlinear Feed-Forward Friction Compensator

The model is defined as:

Mayna(@) = (fi + (Frmax = fi)e™@“" +my |w] ) sgn(w) (4.16)

Where:
e f is the Coulomb friction moment,
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e fmaz is the maximum static friction,
e ws is the Stribeck velocity, and
e m, is the viscous friction coefficient.
The parameters can be estimated as follows:
e fmaz is measured as the maximum torque before the system starts rotating.

e fr and m, are estimated from the linear approximation when w > wy, using:

Mayna(w) = fr + myw (4.17)

e w; is estimated by setting w = w, in the original model:

Mayna(W) = fi + (fnaw — fr)e™" + muwy (4.18)

Following this estimation process, the resulting friction model curve is shown in Figure
4.14. To convert the friction torque into a voltage signal for feedforward compensation,
the following relations are used:

T

R,
Vi = Reia = 7 (4.20)

Where 7 is the dynamic friction torque Mgynq(w). The final voltage output is shown in
Figure 4.14.
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Figure 4.14: Dynamic feedforward friction compensator.

4.2.6 Shortest Path Reference Error

When comparing a desired reference angle 6, with an encoder’s measured angle 6,,cas,
a naive difference

eerror — Hreference - Hmeasured

can yield misleadingly large values whenever the true angle passes the 0-27 boundary.
For instance, if 6, = 0.01 rad while 0., = 27nrad, the raw subtraction produces
A0 = —1.997, despite the fact that the actual misalignment is merely 0.01 rad. To
avoid such boundary artifacts and always compute the minimal signed rotation from the
measured to the reference angle, the two-argument arctangent of the sine and cosine of
the difference was employed. Specifically, the error is defined as below in 4.21.

Oerror = atan2(sin(Brer — Omeas); €S (Oret — Ormeas) )- (4.21)

The elegance of this formulation lies in its projection of the raw angle difference onto
the unit circle: by computing both sin(Af) and cos(Af), any multiple of 27 is moved
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to the same point on the circle, and the use of atan2 guarantees a unique result in the
principal range (—m, 7). Thus, (4.21) always returns the signed shortest-path error, free
from discontinuities at the 0/27 border.

This approach eliminates any manual boundary checks or special-case logic, providing a
robust, concise computation of the encoder’s shortest-path reference error.

4.2.7 Filtering the Current Signal

From figure 4.15, it is evident that the current measurements exhibit fluctuations. These
fluctuations can negatively impact the performance of the cascade PID controller, as
the inner control loop relies on accurate current feedback, this dependency is illustrated
in figure 4.2. The observed fluctuations in the current signal are primarily caused by
the back electromotive force (EMF) generated by the DC motor.

While such small variations may often be negligible, they become problematic when
aiming for precise control of the DC motor’s position. Therefore, filtering the
measurement signals becomes essential to ensure stability and accuracy in the control
response. According to [23] signal processing is essential to handle noise interference,
accurately interpret sensor data and deliver reliable outputs.

The filter selected for this purpose is a Chebyshev Type 2 filter. As with all filter design,
there is a trade-off between noise attenuation and time delay. Figure 4.15 presents a
current measurement, while Figure 4.16 shows the corresponding signal’s Fast Fourier
Transform (FFT). These figures form the basis for the filter design considerations.

Measured current

- o

Current [A]
)
o
|

o

o
N
IS
o
o

Time [s]

Figure 4.15: Current measurement in time domain.

Figure 4.17 presents a comparison of different filters evaluated for the purpose of
smoothing the current measurement signal. As shown in figure 4.16, the signal
primarily contains low-frequency components. Consequently, filters with passband
ripple—such as the Chebyshev Type I and elliptic filters—were deemed unsuitable and
thus rejected.

The comparison then focused on the Butterworth and Chebyshev Type II filters. The
main difference between the two lies in their roll-off characteristics: the Chebyshev Type
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Figure 4.16: Current FF'T in frequency domain.

