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Preface

This paper contains a collection of worksheets for a master thesis conducted by stu-
dents of Electronics and IT at Aalborg University. The report consists of 7 chapters
and describes the concepts related to the non linear control of an inverted pendu-
lum.

References appearing in the report are collected in a source list at the end of
the report. The references are organized using the numbering method, so the ref-
erence in the text is made by a [Number] which leads to the source list in where
books and articles are listed by author, title, publisher. Internet sites are indicated
by URL, author (if provided), title page.

Figures and tables are numbered according to the chapter , for example the first
figure in chapter 5 has the number 5.1, etc. Explanatory text for figures and tables
can be found under the given figures and tables.

The paper comes with the attached CD containing data sheet and source code
used in the project.

Aalborg University, October 31, 2016

Ioannis Kapnisakis Francesco Catarinacci
<ikapnil4@student.aau.dk> <fcatar15@student.aau.dk>
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Chapter 1

Introduction

The objective of this chapter is to give an overview of the inverted pendulum
system and its stabilization and optimization tasks, as well as a description of each
part of the studied system.

The Inverted Pendulum Structure

Inverted pendulum systems are a classic control theory problem and many dif-
ferent versions of it exist. In this report has been considered, among the most
familiar types, the cart inverted pendulum. This type of system consists of three
basic elements:

o A slid consisting of two parallel rails;
e A cart moving horizontally along the sled;

e A rotating single-arm pendulum, mounted on the cart.

Pendulum

Cart

|
|
|
|
|
= 1 S R e
-
\

Figure 1.1: System setup
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When the bob stands in the upright position, the system is in an unstable
equilibrium. Therefore, it naturally tends to fall over in the downward position
swinging back and forth. To bring the pendulum upright and maintain it there, a
stabilizing action is performed by an external force acting on the cart. The actual
system is then composed by the cart pendulum system itself and a subsystem con-
trolling the given input force. Setup has two degree of freedom: the horizontally
movement of the cart on a sled and the rotation of the pendulum rod. The cart can
be directly driven back and forth by the actuator, while the pendulum can freely
rotate around its axis.

Project Background

Since 1960s, this kind of systems are used to explain ideas in linear control. By
means of their nonlinear nature, from 1990s, pendulums continued to be used to
illustrate ideas in nonlinear control domain such as passivity based control, back-
stepping or nonlinear model reduction as well as task oriented control as swinging
up [18]. Among the different controlling approaches present in the literature, those
considered more relevant writing this report are shown below. Wei et al. [20] pro-
posed a swing up strategy when the cart has a restricted horizontal travel. Chung
and Hausen [5] presented a control law to swing up considering the energy of the
pendulum while regulating the cart position. Spong and Praly [17] proposed a
swing up where in the stability analysis is taken into account the Lyapunov theory.
Fantoni and Lozano [7], inspired by [17], presented an approach where the total
energy of the inverted pendulum is considered in the control algorithm. Issues
due to the friction in the pendulum, not considered in [7], have been contemplate
by Ishitobi et al. [9]. For theoretical concepts allover the report, has been essential
the work of Kahlil [12]].

Problem Statement

The main focus of this project is to develop and apply a control strategy to swing
up the pendulum and then stabilize it in the upright vertical position. An energy
control strategy is applied for this purpose. Close to the unstable point, pendulum
is kept standing by means of changing the controller from the non linear to a linear
one. Modifications are applied to the original non linear controller due to issues
caused by frictions and singularities. Then, an extended Kalman filter is introduced
to obtain a better estimation of the states.
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The objectives of this project are expected to address the following points:

Detailed description of electrical and mechanical parts of the system

Develop and simulate a stabilizing non-linear control strategy for the system
model

Develop and simulate an extended Kalman filter to remove uncertainties in
the states estimations

System Analysis of the controller on the real system in the laboratory facili-
ties.

Overview This paper is organized as follows: In Chapter Two the description
of the system is given; in Chapter Three the mathematical model of the system is
shown; in Chapter Four the energy control method is presented and the problem
of Lyapunov function is discussed. Moreover the complete control law is designed
and simulations using Matlab are shown, while in Chapter Five the laboratory
implementation is presented. In Chapter Six an extended Kalman filter is designed
and applied to the system. Finally, Chapter Seven is devoted to presenting the
conclusions.






Chapter 2

System Description

Introduction

Input force to move the inverted pendulum is provided from a DC motor (the actu-
ator) through a belt; pendulum cart system’s outputs are cart horizontal position
and pendulum angular position. An encoder mounted on the actuator measures
the cart displacement, while another encoder measures the pendulum leaning. DC
motor is piloted by the current coming from a pulsed power amplifier (servoamplifier)
according to the voltage reference sent from a microcontroller board. Measurements
received from the encoders are used by the microcontroller to set the reference.
The setup is connected to a PC via an USB-port: the program to run the setup
is loaded to the microcontroller and measured data are then sent back to the PC.
Components of the overall system are illustrated in figure [2.1}and described in the
following sections.

Power

Cart
amplifier DC Motor

/ pendulum = |

PC Controller

‘ Encoders

Figure 2.1: Block diagram of the laboratory setup

Microcontroller board

In the studied setup, an Arduino Due board [1] is used to implement the de-
signed controller. Arduino consists of both a physical programmable board and a
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software, called IDE (Integrated Development Environment), used to program the
board. It allows to write programs, read sensors and control motors. The Arduino
Due board:

e features an Atmel SAM3X8E ARM Cortex-M3 CPU microcontroller;

e operates at 3.3[V], unlike other commonly used Arduino boards operating at
5[V];

e stores programs in the available 512 [KB]Jof RAM;

e executes many hundred thousands lines of C code per second having a clock
speed of 84 [MHz];

e presents a micro-USB port to be connected to a computer;

e can be connected with a battery or an AC-to-DC adapter, when more power
is required.

e has 54 digital input/output pins;
e owns 12 analog input pins;

e carries 2 DAC (digital to analog) pins providing analog output with 12-bit
resolution (4096 levels).

Real DAC output range is only from 0.55[V] to 2.75[V]: output current from those
pins is not enough to run a motor directly (the one used in this project has a nomi-
nal voltage of 48[V] and a nominal current of 4.58[A]), with the result of damaging
the board. Other boards can be fitted on top of Arduino to provide additional
capabilities.

Therefore, to obtain a reference voltage enough to drive the motor, an interface of
a shield and a voltage amplifier (—10[V],+10[V]) is used. In this way a reference
voltage is sent to a power amplifier which eventually supplies and drives the dc
motor with its nominal values.

As any automatic system, tasks in the Arduino board can be divided in three
main parts: Signal Inputs, Software Decisions and Signal Outputs. In this project they
are described as follows:

e Inputs (cart position and pendulum angular position) are sent by two en-
coders to digital pins.They are read as bytes and converted to integers using
an embedded library.

e Once inputs arrive, the controller in Arduino computes the suitable input to
reach the setpoint.
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e Output is sent to a Digital to Analog pin (DACO): it sets the voltage reference
for the power amplifier.

Arduino IDE The Arduino Integrated Development Environment is the software
used to write the code for the Arduino board. Software libraries are used to main-
tain the main code simple. A brief description of those libraries used in this project
follows:

e Joint library manages data coming from the encoders. It also estimates the
cart velocity from its position and compensates Coulomb and linear viscous
frictions;

o looptime library;

o Utility library defines functions sign and saturation.

Servoamplifier

A reference signal is set by an Arduino board. This signal is adapted with a ser-

voamplifier (Maxon 4-Q-DC ADS 50/10) [13] to drive the DC motor accordingly.

Moreover, the servoamplifier sets the reference to be given to the DC motor, which

aims to control the current in the motor. Hence controlling its speed and torque.
Accordingly, the mechanical torque (Ts) of the DC motor results:

TM = kM * IM (21)

where k) is the torque constant of the motor defined in [14] and Iy is the motor
current.

DC Motor

The DC motor Maxon 370356 RE 50, 200W [14] is a permanent magnet motor
which moves the cart of the inverted pendulum system. The supplied voltage (V)
of the motor armature corresponds to the motor current Iy that flows inside the
armature. The DC motor converts this electrical current to a mechanical torque Ty
according to that characterizes the motion of the motor shaft. The electrical
diagram of the used DC motor is shown in figure
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+ La motor armature
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- Ra L
b M DC Motor shaft

Figure 2.2: Electrical circuit of the DC motor

The armature of the motor is characterized by a resistance R, and an inductance
L,. In general, during the operation of a DC motor:

e The current Iy flows in presence of the magnetic field and produces the
rotation of a shaft which is connected with the armature.

e The armature-shaft is attached to a load to which is applied the mechanical
torque Ty of the motor.

An opposite electromotive force (back-electromotive-force, EMF) e is produced due
to the changes of the magnetic field that passes through the armature.

Cart Pendulum

The cart pendulum structure is the mechanical part of the investigated system. As
it has been described in section this structure consist of an aluminium rail, a
cart that slides on it as well as a rotating pendulum attached on the cart. Through
the horizontal back and forth motion of the cart, the pendulum rotates accordingly.
Cart is belt driven from a controlled DC motor, while the pendulum is actuated
from the cart. The rotational axis of the cart is attached on the shaft of a second
non functional DC motor. Such a structure is convenient to implement the sensor
for the pendulum feedback signals.

Encoders

During the control procedure of the system, feedback signals for the position of the
cart and pendulum are needed. Therefore, two rotary encoders, AVAGO HEDS-
5540 [2], are used to obtain the positions feedback for the cart and pendulum. The
encoders are attached to the driven motors of the cart and pendulum. The DC
motor attached on pendulum rotational axis is not used and not controlled in the
present application.
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Figure shows the main parts of an optical incremental encoder. A light
source (LED diode) sends a light beam which passes through a disc plate that is
attached in the DC motor shaft.

i« 7, SQUARING
’ 2N\ CReurr
<) 2
N 2
LED @:
A

Figure 2.3: A simplified structure of the optical incremental encoder [16].

This plate has spaced dark and transparent segments on its surface that forms a
simple radial pattern for the angular position of the shaft. The load to be measured
is connected in the shaft of the encoder. With the shaft rotation, a series of light
exposures is created which is tracked by a photo sensor (detector).

More specifically, the disc plate contains a grid diaphragm which split the in-
cident light beam into a second beam of light 90° out of phase. In this way two
outputs from the sensing channels A and B are produced whose phase difference
(90°) is used to define the rotational direction of the shaft. Afterwards, the beams
A and B are received by two separate photo detector components and are trans-
formed into two square wave signals via a signal processor. This processor analyses
the signals to obtain the position information. Figure [2.4) demonstrates the square
waves that are exported from an encoder for different rotations of its shatft.

FORWARD (CW) REVERSE (CCW)
P\pulses : ; ; A puses : : I i
B pulses : 5 B B puses
CWhpises i igiiimiiipiii CW pu
tAfaIIanMeEBi:s} —— n — n — “_ mfdlingmﬁuﬁis} ............ —
CCW pu R CCW pul R
Pkl RS SR CEACTE RS ol ool kil EoRd ELRE

Figure 2.4: The produced quadrature signals of the optical encoder.

Resolution is a characteristic of an optical encoder that is considered according
to the field of implementation of the encoder. For the incremental rotary encoders
it is defined as counts per revolution. The resolution of the encoder is related with
the segments (the transparent and black segments) of the disk plate and is one of
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the characteristics that define the performance of the encoder. The used encoders,
AVAGO HEDS-5540 [2], have a high resolution, that is 1024 counts per revolution.
For the measurement of the pendulum displacement this resolution is expressed
in radians /count while for the cart displacement in meters/count.

Information related with the resolution of the used encoders can be found in the
Arduino library joint.cpp that includes the algorithm for the estimation of an-
gular and linear displacement of the system by differentiating the position mea-
surements. The available information which are used to define the resolution of
encoders are:

Length of the sled where the cart moves 0.769[m)]
Pendulum displacement per revolution 27t[rad|
Total counts within the overall length of sled 8737
Total counts per pendulum revolution 2000

the resolutions for the used encoders are defined as:

o Reseyt = % = 8% 107°[m]/count the resolution of the encoder that

measures the cart displacement

® Respen = % = 0.0031[rad]/count or 0.18[degrees|/count the resolution

of the encoder that measures the pendulum displacement

In combination with the small sampling time (T; = 0.005[s]) of the Arduino
board microprocessor a quite good measurements for the cart and the pendulum
displacements of the system is obtained. However, these resolutions that define the
quantization error of the encoders can introduce a small measurement uncertainty.
This small uncertainty is considered in Chapter [f where an EKF is designed for the
inverted pendulum system.



Chapter 3

System Dynamics

Introduction

The purpose of this chapter is to present a formulation of the mathematical model
of the system. One of the objectives in this thesis, is the development of a proper
control strategy such that the system has a desired behaviour. A proper mathemat-
ical model is required for the design of this control. As previously mentioned, an
inverted pendulum is under investigation. The physical system available at AAU
laboratory facilities consists mainly of two subsystems:

o The electrical subsystem which creates a desired force according to a refer-
ence

e The mechanical subsystem that receives this force

Electrical Mechanical
Subsystem Subsystem
_______ \

o —I : [
| ! | [
| ( ) [ | !
| Servo- | 3 |
| Amplifier | | |
| | | |
| | | |
N e e e 7 | |
| |

Figure 3.1: Electrical and Mechanical Subsystems

In figure these parts of the studied physical system are shown, while in
Chapter [2| are described briefly. For both subsystems a dynamical analysis is per-
formed. In this way it is expected the development of a mathematical model that
represents the real system in a large extend. Consequently, the applied control

11
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in the system can be designed with more accuracy. In the following sections, a
dynamical analysis for the components included in each subsystem is presented.
Finally, the response of these two subsystems is compared.

Electrical Subsystem

The electrical subsystem consists of a power amplifier and a DC motor. These
dynamics are combined such that to formulate the electrical subsystem dynamics.

Power Amplifier Dynamics

Internally, the servoamplifier performs a current control whose purpose is to make
the actual current Iy to follow a reference a value. This is ensured through a high
gain B in the current feedback. Afterwards the error signal is amplified and the
controlled current Iy, that supplies the DC motor is obtained as shows figure

Im

current feedback

Figure 3.2: Simplified schematic diagram of the servoamplifier.

With the block A is represented the open loop gain while with f the feedback
gain which is applied in the signal Ij.

DC Motor Dynamics
The electric circuit of the DC motor (figure is characterized by

dl
Vi(t) = Lud—f +Roly+e (3.1)
which represents the supplied voltage to the motor armature including the back

EMF voltage e [Zaccarianl].
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This voltage e is considered as a disturbance during the operation of the DC
motor. By Laplace transformation of (3.1)) it is obtained the current Iy;(s) that flows
in the motor.

1

Im(s) S (Vals) —e(s)) (32)

_1+1%—Zs

and
1

Iv(s) = _ K
Va(s) —e(s) %s +1 Ts+1

(3.3)

that express the transfer function of the motor circuit (figure 2.2), as a first order
system. Term K, = RL,, is the motor gain and 7, = 1% the time constant of the motor.
In the following section, the dynamical response of the DC motor will be investi-
gated in order to see if the electrical dynamics should be considered when studying
the inverted pendulum.

Power Amplifier-DC Motor Subsystem Dynamics

The response of the inverted pendulum is defined from the operational behaviour
of all the components that are included in the system. The DC motor that moves
the pendulum cart consists of some mechanical parts whose operation may af-
fect the response and consequently the satisfactory control of the inverted pendu-
lum. Power electronic components included in the servoamplifier to regulate the
motor current I, with their operational characteristics, might have an influence
in the response of the overall system. Therefore, the dynamical response of the
servoamplifier-DC motor subsystem has been investigated. Ideally, it should be
much faster compared with the response of the inverted pendulum such that to
not have any influence in the control of the system.

Figure 3.3shows the generalized block diagram of the servoamplifier in connec-
tion with the DC motor. For the present analysis the function of the servoamplifier
has been considered as a simple and fast enough amplification of the processed
signals through the gains A and , while the block H represents the transfer func-
tion of the motor (2.2). The back electromotive voltage e that is generated during
the operation of the DC motor is considered as a disturbance in this subsystem. To
simplify the dynamical analysis, the effect of the voltage e is ignored.