II filter offers a steeper roll-off compared to the Butterworth filter. To more effectively
attenuate high-frequency noise while preserving the low-frequency signal content, the
Chebyshev Type II filter was selected. However, the Butterworth filter could also have
been a reasonable alternative.
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Figure 4.17: Filter comparison for current noise attenuation.
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Based on the results presented in Figure 4.18, four key observations can be made. First,
the application of the filter significantly reduces the noise in the measured current
signal. Second, the measured voltage signal exhibits improved smoothness, particularly
in scenarios where the control error is small. Third, under low control error conditions,
the variable # transitions more smoothly toward the reference angle, in contrast to the

discrete steps observed prior to filtering. Finally, the implementation of the filter leads
to a reduction in the settling time of the step response.
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Figure 4.18: Comparison of the same step response with current filtering to the left
and without current filtering to the right.
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4.3 Linear Quadratic Control

Based on RQ1, the second control strategy investigated is the Linear Quadratic (LQ)
controller. According to [6], a continuous-time optimal linear controller can be designed
by minimizing both the control error and the control effort. This objective is expressed
through the cost function in Equation 4.22:

min (lel? + [ul3,) = min / T (1)Qe(t) + uT () Ru(t)dt (4.22)

4.3.1 LQR

Since this thesis considers a discrete-time system, a discrete-time equivalent of the cost
function must be used. As also described in [6], the corresponding discrete formulation
is given in Equation 4.23:

[e.e]

min (|le][3 + [[ull}) = min Y e’ (£)Qe(t) + u” () Ru(t) (4.23)

t=1

A formal solution to the discrete-time LQ problem exists if the system is stabilizable
and detectable. The matrix () is positive semi-definite, and R is positive definite. Under
these conditions, the optimal control law that minimizes Equation 4.23 is derived from
the solution to the Discrete Algebraic Riccati Equation (DARE), shown in equation
4.24. The resulting optimal feedback gain is given in equation 4.25:

P=A"PA—- ATPB(B"PB+ R) 'B"PA (4.24)
K = (B"PB+ R)"'B"PA (4.25)

The initial idea was to use a linear quadratic regulator for controlling the laser. However,
the result form [12] shows that the system experience steady state error. Steady-state
error has to be minimized in this thesis, hence a Linear Quadratic Regulator is not
enough.
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4.3.2 LQI

To decrease the steady state error to an acceptable level, a Linear Quadratic Integrator
controller was implemented instead. The difference between an LQI and LQR is the
integral state. This can be achieved by complementing the state space with an integral
state, which is done in Equation 4.26 below.

zit) = | (r(7) —y(r)dr (4.26)

i(t) =r(t) —y(t) =r(t) — Cx(t) (4.27)

o [x(t)

#(t) = | ) (4.28)

%ﬂ:¥é8j®+§hw+wpw (4.29)

y=c iy | (4:30)
Caug

Since only the last state is an integral state, the LQI gains must be divided as shown
in Figure 4.19. This describes the closed loop where the states are chosen to be as in
Equation 3.10.

T. —K;0,
0Te S ETTOT e’rro’l‘ Cm o
O

Tr = [i, HH,UJH]T—

Figure 4.19: Block diagram of the LQI-controller.

By adjusting the @ and R matrices, the control error and control effort will be penalized.
The weighting matrices in this thesis was selected by empirical studies based on the
control requirement presented in chapter 4.1. The ) and R matrices is represented in
equation 4.31 and the corresponding step response is illustrated in figure 4.20.
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(4.31)

The calculated gains from the solution to the discrete Ricatti equation are given by

equation 4.32, where the first three elements are the proportional gains and the last

element is the integral gain.

K =10.00016559 6.80435 0.21521 —12.1871]T

(4.32)

5
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Figure 4.20: Simulation results of the LQI controller

3

The closed loop system’s poles are represented in Figure 4.21. According to [6], the

solution to the discrete-time Riccati equation always leads to a stable solution. Therefore,

all the poles presented in figure 4.21 are within the unit circle.

40



4. Controller Design

Pole-Zero Map
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Figure 4.21: Pole zero map for closed loop system with LQI controller

As previously mentioned, the system worked excellently in simulation because a linear
model was used; however, at low angular velocity, the non-linearity dominates for the
friction slowing down the controller when close to the reference angle, as shown in Figure

4.22.
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Figure 4.22: Regular LQI without friction compensator does not reach the setpoint
and oscillates/overshoots the setpoint.

Because of the low gain for the current state, i.e. the first state z;, the LQI controller
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is not sensitive to current fluctuations which arise from sensor noise and back-emf.
Therefore, the current filter has a limited effect on the system’s performance.
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Figure 4.23: Limited effect using the current filter. By coincidence the laser head ended
up closer to the setpoint than in 4.22 and therefore the integral builds up slower.
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To account for the nonlinear friction, a compensator was also needed for the LQI. Figure

4.24 shows the effect of the compensator on the system.
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Figure 4.24: LQI with friction compensator reaches setpoint in 25 seconds. At
timestamp 2 [s] the compensator help the controller to switch direction.
The strategies combined resulted in the following performance in Figure 4.25.
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Figure 4.25: Final LQI reaches setpoint in 1.8 seconds.
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4.3.3 Angular Velocity Estimation

Ultimately signals are perfect without disturbances, but in practice they often need to
be preprocessed to help the control system perform as intended. Noise in sensor signals
and outlying samples can make the system unstable [24]. This section describes the
signals involved in the control system and how they were processed to improve noise
rejection and increase robustness.

The logged signal are at 100Hz even though the real signal is sampled at 500Hz. Therefore,
the logging functionality is limited to catch unwanted signal at more than roughly 50Hz
as per Nyqvist samplings theorem in [13].

To avoid outliers in the discrete time derivative of the angular velocity estimate an
exponential moving average filter was implemented with and « coefficient of 0.5.
The moving average filter is often used to smooth signal in a simple way, however
more complex filter could be employed as with the current filter. Since the encoder
measurement is not noisy by itself, the moving average is merely used to reduce the
noise of the discrete derivative. The filter coefficient was determined using a recorded
angle signal and adjusting the coefficient. A lower alpha results in a slower filter and
a larger alpha results in a more responsive filter. The resulting filter is a compromise
between speed and noise rejection.

The coefficient of a moving average filter depends on the quality of the signal, however,
as a rule of thumb lower « results in a more responsive filter and higher alpha smoothens
the signal more.

Westy, = O Westy,_4 + (1 - Oé) * Wmeasuredy, (433)

Evaluating the obtained velocity by applying a constant voltage showed that it was
fluctuating, and at low speed coming to a halt similar to a stepping behavior. When
searching for the detector it is necessary to keep the angular velocity under a certain
threshold enabling the detector to detect the laser beam, hence a simple PID velocity
controller was developed using the model derived in Chapter 3.
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4.3.4 Nonlinear Error Shaping

As the reference error approaches zero, the control effort naturally diminishes. This leads
to a slower convergence process, as depicted in Figure 4.22, where the integral error builds
up more slowly when getting close to the setpoint. If the system’s overall performance
remains satisfactory, characterized by an acceptable rise time, minimal overshoot, and
low oscillations, an alternative approach involves implementing a nonlinear error shaping
function to scale the reference error, as suggested in [25]. Employing such a function
results in a dynamic yet controlled response movement as the system converges to the
setpoint. The work by [25] explores several of these functions, each having its distinct
advantages and disadvantages, however, the strategy was employed for a single-input
single-output PID controller, and hence the performance and stability have not been
mathematically verified for LQI.
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Figure 4.27: Nonlinear error shaping functions of error to boost the control effort when
the reference error is small [25] compared to normal error calculation.
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Figure 4.28: Performance of regular LQI with added velocity filter, current filter, and
nonlinear scaling of the reference error.
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Techniques for Localizing the
Detector Unit

This chapter describes and evaluates several methods for enabling communication
between the transmitter and detector unit to estimate the distance between them and
to obtain a reference angle. The goal is to achieve accurate and reliable localization of
the detector using the constraints of the current hardware and software.

5.1 Obtaining the Reference Angle

Two main approaches were investigated for estimating the reference angle between the
transmitter and the detector unit. The first is based on detecting a laser modulation
frequency change using the PSD, and the second relies on detecting a voltage spike
when the laser beam passes over the PSD.

The least complex of these is the detection-trigger method, referred to as (M2). It
involves recording the start and stop angles of the laser sweep when the detector sends a
signal upon detecting the laser beam. This method assumes low communication latency
and fast signal processing. Its accuracy depends on both the timing of the trigger signal
and the angular velocity of the laser head. In particular, if the laser rotates too quickly,
the angle recorded at the time of signal reception may differ significantly from the actual
detection angle unless compensated for.