As it is referred in section the servoamplifier performs a current control
such that to keep the motor current Ij; close to a reference value that is set in the
Arduino board. The transfer function of the closed loop system in figure is
defined as:

IM _ AxH
Vier  1+B*xAxH

(3.4)
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e
(disturbance)

Vrcf + @ Vcrror IM

|

‘ current feedback

Figure 3.3: Simplified diagram of the servoamplifier connected with the electrical part of the dc
motor

Substituting (3.3)) in (3.4) it is obtained:

1 A
LRﬂ LRa A
Ipm - s+l - s+l B R, (3.5)
- 1 7 L 1 T L .
Vif 14 pA R EEIEPAG st BAg 41
s+l R+l

which is brought in the form of the transfer function of a first order system, divid-
ing the nominator and denominator of (3.5) with ﬁ%ﬂ
Re

A
Ipm . Ra(%—H) (3.6)
Vref B ;;L+S+1 .
Ra(R +1)

With the aim of a small current error between the current flowing inside the
motor (I)1) and the reference signal, gain (p) in the servoamplifier is assumed high
enough. This results to:

Ru(@ +1)~ BA (3.7)
R,
Thus, considering (3.7), equation is approximated as:

™=

Inm N
Vref ‘BLT’ZXS—Fl

(3.8)

which expresses the first order subsystem of the servoamplifier-DC motor with
time constant Tg;p = ﬁL—;l and dc-gain Kg,p = %

By observation of the subsystem response, characteristics Ts;p and Ks,p have
been estimated. A square wave has been generated with the purpose to move
the cart on the sled back and forth with a force of 1[N]. A corresponding volt-
age V,.r = 33.3051mV has been measured as output from the microcontroller. So,
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generating a square wave of peak amplitude Vs = 33.3051mV within a period of
T = 1.2[s], the motor current input I has been measured with a current probe and
an oscilloscope. As it can be seen in figure the received signal (blue) is very
noisy due to the motor ripples. To estimate gain Kg,);, mean values (+1.43[A]) of
the square wave response are been considered.

‘40

I‘l‘ 20
-0
NI

3l ! ! | | 40
0 0.5 1 1.5 2 25

Current [A]
Voltage [mV]

30
20
10
0

-10
20 8
-30

T : '
[ ,’ ./\' e "\\77 ——current |, v

| [ x:0.601 N e ~~{——square wave
r | x:o0. ~ P Pauare

| [ 172 -~

S~ PN |

Itage [mV]

P - )l-
~ _— ™ —] x:06
N N | v2a
I I I I

I I
.57 0.58 0.59 0.6 0.61 0.62 0.63
Time [s]

o N B O B N W
\ T
/

Figure 3.4: Response of the servoamplifier-dc motor system (top) with the zoomed area of interest
(bottom).

The resolution of oscilloscope is 0.001 [s]: the zoom in figure shows that
within a sample time step (from t = 0.599[s] to t = 0.6[s]), the input pulse switches
from —30.3051[V] to +30.3051[V] and current Iy is almost as fast as the input.
Estimation of the time constant can not be then obtained by computation. Even
though, in the worst case, it could be considered equal to the resolution step, it
has been assumed to evaluate the time constant as 10 times faster. Summarizing,
multiplying the motor’s input current by the sensitivity of the probe it is obtained:

Vm = £1.43[A] «100[mV / A] = £143[mV] (3.9)
Consequently,
143[mV]
KsaM = smmnmar—o = 4.2936 3.10
M ™ 33.3051[m V] (3:10)
while
Tsam = 0.0001(s]. (3.11)

Substituting (3.10) and (3.11) in (3.8) is obtained the transfer function of the
servoamplifier-DC motor system in the Laplace domain:

Iy 42936
Vi 0.0001s + 1

(3.12)
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Mechanical Subsystem

In this section, the mathematical model of the inverted pendulum presented in
figure is obtained from the Euler-Lagrangian equation, based on the energy
of the system. A more detailed description of the system model formulation is
presented in [4].

pendulum center of gravity

M
T
[

Jcart rail

ve @( / ——

Fo 7

Figure 3.5: Set up of the mechanical subsystem of the inverted pendulum

The mass of the pendulum rod (I) is considered neglectable, while the attached
mass (m) at the end of the pendulum rod is considered a point mass. Therefore,
the pendulum centre of gravity (G) is placed in the geometrical centre of the mass
(m) and its position is defined by

xg = x + Isinf
yc = lcosO (3.13)

The differential equations of motion of the inverted pendulum are derived from
the Euler Lagrangian equations

d /oL, . oL, ..
at (aq(q/q)> - a*q(CIILI) =T

where g = (1 ...4qn)T represents the generalized coordinates of the system and 7 =
(11...7,)T defines the external as well as the non conservative (friction) forces that



3.3. Mechanical Subsystem 17

are applied to the system. The Lagrangian function L is defined as the difference
of kinetic (K) and potential (P) energy of the system (L = K — P).

Firstly, the kinetic and potential energies of the system used in the Lagrangian
formulation are defined. Both cart and pendulum have kinetic energy and thus,
considering the pendulum in figure the total kinetic energy of the system is

K =Keart + ern
1., 1 (d o\ 1 (d 2
_EMX + S <dt (x —i—lsm@)) + S (dt (lcos@))
1 . 1 .
:E(M + m) %% 4+ mlx6 cos 6 + 5m1202

and the potential energy
P = mglcos(6 — 1)

is defined only from the pendulum position, since the cart moves only horizontally.
Secondly, the Lagrangian function is given by

L=K-P
1 2 . L 24
:§<M + m)x~ + mlx60 cos 0 + Eml 6 — mgl cos 6. (3.14)

In the cart pendulum system, the chosen coordinates are the cart (x) and the
pendulum (6) displacement, which leads to the following Euler-Lagrangian equa-
tion with the corresponding partial derivatives:

d (oL oL _
dt\ox) ox *

d (oL oL

Since the Lagrangian function L does not depend on x, it follows

oL
F 0
while
;t <gi> = jt (M +m)x 4+ mlf cos )
= (M + m)i + mlf cos 8 — mlf?sin 6. (3.16)
For the 6 coordinate aL
= —mlx6 sin 0 + mgl sin 0

20
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and 3L
3 = mlx cos 0 + ml*0
that gives
d (dL oL iy ]
2 =) - 22— gk — mgl . 17
7 <89> %9 mlX cos @ + ml“0 — mgl sin 0 (3.17)

Friction is the non conservative force of the system. Both, Coulomb and viscous
friction are defined as: Fcsign(x) + yx for the cart, while only viscous friction
is considered in the pendulum: 7,8. From this point, Coulomb friction force
F.sign(x) is referred as F. for simplicity.

Combining also the control input (Fps) that is applied to the cart, the external
forces which are implemented in the system are:

T = FM — PC — ’)’5( (318)
T =—7b (3.19)

Substituting (3.16), (3.17) and (3.18), (3.19) in (3.15) the model of the cart pendulum
system is obtained as

(M4 m)& — ml@?>sin @ + mlf cos @ = Fyy — F. — vx (3.20a)
mi%f — mgl sin 6 + ml cos 0% = —,0 (3.20b)

where Fy is the controlled applied force from the DC motor that moves the cart.
From now on, the input force will be referred as a unique term u = Fyy — F,, since
Coulomb friction is compensated by software.

System parameters contained in model were estimated through experi-
mental processes conducted with the available inverted pendulum system located
in the laboratory facilities of AAU. In Appendix [A] the used estimation methods
as well as the values of the estimated parameters are presented. For this reason,

through the report any reference to the system parameters is related with the con-
tent of Appendix

Response Comparison of Electrical and Mechanical Subsys-
tem

This section presents a dynamical analysis of the previous referred subsystems, as
well as the comparison between the response behaviour of both subsystems.

A demanding point during the control of the system is when the pendulum is
close to the upright vertical position and should be stabilized there via a linear
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controller. At this point the motor, driven from the servoamplifier, should respond
much faster compared with the inverted pendulum response. The comparison be-
tween the response time of the linearised inverted pendulum [4] and the response
time of the servoamplifier-DC motor system is based on the position of the poles
of each system. Figure [3.6/shows the system pole (blue one) to be very far on
the left with respect to the linearised inverted pendulum system poles (red ones).

Pole-Zero Map
T T I

=== servoAmplifier_DC Motor
0.8 —— cart pendulum sys m

0.6 —

0.4+ —

0.2 -

-0.2 —

-0.4 - —

Imaginary Axis (seconds'l)

-0.6 — —

0.8+ -

| | | |
-1000 -800 -600 -400 -200 0
Real Axis (seconds™)

Figure 3.6: Pole location for the linearized inverted pendulum and the servoamplifier-DC motor
system.