The method of estimating the reference angle using detection trigger consists of sweeping
the laser beam in one direction and record both entry and exit trigger when the laser
spot hits the PSD. By assuming constant angular velocity, the midpoint of those two
angles are taken as the reference angle. The maximum allowable angular velocity wp,,
of the laser head to ensure the beam remains detectable across the 20 mm wide PSD

48



5. Techniques for Localizing the Detector Unit

is given by Equation 5.1. This depends on the sweep time tqyeep and the distance L
between the laser and the detector.

vpsp = Wy - L

bpsp = UPSD * lsweep ~ 20.0 mm

UpsSD bpsp
wHMAX = L = tsweep : L (51)

Table 5.1: Parameter Definitions for Equation 5.1

Symbol | Description

wy Angular velocity of the laser head [rad/s]
vpsp | Tangential (linear) velocity of the laser spot across the PSD [mm/s]
bpsp Effective width of the PSD (area over which the laser is detected) [mm]
tsweep Time for the laser spot to cross the PSD [s]

L Distance between the laser head and the detector [mm)]
Wiyax | Maximum allowable angular velocity of the laser head [rad/s]

The second method is based on frequency detection. When the laser beam sweeps over
the PSD, the modulation frequency of the laser beam is changed. If the frequency
modulation can be measured accurately, this provides an alternative way to detect
the angle of the laser beam without relying on fast communication. In theory, this
method eliminates the need for timestamp-based synchronization and is less sensitive to
communication latency. However, it introduces new challenges, such as measurement
noise and aliasing. The current system’s ADC sampling rate of 95 kHz supports
frequencies up to 47.5 kHz according to the Nyquist sampling theorem [13]. Additionally,
buffer overflow at higher speeds ADC sampling rates further limits usable precision,
constraining the measurement resolution.

5.2 Distance Estimation

While the reference angle provides angular alignment between the transmitter and
detector, the distance L between them is equally important for achieving full
2D-localization. Unfortunately, the current hardware imposes signal delay, which
restrict the accuracy and reliability of distance estimation.
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A triangulation-based approach, inspired by [26], was evaluated. This method uses the
geometric relationship between the angular span A6 of the laser beam and the known
width of the PSD, denoted bpsp. Assuming the laser rotates about a fixed center point
and the beam sweeps across the full width of the PSD, the following relationship can be
used to compute the distance:

A20 = tan ! <2szD> (5.2)
_ 2bpsp
~ tan (A6/2) (5:3)

Here, bpsp is a fixed parameter based on the physical PSD dimensions, while Af must
be measured. The precision of L therefore relies directly on how accurately A# can be
determined.

Due to the nonlinearity of the arctan function, small errors in Af cause increasingly
large errors in L as the distance grows. This sensitivity is visualized in Figures 5.1 and
5.2, which show how both absolute and relative distance errors scale with increasing

range.
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Figure 5.1: Estimated distance L
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inaccuracies.

Figure 5.2: Percentage error in estimated
distance L.

There are two general strategies for estimating A6 in this context:
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o Trigger-based estimation: As discussed in Section 5.1, the laser beam’s entry
and exit from the PSD can be detected via voltage spikes. By recording the angular
position of the laser head at both events, Af is computed as their difference. While
simple in theory, this method is highly sensitive to communication latency and
detection delays, which limits its effectiveness at high angular velocities.

 Sweep-time and velocity estimation: In contrast to trigger-based methods,
this approach measures the total time the laser beam is detected by the PSD
(tsweep) and multiplies it by the estimated angular velocity wy of the laser head:

A = WH tsweep.

This method avoids the need for real time communication and may be less affected
by individual timing delays. However, it relies on the assumption that angular
velocity remains constant during the sweep and that both the time and velocity
estimates are accurate.

5.3 Software and Hardware Implementation

The host company had already established certain functionalities, including
communication protocols, PWM control of the integrated motor, measurement of the
laser’s sweep duration over the PSD, and the measuring of the laser beam’s starting and
ending frequencies while sweeping over the PSD. In order to implement the controllers
formulated in this paper, Simulink’s code generation tool was deployed to translate it into
C-code. Leveraging codegen, it was essential to update the existing code infrastructure
by incorporating a finite state machine dedicated to managing the controller module,
which would invoke the generated controller file to compute the control voltage based
on the laser’s current and angle measurements.