It can be clearly seen that the subsystem of the servoamplifier-DC motor re-
sponds much faster than the overall system. Therefore, the control of the inverted
pendulum can be assumed to be not affected from the electrical subsystem. Con-
sequently, the control design will be based on the mechanical subsystem dynamics

(3).
The Underactuated System of Cart Pendulum

In this section, nonlinear state equations for the cart pendulum system are derived
from the state space form.

A general form of a second order controllable dynamical system is:

q=f1(q,9) + f2(q)u (3.21)

where g is the state vector, f1(g,§) represents the system dynamics, f2(g) the input
matrix and u the control vector. The inverted pendulum system is an underactu-
ated mechanical system because its control actuators are less than the degrees of
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freedom to be controlled. More specifically, the displacements of cart (x) and pen-
dulum (0) of the system are the parameters to be controlled. Using the generalized
coordinate g, system (3.20) can be presented in the state space form:

M(q)i +C(q,4)4 +Dj+G(q) =T (3.22)
where
x M+m  mlcost
1= [ 6 } , Mlg) = { mlcos® — ml? ] (323)
[0 —mlsin6o
C(q,9) = [ 0 0 } (3.24)
(70
D= [ 0 7, ] (3.25)
0 u
Gla) = [ —mglsinf ]' T [ 0 ] (3.26)
Matrix M(gq) is a symmetric inertia matrix with determinant
det(M(q)) = (M + m)ml*> — m?I* cos” @
= ml>(M + msin®6) > 0 (3.27)

that shows it is positive definite for all 4. C(g, ) represents centrifugal and Coriolis
forces. In term D there are viscous damping coefficients while G(gq) accounts for
gravitational forces and is given as the derivative with respect to g of the potential
energy P(q) [12]. Moreover, through equations (3.23), is defined

0 ml sin 00

M(q) =2C(q.9) = | _ 08 o (3.28)
that is a skew-symmetric matrix,that follows
zT(M(q) —2C(q,4))z=0 Vz € R? (3.29)
Using the system the term (§) can be obtained from
§=M(q)"(~C(q,4)§ —D§ - G(q) +7)
The term M ™! can be attained using (3.23), (3-24), (3-27) and is defined as
-1 _ 1 mil? —ml cos 6 ‘ (3.30)

det(M) | —mlcosf M+m

Thus, the non linear state space model is reached:
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()= am [ ato aiam | [COL5 ][]0 ]

¥l 1 ( 0 m?130sind S, —m?I?¢ sin 0 cos 0
6 |  detM)'| 0 —m?>0sinfcosd | | 0 (M + m)mgl sin 0
! - 2
ml=y ml cos 0y, X mlcu ) (331)
mlcosfy —(M+m)y, 6 —ml cos Ou
which defines the state equations for # and 6:
10 102 . 0) — 3 7,,00599.
g msin ( gcos0) "yx+ T tu (3.32)
M + msin?0
. —m?1%sinfcos00% + mlycosfx — (M + m)v,0 + (M + m)gmlsin® — mlcosOu
N ml?(M + msin?6)
(3.33)

The total energy of the system is studied in the following section. The various
positions of the system correspond to different values of the total energy which
will be a guideline for the formulation of the control law.






Chapter 4

Control Design

Introduction

This chapter deals with the design of a swing up strategy for the inverted pendu-
lum. Initially, the cart pendulum system is presented in a state space form using
generalized coordinates. Afterwards, the total energy of the system is defined. It
is used in the formulation of the control law. Eventually, using LaSalle’s invariance
principle the control law is obtained. Related theorems and definitions are also
referred.

Energetic Approach

To swing up the pendulum to the upright vertical position is used a strategy that
controls the total amount of energy in the system: adding enough energy, the
pendulum is swung up from the hanging position to its unstable equilibrium point.
The total energy of the system E(q,4) is defined as the sum of its kinetic (K(g,4))
and potential (P(q)) components. P(q) has been initially chosen to be zero at the
origin (P(0) = 0) but, because of conditions imposed on the derivative of the
Lyapunov function, as described later in this chapter, an offset Py;y = 3mgl has
been added. Consequently, the energy of the system in its balancing position is
represented by P(0) + P,¢. Such a reference value for the potential energy ensures
the total energy E(g,4) to remain nonnegative as time elapses.

The total energy of the inverted pendulum considering is:

E(q,9) = K(q,9) + P(q) + Pogy
4T .
= % [ g } M(6) { g ] + mgl(cos® — 1) 4 3mgl (4.1)

23
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In an unforced system, to equilibrium points it corresponds a zero derivative of
P(q):
9P(q) = 0= —mglsin(f) = 0.
dq

Those equilibria result to be [g,4]T = [in, 0], i € Z. The second derivative of
P(g) instead is negative for 4 = 0 and positive for g = 7. Origin corresponds then
to a local maximum of the potential energy (unstable) while g = 7 is a minimum
(stable).

As said, potential energy in the reference point is P(0) + P,rs = 0+ 3mgl while
in the downright position, at a distance of 2/ from the reference, it is equal to
3mgl + mgl(cos6 — 1) = mgl. So, it is P(q) € [mgl,3mgl]. The offset P, ¢ has been
chosen big enough (but cautiously) to ensure a positive total energy and to do not
introduce substantial modifications in the system.

As respects initial kinetic energy, it is proportional to the squared value of the
velocity and it assumes its minimum value when velocity is zero. The potential
energy of the inverted pendulum is defined [7] as

P(q) = mgl(cosf — 1)
and its derivative is related with the G(g) as

G0 =5 42)

From equations (3.22)-(3.26) and (3.28)-(4.2) it is obtained the rate of the energy

change of system
E=q"M(9)q+ 24"M(g)q + 4 G(9)
=" (~Cla.)i~Di— Gl + 7+ ;M) +47G(0)
=03 (~Cla.0)g - Dy + M@ + '

= 54" (M(q) —2C(q,4)) 4 +4'T—4"Dj
="t —4'Dy *3)

T U _.T’)’O .
- ]-rlg 5]

= Xu — x27 — 9277
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Homoclinic Orbit

Consider the non linear system

£ = f(x) (4.4
with f : D — R" and & an equilibrium point of (4.4); that is f(x) = 0.

The n-dimensional solution can be presented, for a more clear and nice represen-
tation, with a set of oriented curves along all points of a 2-dimensional Cartesian
plane (0, 0), called as phase plane. This set of curves is called the phase portrait of the
system (4.4).

The oriented curves traced by the solutions of system of differential equations, are
called orbits or trajectories and demonstrate how the solutions of the system change.
A solution of the system (4.4) is an equilibrium point (x1,x2). A saddle point is a
type of equilibrium point which does not correspond to a local extremum on both
axis of a system phase portrait.

In the two dimensional phase plane, a typical periodic (closed) orbit of non linear
mechanics is the limit cycle. Inside a limit cycle there is at least one trajectory that
spirals as time elapses. When the neighbouring orbits of a limit cycle go asymp-
totically towards to it as t — +oo, the limit cycle is characterized as stable as it is
shown in figure In contrast, if the trajectories start from neighbouring points
of a limit cycle and tend away from it as t — co, then the limit cycle is unstable [12].

ALY
) s

(@) (b)

Figure 4.1: (a) stable and (b) unstable limit cycle

A homoclinic orbit is a special case of a single orbit which leaves a saddle point
in one direction and returns to the same saddle point from another direction as it
is shown in figure Such a homoclinic orbit can express the behaviour of a
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dynamical system such as a frictionless pendulum that oscillates around a stable
equilibrium point (figure 4.2(a)). For several constant values of E, equation (4.1)
describes a possible orbit in the phase plane.

1
1 8=0 rad,
|_§°=0 rad/sec
]
(+)
k 8" (rad/sec)
(A) “ (B) saddle point
pendulum
otational axis;
] (A) B
0 |‘ —
2 m 2w
stable mi2 0 (rad)
e.p. -
1
1
0= rad

(@) (b)

Figure 4.2: Homoclinic orbit example

In the present study, the behavior of the cart pendulum system can be rep-
resented in a phase plane, where variables are angular position (f) and angular
velocity ).