The starting and ending frequencies, measured by the detector, are sent to the transmitter
unit via the console application which acts as the Tablet mentioned in Figure 2. The
transmitter unit is responsible for computing the distance and reference angle. Given
that the laser transmitter handles the laser beam modulation, the measured laser
frequency can subsequently be mapped back to an absolute reference angle for use by
the controller.

The hardware limits the update frequency to 1000[H z] but to reduce computation power,
500[H z| is used for the finite state machine to reduce the risk of race conditions with
other processes.
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Results

This chapter presents the key findings obtained from both simulations and experimental
validation. The performance of the two implemented control strategies—cascade PID
and Linear Quadratic Integrator (LQI)—is evaluated based on metrics such as alignment
time, overshoot, and steady-state error. Additional focus is placed on the effectiveness
of signal filtering and friction compensation techniques. Furthermore, results related to
the feasibility of laser detector localization and distance estimation using the Position
Sensitive Device (PSD) are presented. Each subsection addresses one of the research
questions.

6.1 RQ1 — Controller Comparison

[RQ1.] How do the performances of a cascade PID controller and a Linear Quadratic
controller compare in positioning the laser beam to a given reference angle?

The goal of RQ1 is to evaluate the performance of two feedback control strategies for
aligning the laser beam with the detector:

1. A cascade Proportional-Integral-Derivative (PID) controller
2. A Linear Quadratic Integral (LQI) controller

Both controllers were implemented in software and tested in a hardware-in-the-loop
environment to ensure practical viability. The performance criteria included rise time,
settling time, overshoot, and steady-state error. Additional enhancements, described in
Chapter 4, were implemented to improve real-world robustness and accuracy.

The key features integrated into each controller are summarized in Table 6.1.
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Table 6.1: Controller performance enhancements

Controller | Shortest path Feedforward compensator Current filter ITAE tuning Nonlinear integration

PID Yes Yes Yes No No
LQI Yes Yes Yes No Yes

The final measured performance of both controllers is shown in Table 6.2.

Table 6.2: Closed-loop performance comparison of PID and LQI controllers

Controller | Overshoot [%] Settling time [s] Rise time [s] Steady-state error [mm/ml]

PID 2.77 1.39 0.12 0.075
LQI 0.19 1.78 0.18 0.075

The results show that both controllers successfully align the laser beam within the
target precision of +£2 mm. The PID controller provides a faster rise time and shorter
settling time but at the cost of slightly higher overshoot. In contrast, the LQI controller
offers minimal overshoot and equal steady-state accuracy, albeit with a slightly longer
response time. Given the application’s requirement for stability and repeatability, the
LQI controller is preferred when smooth, low-overshoot behavior is prioritized.

6.2 RQ2 — Detector Localization Feasibility

[RQ2.]JHow can the Position Sensitive Device (PSD) on the detector unit be utilized
to estimate the relative angle and distance between the detector and the laser
transmitter?

To explore detector localization, a quantitative analysis was conducted to evaluate the
feasibility of estimating the reference angle using only PSD signal timing and encoder
feedback. Two methods were proposed (Method M1 and M2) and partially tested in
hardware.

Empirical testing revealed the following observations:

o The Position-Sensitive Detector (PSD) consistently responds to incident laser light
within approximately 50 milliseconds.

e The communication latency between the detector and the transmitter is more
difficult to quantify directly, but is estimated to be approximately 100 milliseconds.
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Due to the PSD’s 20 mm width, the angular velocity of the laser sweep must be limited
to ensure reliable detection. Table 6.3 shows the physical velocity constraints at various
distances.

Table 6.3: Maximum allowable angular velocity for detection based on distance

Distance L [m] | Max velocity [rad/s] | Angle detection error [rad] | Full turn sweep time [s]

0.5 0.800 0.080 7.9

1.0 0.400 0.040 15.7
5.0 0.080 0.008 78.5
10.0 0.040 0.004 157.1
20.0 0.020 0.002 314.2
30.0 0.013 0.001 471.2
40.0 0.010 0.001 628.3

To match or outperform a skilled human operator, the system must localize the detector
within a 90° range (a quarter turn) in under 30 seconds. Table 6.4 outlines the required
detection and communication latency at various sweep speeds, assuming a fixed PSD
width and a distance of 40 m.

(6.1)

Table 6.4: Detection and communication latency requirements at 40 m for various sweep
times

Search time | Angular velocity | Linear velocity | Max detection | Max communication
(90° sweep) [s] wy [rad/s| across PSD [m/s] time [ms] delay [ms]
2.0 0.79 31.42 0.64 0.06
5.0 0.31 12.57 1.59 0.16
10.0 0.16 6.28 3.18 0.32
15.0 0.10 4.19 4.77 0.48
20.0 0.08 3.14 6.37 0.64
25.0 0.06 2.51 7.96 0.80
30.0 0.05 2.09 9.55 0.96

The calculations indicate that at greater distances and slower sweep rates, the system
exhibits increased tolerance to detection and communication latency. However, these
results deviate significantly from the actual performance observed in the real detector
unit. As sweep speed increases, the permissible response time decreases further, falling
well below the system’s measured delay of approximately 150 ms. This constraint poses
challenges for detector localization unless further optimization is implemented.
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Frequency estimation was performed using the STM32’s internal timer. The system
counts rising edges of the voltage signal from the PSD and averages across samples to
reduce noise. Sweep time was measured using the microcontroller’s hardware timer,
which is triggered by a sharp voltage spike from the PSD.

In practice, both detection trigger and frequency measuring face limitations under
the current hardware constraints, particularly due to limited resolution and latency.
However, they offer a useful framework for future development, especially if real-time
processing capabilities are improved.
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Discussion

This chapter reflects on the results presented in Chapter 6 and examines their implications
in the context of the project goals and research questions. The comparative performance
of the cascade PID and LQI controllers is analyzed, with particular attention to their
real-world applicability, limitations, and potential for further refinement. The discussion
also considers the partial success in distance estimation using the PSD and explores
the challenges encountered in full detector localization. Broader implications such
as engineering ethics, system robustness, and ideas for future development are also
addressed.

RQ1

The PID controller performs reasonably well, but it requires significant control effort
and shows noticeable oscillations around the setpoint. In contrast, the LQI controller
provides smoother control but shows an initial undershoot unless a state prefilter is
applied. The LQI controller is theoretically guaranteed to be stable, assuming the
system model is accurate enough—though this assumption may be questionable and
should be examined further.

Tuning has a strong impact on the robustness of both controllers. Aggressive tuning
can lead to instability, while more moderate tuning results in better robustness and
reliability.

Compared to LQI, the PID controller shows more oscillations, likely due to tuning
limitations. The PID was tuned using the ITAE (Integral of Time multiplied by Absolute
Error) criterion, which gave good simulation results. However, in the real system, the
performance differs—especially at lower angular velocities.

The simulation model should be improved by including dynamic friction effects, as
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measured in Section 4.2. This could make the simulation more accurate and improve
real-world performance. One approach is to use Bayesian optimization in combination
with ITAE to tune the controller while accounting for disturbances. For example,
MATLAB'’s bayesopt could be used to optimize the control gains. This could help
reduce the oscillations caused by unmodeled nonlinear friction in the simulation.

Some simple but effective methods were tested. For example, using a constant friction
compensator with the PID controller reduced the settling time from about 6 seconds to
2 seconds. This method is also computationally efficient.

Filter use introduces extra computation. The best update frequency depends on the
controller. For example, using 1000 Hz may improve PID performance, while LQI may
not benefit due to how the discrete derivative is calculated. This area needs further
investigation.

Both control strategies perform poorly at low angular velocities. As mentioned earlier, a
feedforward friction compensator is essential for improving overall control performance.
Several friction models exist that can be used for this purpose. This thesis focuses
on the Stribeck friction model, which accounts for the transition between static and
dynamic friction but the nonlinear friction compensator was not implemented. However,
the constant friction compensator was effective and easy to implement and tune, which
is useful during production and online tuning.

Several ideas for future improvements are listed below:
o Create a nonlinear model using collected data.
o Reduce system friction to make behavior more linear at low angular velocities.
o Use a nonlinear friction observer to improve controller robustness.

o Investigate nonlinear control methods such as backstepping or multi-step nonlinear
controllers.

o Add a physical angular velocity sensor to reduce error in the calculated derivative.