At any instant of time, the system is characterized by a certain pair (g, §) due
to its motion. This variable pair traces out a phase plane orbit which corresponds
to a specific total energy E according to (4.I). Different initial conditions for the
system give different values of total energy E, hence different orbits. The behavior
of the system can be shown through its phase portrait which can be used to obtain
the various values of the total energy E of the system. Due to the potential energy
offset (Py¢s), the total energy will now converge to 3mgl when g and 4 converge to
zero as it is referred in section

Substituting matrices from (3.23) in equation (4.1) and considering ¥ = 0 and
E(q,q4) = 3mgl, for the case of an upright stabilized inverted pendulum it is ob-
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tained
1.
K(q,4) + P(q) + Pogr = Eszl2 +mgl(cosf — 1) + Posp =

K(q,4) + P(g) +3mgl = ~6mI® + mgl(cosd — 1) + 3mgl =
— T 2
=0

%szl2 = —mgl(cos® — 1) (4.5)

which expresses the homoclinic orbit [10]. Also, when 6 = 0 (then § = 0), the
pendulum has reached an equilibrium point. Generally, when the pendulum is
in the region 6 € [0,27], the system has two sets of equilibrium points:
(x,0,x, 9) = (,0,0,0) for the unstable equilibrium points, (x, 6, x, 9) = (a,7,0,0)
for the stable equilibrium points, where (x) can be any possible value of the cart
displacement x.

If the system can be brought to the homoclinic orbit then the task of swinging up
the pendulum has been solved since the pendulum, eventually, will approach an
unstable equilibrium point if it follows the homoclinic orbit. Finally, the swing up
control will be switched to a linear controller which will ensure (local) asymptotic
stability for this equilibrium point and will stabilize the pendulum in the upright
vertical position as described in section Moreover, convergence of the system
in the homoclinic orbit ensures that the trajectory of the inverted pendulum will
enter the operation range of this linear controller.

Consider the subsystem pendulum: neglecting the friction, the system is con-
servative. Energy remains constant and its derivative is zero. Adding friction,
energy decreases, because of dissipation, with derivative %—’f < 0 and the trajec-
tory tends to the stable equilibrium point. The study of the derivative of E(g, )
along the trajectory of the system provides informations about the stability of the
equilibrium point. Certain mathematical function could be used in the study of
stability of equilibrium points rather than energy [12] . Changes over time on such
an energy-like function (V), introduced by Lyapunov, might reveal conclusions
about the trajectories of a system without finding the trajectories.

Lyapunov Stability

Consider a function V : R" — R that satisfy some conditions on V and V, than
trajectory of the system satisfies some property. If such a function V exists, it is
called Lyapunov function. Depending on the system’s equations, there will be a
different V for each different system.
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Theorem 4.3.1 (Lyapunov’s stability) Let x = 0 be an equilibrium point for the system
(4.4) and D C R" be a domain containing x = 0. Let V : D — R be a continuously
differentiable function such that

V(0)=0 and V(x)>0 in D-—{0}
V<0 in D

Then, x = 0 is stable. Moreover, if
V<0 in D-{0}
then x = 0 is asymptotically stable [12]].

The aim to design a Lyapunov function based on the mechanical energy is dis-
cussed. The proposed candidate function is expressed as the sum of squares of
total energy, position and velocity of the cart. The purpose is to have all the terms
of V(gq,4) equal to zero in the upright position:

Kg

Ky o, Ky
=5 (E—- Poff)z + 2042 4 =Ey2 4.6)

2 2

1%

where gains Kg, K, Ky are strictly positive constants. Lyapunov’s stability theorem
requires the candidate function to be positive definite but from the ex-
pression of energy it is possible to get E — Py = 0 by combination of § and
0 values other than zero. Therefore, is not a Lyapunov function . Failing to
design a Lyapunov function does not preclude alternative approaches: conditions
in Lyapunov’s stability theorem are only sufficient.

Theorem 4.3.2 (LaSalle’s theorem) Let (3 C D be a compact set that is positively in-
variant with respect to @.4). Let V : D — R be a continuously differentiable function such
that V. < 0in Q. Let € be the set of all points in Q) where V = 0. Let M be the largest
invariant set in €. Then every solution starting in ) approaches M as t — oo [12]].

LaSalle’s theorem allows us to use function also if it is not positive defi-
nite; there are conditions only on the derivative of V(gq,4). It extends Lyapunov’s
theorem and can be used when, instead of an isolated equilibrium point,
the system has an equilibrium set [12]. In return, the construction of the set () is
required. When V (g, g) is radially unbounded (as function (4.6)), it is possible to
define a set QO = {(g9,4) € R"|V(q,4) < c} bounded for all the values of c. The
set (), represents an estimation for the region of attraction to the equilibrium set
[12].Using the LaSalle’s theorem principle, a control law will be designed to bring
the pendulum to the invariant set M, starting from a region of attraction.

As it was referred in section in this study the inverted pendulum has a
set of equilibrium points instead of a unique equilibrium point. Furthermore, the
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non linear energy control that performs the swing up motion of the pendulum
will eventually switch to a linear control when the pendulum arrives in a narrow
region around the upright vertical position such that to stabilize it. The linear
controller K; designed in [4] is used for the stabilization of the pendulum in the
upright vertical position. Experimentally it has been found that the controller K;
is able to stabilize the pendulum from an initial angle 6§ € (—0.262,40.262)[rad]
(or 6 € (—15° +15%)). Therefore, by switching from the non linear energy control
to the linear control for a pendulum displacement 6 € [—0.175,+0.175][rad] (or
6 € [—10° +10°]) it is ensured that finally the linear controller will execute the
control task.

Control Law Formulation

Since frictions (Ff = F; + %) acting during the linear motion of the cart will be
compensated by the microcontroller (section [2.2), control law u will be designed
considering u = Fp; — Fy. Therefore, the system dynamics (3.20) is transformed to

(M +m)% — mlf?>sin@ + mlf cos 6 = u
mi?f — mgl sin @ + ml cos 0% = 7,0 4.7)

It follows that state equations for # (3.32) and @ (3-33) become:

_ msin(16> — gcosh) + %599 Ty

re M + msin?6 (4.8)
b —m?1?sinfcosf0* — (M + m)v,0 + (M + m)gmlsin® — mlcosOu (49)
N ml2(M + msin?6) '

where terms with X disappeared.

Expression for E is also affected by this change:
E = xu — 6%y, (4.10)
The derivative of V (g, ), using the equation (4.10), is

V' = Kg(E — Posf) E + Kpd& 4 Kyxx
= KE(E — Pys) (tu — 0%yy) + Ky + Kyxt
= % [Kg(E — Pogf)u + Ko¥ + Kyx] — 629, Kg(E — Pygy) (4.11)
For simplicity, equation is redefined as

msin (10> — gcosf) + w +u  a(6,0)+u
M + msin?26 (o)

(4.12)
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and substituting (4.12)) into (4.11), it is obtained

x(6,0) +u
p(0)

A large level of the system potential energy in the unstable equilibrium point en-
sures the cart pendulum total energy E to be always positive, as it is referred in
sectlonﬂ 4.2| Thus, term —0%+,KgE in equation (4.13) is always negative and it is not
considered in the design of the control law u. Consequently, the following control

law is proposed based on (4.13)

V =X KE(E — Poff)u + KU < > + Kxx] — 92’)/rKE(E — Poff) (413)

KE(E — Poff)u —|—Kva(9’?2))+u + Kxx = —K(sfc =
u(KE(E — Py) + ; )> +KU“/§( )) + Kex = —Kx (4.14)

that gives
4 B(0)(—Ksx — Kyx) — Kvuc(e,f))' (4.15)
B(0)Ke(E — Porr) + Ko
Control law u is defined if singularities in (4.14) are avoided. Thus, seen (4.12), it

exists:

KelE — Pugy) + 55 #0=
12 # —(E = Pysr) (M + msin®6) (4.16)

Considering the total energy of system (@.I), term (E — P,¢s) is not smaller than
—2mgl:

E — Pyrp > —2mgl (4.17)
From (4.16) and (4.17), the following constrain is achieved

K

K—U > 2mgl maxg{M + msin®>0} =
E

K

K—” > 2mgl(M +m) ~ 5.11 (4.18)
E

The ratio of K, to K¢ will be provided according to inequality (4.18). Substituting

(4.14) in (4.13) it is obtained

V = —Ksx* — 0*7,Kg(E — Pyog) (4.19)
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where K5 > 0 to ensure that V(g,4) is negative semi definite as required in the
LaSalle’s invariance principle. Control gains in control law have been cho-
sen according to bibliography as well as simulation tests such that to give a high
pendulum oscillation as much close to its unstable equilibrium point. They are
determined as:

Ky=14, K;y=2, K,=55 Kg=1 (4.20)

Equation (4.5) reveals us the energetic level where we want the system to be. The
relative phase portrait plot of (4.5) is shown in figure

Potential energy

potential energy [N]
N

. . . . . .
0 1 2 3 4 5 6 7
angular position [rad]

Homoclinic orbit

angular velocity [rad/s]

. . . . . .
1 2 3 4 5 6 7
angular position [rad]

Figure 4.3: System’s potential energy and homoclinic orbit reference.

Its shape varies with the potential energy shape. To the maxima of potential
energy (P), correspond the unstable points 0[rad] and 6.28[rad], to its minimum the
stable point 3.14[rad]. Homoclinic orbit separates the trajectories circling the stable
point from those circling the two unstable points [19].
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The nonlinear strategy here presented is not able to reach that level. It will be
showed instead that, by means of the swing up, system will converge as close as
possible to that orbit.

Simulations in figure [4.4] for the closed loop system using the control law
revealed that the pendulum can not reach the desired range where the linear con-
troller works. A reason could be the rotational viscous friction in the pendulum,

angular position phase portrait given by input u
! ! ! ! . .

IS o =

angular position [rad]
@
angular velocity [rad/s]

N

o
o

Timel[s] angular position [rad]

(a) (b)

Figure 4.4: Angular position and phase portrait simulation using control law (#.15).

since these non conservatives forces usually create difficulties in modeling and
controlling a system. The underactuated system can not directly overcome it. To
verify such an assumption a simulation removing the rotational friction from the
system (7, = 0) has been run. Figure ﬁ shows that, without the rotational friction,
control law u is able to bring the pendulum in a vicinity of the upright position,
while the orbit goes close to the homoclinic one.
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angular position u frictionless phase portrait
T T T T T

angular position [rad]
angular velocity [rasd/s]

h h n n ! B L L . L L .
0 200 400 600 800 1000 1200 1400 0 1 2 3 4 5 6 7
Time[s] angular position [rad]

(a) (b)

Figure 4.5: Angular position and phase portrait simulation using control law while rotational
friction has been removed.

Being the friction removed, can be seen that quite long time is required to reach
the result. Trying to tune differently the gains could help to reach earlier the same
result.

Formulation of the additional control term v
Taking into account results from figure 4.4| and it can be said that the dissipa-
tion term 1,0 can be considered as an uncertainty, that affects the control of the
system. Thus, an additional feedback control term v should be designed in order
to compensate the effect of 7, in the closed loop equation of the pendulum
and stabilize the actual system from this uncertainty.

i —m?12sinfcos00* — (M + m)7,0 + (M + m)gmlsing — mlcos6 (usor)
ew ml%(M + msin20)

(4.21)

where uyy = u + v is the overall controller that eventually will stabilize the
pendulum in the upright vertical position.

According to [9], the additional term v is designed based on the expectation
that equation (4.21) (that presents rotational friction term and correction term v)
coincide with equation for the case without friction (7, = 0) and relative
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compensation, as it is shown below.

é’('y,:O) — énew =
—m?1%sinfcos6* + (M + m)gmlsin® — mlcosOu

ml?2(M + msin?0)
—m?1%sinfcos00? — (M + m)7y,0 + (M + m)gmlsin® — mlcosd (u + v)
mil?(M + msin?6)

Removing terms present in both sides of the equality, it remains:

mlcos6 —(M + m),0
ml?(M + msin?6) v ml?(M + msin?6)
(= (M +m)7y,0) (ml>(M + msin®6))
(ml2(M + msin?6)) (mlcos6)
M+m

U= — o Y0 (4.22)

As a consequence, it is formulated the following control law based on a desired
total energy and a desired closed loop structure (4.21I). The inverted pen-
dulum, considering also the non conservative forces, is swung up by this control
input that ensures also convergence to the operational range of the linear controller.

Setting u = uy; — v in equation (4.13) it is obtained:

0((9, 6) + (utgt — U)
B(0)

V=x [Kg(umt —Vv)E+ K, ( ) + Kxx] — Oz'erEE

where

Kg(utor — V)E+ K, (“(919) _g((gb)ltot — )

> + Kyx = — Ky = (4.23)

K K Ko (6,0
Utot <KEE + v) —-v <KEE + v)> + v (6,0) + Kex = —Kpxt =

p(0) p(o B(0)
u A N K, \  Koa(6,6)
tot <KEE+ﬁ(9)> Ksx + <KEE+’B(9)> ﬁ(9) Kyx =
g = KA Ke)PO) — Kun(0,6) |, (4.24)

B(6)KEE + K,

with v as defined in (4.22)
From equations (4.23), (4.13) the derivative of the function V is obtained, which
should be negative semi definite as it is required in the LaSalle’s invariance principle:

V = —Ksx* — 6*,KgE (4.25)



17
18
19
20
21
22
23
24

4.3. Lyapunov Stability 35

For K5 > 0, it gives V <0, thus the control law (@.24) can be used for the swinging
of the pendulum.

Additional controller v in equation has a singularity for values of 6 close
to (5 + krr)[rad], when cos @ is very close to zero. As a consequence, while pen-
dulum rod were close to the horizontal positions, DC motor would be required to
release a very high torque. This eventuality can be avoided introducing a limita-
tion to the value assumed by the function v. During the entire swing up, additional
controller is then compared with the function

T _M 0
mex = cos(1.435) 1

where the argument of cos(f) in has been substituted with 1.435[rad] (or
82°). For a range of 6 about (5 + k7r)[rad]|, v becomes too large: it is imposed to
the additional term to switch to the value sign(%) when v > U;,y. Under this
condition, singularity is avoided and the motor is not overloaded.

A saturation function, as said in , is already present in the Utility.cpp library;
it is reported in Listing

Listing 4.1: Saturation function.

float sat(float x, float eps) {
if (abs(x) > 1) {
return sign(x);
}
else {
return xx*(1/eps);

}

With the purpose of writing a clean code, this saturation function has been used
to implement the definitive controller in the Arduino code as well as the Matlab
code has been built following the same structure. So, additional controller v from

equation (4.22) becomes:

Uzsat( v , ! > (4.26)

Umux Umax

From a Matlab simulation plot, v is represented as in figure It is easy to see
that it assumes the highest values when the pendulum is close to the horizontal
positions; singularity is avoided switching v to £1.
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Additional controller v
T T

20
10

function v [N]
o

-10
-20
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Figure 4.6: Additional controller v from Matlab simulation.

Introducing (4.26) in the equation (4.24), it is attained:

(—Ksx — Kyx)B(6) — Ko (6, 0) v 1
" BOKE £ K, *Sat( ' )

Umax Umax
u v

Simulation in figure using controller shows that the system is able
to bring the pendulum close to the upright position, in a region where the linear
controller performs well.

Utor =

4.27)

angular position u,,, Phase portrait
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Figure 4.7: Angular position and phase portrait simulation using control law (#27).

Running the same simulation for a very long time, it is possible to see the effect
of the control law while there is no switch to the linear controller. Figure
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shows the system converged to a set of orbit representing the invariant set M, as
stated in LaSalle’s theorem [4.3]

Invariant set M

15 T T

angular velocity [rad/s]

angular position [rad]

Figure 4.8: Phase portrait showing the invariant set M (in blue) where the system converges during
the swing up. Plotting time range is 3000 =- 4000[s].

An outlook of the complete scenario is given in figure 4.9, where the homoclinic
reference, the invariant set M and the possible () sets are depicted.
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function

7

V contour

angular velocity [rad/s]

angular position [rad]

Figure 4.9: Phase portrait showing various () sets inside and outside the stable set M.

In figure the ) sets surrounded by set M are good enough estimations of
the region of attraction. Outside the M set and the homoclinic orbit, sets ) become
open. LaSalle’s theorem refers to those () sets that are compact. Nothing can
be said if they are not.