« Explore sensorless position control to lower cost and complexity by using a cheaper
encoder with a Kalman filter. In this setup, short-term tracking could rely on
ripple detection, while long-term tracking uses encoder data to avoid drift.
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RQ2

As seen in Chapter 5, several PSD-based methods offer trade-offs between speed and
delay tolerance. However, Section 6.2 confirms that none are fully feasible with the
current hardware setup. As explained in Section 6.2, both methods M1 and M2 were
implemented and tested. However, with the current hardware and software, it is not
possible to accurately localize the detector as required in Chapter 2. The main issue is
high latency in both the detector unit and the communication channel.

Analysis shows that the total delay must be under 10 ms in the slowest case to meet
system requirements. This is not achievable with the current setup, so new hardware
and software implementations are necessary for the detector unit.

To maintain constant angular velocity when rotating the final head, a better velocity
controller is needed (see Section 4.3.3). Changing the motor or increasing the gear
ratio could potentially help increase torque, improving performance at low speeds where
friction has the greatest impact.

Although not analyzed in the report, it may be possible to use the measured sweep
time (from the detector trigger) with a particle filter to estimate the position. The
sweep time calculation is implemented, but the software trigger is too slow to react
reliably. If the system response could be improved, this method could be viable for
estimating overshoot after a trigger is received. Further work is needed to evaluate this
approach.

To reduce communication delay, one suggestion is to allow direct communication between
the detector and transmitter, avoiding intermediate devices. This would reduce latency,
hence improving performance.

Another idea, not yet tested, is to use the PSD’s position data while the laser passes over
it. However, this still requires detecting the PSD’s location in the first place—bringing
us back to the original challenge.

To improve the trigger-based method, several alternative strategies are suggested below.
These rely on detecting the voltage spike generated when the beam crosses the PSD
and use different assumptions to refine the angle estimate.

e S1 Delay Compensation: Similar to the implemented trigger based method, but
accounts for system delay using an estimated angular velocity to adjust the
midpoint accordingly.
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» S2 Bidirectional Averaging: Perform sweeps from both directions and average the
two midpoint estimates. This cancels out symmetrical delays under the assumption
of consistent timing and accurate velocity estimation.

o S3 Slow Sweep: Reduce the angular velocity to minimize delay impact and avoid
the need for compensation. This method trades accuracy for speed and is most
likely hard to achieve because of the nonlinear friction presented in Section 3.2.

Each of these suggestions presents a different balance between speed, computational
complexity, and robustness to delay. A qualitative comparison is provided in Table
7.1.

Table 7.1: Comparison of suggested localization strategies for estimating 0,¢ference

Suggestion | Latency Tolerance | Speed | Complexity
Delay Compensated Medium Medium High
Bidirectional Average High Medium Medium
Slow Sweep Very High Low High

These ratings are based from estimations and should be interpreted as approximations.
Further investigation, including simulation or experimental validation, is recommended
to assess their practical applicability and effectiveness.

In conclusion, while reference angle detection using modulation frequency measuring
and trigger-based techniques are technically possible, accurate distance estimation
requires very high angular resolution and careful compensation for delay and signal
limitations. Further research and hardware improvements, particularly in frequency
measurement and low-latency communication, are needed to enable robust and accurate
localization.

Ethical considerations

This project was developed exclusively for civilian and industrial use, specifically targeting
applications in laser-based precision measurement and alignment. While technologies of
this type may be repurposed for military contexts, such as aiding in the installation of
defense equipment, this was neither the intention nor the scope of the thesis.

The system uses a visible laser for alignment, which introduces safety concerns,
particularly regarding potential harm to eyesight. To handle this, all development and
testing adhered to established laser safety standards imposed by the host company.
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Beyond physical safety, the ethical implications of automation were also taken into
consideration. Automating previously manual alignment tasks may impact certain roles
in industrial settings. However, the system was designed to assist human operators
rather than replace them, improving measurement precision and reducing human error
in repetitive tasks.

Summary

« RQ1: Both the PID and LQI controllers met the alignment precision requirement
of £2 mm at 40 m distance. The LQI controller demonstrated lower overshoot
and comparable steady-state performance, making it more suitable for smooth,
stable operation.

« RQ2: The localization approach using PSD timing and encoder data is
theoretically feasible but limited by the combined system delay. Without further
optimization of signal processing and communication, full real-time localization is
not achievable at long distances or high sweep speeds.

o Ethics: The project adhered to responsible engineering practices, with particular
attention to automation impacting human operators, and the intended civilian
application of the results.
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