Simulation

The final desired behaviour of the controlled inverted pendulum can be distin-

guished in two parts. Initially, the system with the applied control law

swings the pendulum from a downright position to an upright position. After-

wards, when the pendulum displacement is close to an unstable equilibrium point
(—0.175[rad] < 6 < 0.175[rad]) the applied swing up energy control switches to a

linear control that stabilizes the pendulum upright vertically. Matlab ode23 func-

tion has been used to simulate the behavior of the non linear system.

Totally, simulation was performed for initial conditions (x, 8, %, 8) = (0.25[m], 7[rad], 0, 0).

The used controller gains are:

e linear controller: K3 = [—30.6130 — 121.4494 — 22.5738 — 17.1256] as it is pre-
sented in the Appendix [A]

e swing up energy controller: K, =14, K; =2, K, =55 Kg=1
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angular position phase portrait of the system
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Figure 4.10: System response. The dashed lines in figure|4.10(a)|defines in which angles the switching
to the linear controller is executed. The homoclinic orbit is presented with red color in figure

Figure demonstrates the simulated response of the system. The angular
position and velocity of the pendulum are increasing regularly until the time of
63[s] where the pendulum reaches an angle 6 = 0.175[rad] as it is shown in figure
At this point the swing up control switches to the linear control such that
the pendulum to be stabilized upright vertically. Thus, after 63[s] the pendulum
displacement and velocity are almost equal to 0. Figure shows the orbits
followed by the pendulum. The pendulum arrives very close to the reference of
homoclinic orbit (red orbit) but since it is not able to reach it, the control switches
to a linear one that will stabilize the pendulum.It should be referred that the M
invariant set shown in plot 4.8| contains pendulum angles which are inside the op-
erational range of the linear controller. In this way it is guaranteed that eventually
the swing up control switches to the linear one.

As final step in the analysis performed in this chapter, some considerations
about the energy are given. In figure the level of the system energy is
presented: during the swing up, the energy starts from the value mgl(= 0.751)[J]
and it reaches the value 3mgl(= 2.253)[]] before the switching in t = 63([s]. Initial
and final values for the total energy are those of the potential energy, as in figure
Energy remains every time positive during the simulation, as required in
section
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Figure 4.11: Simulated energy of the system



Chapter 5

Laboratory implementation

Introduction

This chapter presents the implementation and tuning process of the swing up con-
troller in the inverted pendulum. The control law (4.27), as well as the energy
controller are implemented in the physical inverted pendulum set up shown
in figure Simulation results which are presented in sections and 4.4 were
used as guidelines. Due to implementation issues, the control law should be
adjusted accordingly in order to achieve:

e a swing up motion that gives to the pendulum a proper velocity 0

e asteady switching from the swing up controller to the linear controller which
eventually stabilize the pendulum upright

Initially, a scaling factor 7 is introduced in the applied control law to achieve the
first objective. The value of this coefficient is defined with a tuning process which
consists of two steps as it is presented in section Afterwards, a second scal-
ing factor 7, is also applied in the control law in order to reach the second objective.

It is convenient to recall the designed control laws presented in section
since they were used during the tuning procedure.

Control law (4.15):

B(6)(—Ksx — Kyex) — Ky (6,6)
ﬁ(G)KE(E - Poff) + Ky

The pendulum oscillates within the range of 2.22[rad] < 6 < 4.05[rad].

41
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Control law (4.27):

(—Ksx — Kyx)B(0) — Ko (6, 0) v 1
" BOKE 1 K, *Sat< ' )

Umax Umax
u v

Utor =

The pendulum swinging up approaching the upright vertical position where a linear con-
troller acts.

1st Control Adjustment: Swing Up Tuning

For an initial cart displacement of x;,;; = 0,25[m], as well as a pendulum displace-
ment of 0;,; = rt[rad], the response of the real system was obtained using the
control law (4.27)). Figure [5.1| demonstrates that with the usage of this control law
the pendulum swings up from its initial angle 6;,;; = 7t[rad] but it is not able to be
stabilized from the linear controller, with gains Ky, since the pendulum angle does
not remain steady in an angle of 0 or 6.28[rad] eventually. The linear controller K;
operates in the angle range of —0.175[rad] < 6 < 0.175[rad].

angular position phase portrait of the system

[rad]
~
angular velocity [rad/s]

Time[s] angular position [rad]

(@) (b)

Figure 5.1: System response using the control law (4.27)

A reason for this issue could be a large pendulum velocity (§) when the pen-
dulum enters the linear controller operational range. Consequently, the linear con-
troller is not able to stabilize the pendulum upright. Practically, that may mean
that the applied force of the motor (Fj) is higher than the one which has been
designed and simulated for the energy controller that performs the swing up mo-
tion of the inverted pendulum. Due to the fact that simulation results presented in
section [4.4{ show an acceptable performance with a pendulum stabilized upright, it
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can be said that there is an implementation issue or a model uncertainty may exist.

Initially, from the control law the additional control input term (v) which
compensates the rotational friction of the pendulum (v,6) is disregarded. Now,
the applied control law is the (£.15). In this case, the pendulum reaches the oper-
ational range of the linear controller (—0.175[rad] < 6 < 0.175[rad], dashed lines)
as it is shown in figure Also, the pendulum is stabilized upright vertically.
Apparently, this is an undesired behaviour because simulations in subsection
revealed that in such a case the pendulum should not reach the operational range
of the linear controller.

angular position phase portrait of the system
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Figure 5.2: System response for the control law #.15)

In an attempt of following the simulation results, a scaling coefficient 7 is intro-
duced proportional to the control law in order to regulate the applied control
input. After that, the applied swing up control law in the real system is defined as:

Utot = 1]

(—Kst — Kex)B(q) — Koa(q,4) v 1
B(7)KEE + K, et < > o)

Umax Umax
u %

The response of the system for different values of this coefficient was investigated,
according to the following tuning procedure:

e sTEP 1 Initially, set a value for the coefficient 7 and control the system via
Utor = N * U.

e sTEP 2 Then, control the system via uy = 17 % (u + v) and comparison with
the corresponding simulation results.
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In the next subsection, conclusions from this regulation procedure are pre-
sented aiming to results similar with the simulated ones.

Tuning procedure

Imprecise estimated values for the states ¥, § of the system may introduce uncer-
tainties in the system. The swing up motion of an inverted pendulum is a demand-
ing and accurate motion, where small errors may create deviations that results in
a failure. With the usage of the scaling coefficient 77, a regulation of the control law
(5.1) is performed, without modifying the swing up control gains (Kj, Ky, Ky, KE).

Step 1
From a starting value of 7 = 1, this coefficient was decreased until the real pen-
dulum followed the simulations (figure and oscillated ideally close to the
region 2.22[rad] < 6 < 4.05[rad|.

The applied control law is

(—Kst — Kix)B(g) — Kore(q,9)
u
that corresponds to the theoretical (4.15).
For a value of #=0.279 the pendulum oscillates in the range (1.77[rad] < 0 <
4.5[rad]) which is close to the simulation range of 2.22[rad] < 6 < 4.05[rad], as

it is shown in figures [5.3|and

angular position

phase portrait of the system

angular velocity [rad/s]

Time[s] angular position [rad]

(@) (b)

Figure 5.3: System response using the control law (5.2) and coefficient 7 = 0.279.
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d]

T ey

Figure 5.4: Simulated system response (red) and real system response with 7 = 0.279 (blue) for the

control laws and respectively.

Now the inverted pendulum has a behaviour that follows the simulations and
the related theory referred in section [4.3.1] for the applied control (5.2).

StEP 2
Next step is the implementation of the additional control input term v such that the
system to be controlled according to equation (5.1)) in order to reach the operational
range of the linear controller. For the control law and a coefficient 7 = 0.279,
the response of the system is shown in figure

angular position phase portrait of the system
T v T T T 15 T v T T T

O

ad]

angular velocity [rad/s]

Figure 5.5: System response using the control law (5.I) and coefficient # = 0.279

Unfortunately the system still does not reach the desired region where the lin-
ear control acts (dashed lines) as it is shown from figure Additional control
term v is not able to give any contribution to the swing up procedure if multiplied
by the coefficient # = 0.279. It is concluded that the option of # = 0.279 can not
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be characterized as acceptable, probable because of its low value. For this reason it
is gradually increased, starting this time from the value of 0.279, until the applied
control law will place the pendulum in the operational range of the linear
controller with gains K; and stabilize it upright vertically. The previous tuning
procedure is repeated. It is now chosen a value 1 = 1.44.

StEP 1

As shows figure 5.6 using the control law with 7 = 1.44, the pendulum does
not arrive to the angular positions 6 < 0.175[rad] or 6 > 6.125[rad]. This behaviour
follows what was expected from the simulations.

angular position phase portrait of the system
T T T T T T T T T

IN

N
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angular velocity [rad/s]
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Tlme[s] angular position [rad]
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Figure 5.6: System response using the control law (5.2) with a coefficientyy = 1.44.

StEP 2
Afterwards, the control law with a coefficient 7 = 1.44 was applied in the
system. Figure 5.7 shows the response of the system in this case.

The pendulum reaches the operational range of the linear controller but, ap-
parently, after the switching it is not able to be stabilized upright from the linear
controller. Also, according to figure the phase portrait of the real pendulum
does not remain close to the reference homoclinic orbit. This fact reveals that the
pendulum is not stabilized upright despite the fact that it reaches the switching
range.

To sum up, for an applied control law (5.2) with coefficient 7 = 1.44 the real
inverted pendulum has the same tendency with the simulated one.
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angular position phase portrait of the system

angular velocity [rad/s]

angular position [rad]

(b)

Figure 5.7: System response using the control law with coefficient 7 = 1.44.

This is demonstrated in figure 5.8 where both the real system angular displace-
ment and the simulated one do not arrive in the switching point to the linear
controller (dashed lines). The first objective of a proper swing up motion has been
reached.

H\

Figure 5.8: Simulated system response (red) and real system response (blue) for a control law
and a used coefficient 17 = 1.44 for the applied control in the real system.

angular position

il
*

[rad]

bl
i

On the other hand, a smooth control switch to the linear controller has not been
reached yet as it is shown in figure Thus, the form of the applied control law
(5.1) should be modified as an attempt to better results.
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2nd Control Adjustment: Stable Switching Tuning

In this part is presented how it is faced the problem of the failed linear control after
the control switching from the swing up energy control. According to the referred
theory in section [4.3.1] the applied control law in the physical inverted pendulum
should have the form of that corresponds to the theoretical (#.27). Initially, the
form of the applied law has been modified to

Utor = 1]

(=Kot — Kex)B(q) — Kot(4,4) +Sat( v 1 > (53)

B(q)KEE + K, '

Umax Umax
u v

and for a coefficient 7 = 1.44 the real pendulum swings without reaching the
angles of 6 < 0.175[rad] or 6 > 6.125[rad|, as figure 5.9 shows.
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Figure 5.9: Real system response for the control law (5.3) and coefficient 7 = 1.44

Still, the applied motor force (Fy) is not enough to perform a complete swing
up motion in order to place the pendulum in the operational range of the linear
controller. Considering also that the applied control contains both terms u
and v, the bad response of the system may be related with the values of the terms
u,v. Therefore, an analysis based on the simulation was performed investigating
the ratio (7).

Figure states the simulated evolution of the terms u,v for the applied con-
trol law during the swing up control of the system.
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Figure 5.10: The terms of the theoretical control law [.27).

Taking the peak envelopes for each signal it is approximated an average ration
of
v
L 4 (5.4)
Apparently, with the usage of the control law and a coefficient 7 = 1.44,
the ratio 7 is not close to 4 as it should, but much larger since the coefficient # is
only proportional to the term u.
Therefore, a new coefficient 7, is introduced to maintain the ratio between
terms u and v. As a result, the applied control law in the real system reached its
final form

_ | (=Ksx — Kix)B(g) — Koa(q, ) v 1
ot =11 ﬁ(Q)KEE + Kv + T2 sat Umux, Umax (5‘5)

u v

Based on (5.4) and the already used coefficient 7 = 1.44, the new coefficient 17,
was estimated as

N2 = =12 = = 2 = 0.36 (5.6)

Implementation and Validation of the Control Law

Finally, for the applied control law (5.5), where 17 = 1.44 and 1, = 0.36 the physical
inverted pendulum has the desired behaviour with a proper swinging and stabi-
lization from the linear controller as it is demonstrated in figures and
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Figure 5.11: System response, using the control law with coefficients # = 1.44 and 7, = 0.36

Overall control input during swing up motion and upright stabilization phase portrait of the system
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Figure 5.12: The overall applied control input and the corresponding phase portrait for the system.

The control law with coefficients # = 1.44 and 77, = 0.36 is applied in the system only during
the swing up motion (0 — 63([s])

The response of the real system is quite similar with the simulated one as it is
demonstrated in figures The pendulum in both, simulation and reality,
swings and is stabilized upright vertically at around 63[s].

Furthermore, it is validated the estimated coefficients #, #, as well as the form of
the applied control law in the physical system, since the graphs of angular
displacement and velocity are quite similar.
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Figure 5.13: Real (blue) and simulated (red) system response for the applied control laws and

(E27) respectivaly.

phase portrait of the system phase portrait of the system

angular velocity [rad/s]
angular velocity [rad/s]

1 o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
angular position [rad] angular position [rad]
(@) (b)

Figure 5.14: The phase portraits plots for the real (blue) and simulated (red) system response for the
applied control laws and respectivaly.

In the simulation the swing up control switches to the linear one for an angle
of 6 < 0175[rad], while in reality for an angle 6 > 6.125[rad]. This is not an issue
and is related only with estimated values of the system states(x, 6, x, 6) from the
Matlab software.

In figure the comparison between the energy level of the experimental data
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and the simulated one (from figure is presented. They confirm the expectations
from the analysis with simulations in the previous chapter.
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Figure 5.15: Energy of the real system (blue) and simulated one (red)



Chapter 6

States Estimation

Introduction

When using modern control theory, it is required to measure the states of a dynam-
ical system in order to control it. This task is performed via sensors. Unfortunately
in complex systems it is common that some of the system states are not measured
directly from sensors. Moreover, some sensors give noise measurements making
the system data collection and process a challenging task. This undesired situation
is addressed by using state estimators that predict the unknown or uncertain states
of a system. Kalman filters are state estimators based on stochastic models. These
stochastic models describe noise characteristics (i.e. standard deviation, variance)
of measured sensors data. In the control theory, this noise may be related with an
uncertainty which had not been considered during the control design of a system.
Kalman filter is a mathematical tool that makes optimal estimations using a system
and a measurement model.

In the present chapter the objective is to perform state estimations using the
model of the system presented in section The available encoders measure the
angular and the linear displacement of the system. In contrast, the angular and
linear velocities (,0) of the inverted pendulum are not measured directly from a
sensor but initially they are estimated from the measured displacements according

to:
A0 - g

.. T T

where T is the sampling time of the obtained data.

0 = (6.1)

Therefore, the states x, 0 may not be well estimated at first. Furthermore, all the
measured states (x, 0, x, 9) may include an uncertainty due to a noisy signal. With
a Kalman filter, optimal as well as less noisy estimations for the unknown and

53
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known states of a system are obtained. In [3], [6] a Kalman filter is used for the
state estimation of a mobile inverted pendulum such that to improve its balancing
control. In the present thesis an extended Kalman filter is used in order to obtain
more accurate states and improve the non linear swing up control of the system as
well as its balancing control by the linear controller.

The difference between a Kalman filter (KF) and an extended Kalman filter (EKF)
is that the first one is a linear estimator while the second a nonlinear estimator.
The main parts of the present chapter are:

e Theoretical principle of the extended Kalman filter
e Design of the extended Kalman filter

e Results from the implementation of the extended Kalman filter in the real
system

Extended Kalman Filter

Noise that is included in measured data is a parameter that is taken into account
from both Kalman and extended Kalman filters. This noise is considered as white
and consist of the system (w) and the measurement (v) noise [§]. In the KF the
linear system and measurement equations are:

x=Ax+Bu-+w
y=Cx+v (6.2)

and for the EKF the non linear system and measurement equations are:

¥ =f(xu)+w
y=h(x)+v (6.3)

Algorithm of Extended Kalman Filter

The EKF algorithm is implemented in discrete time. Therefore, the nonlinear sys-
tem and measurement model in discrete time are presented.

Xiy1 = fa(xe ug) +wr,  wie ~ N(0,Qy)
Yk = hd(xk, Mk) + 0, U~ N(O, Rk) (6.4)

where
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Xk the state vector of the system at time k
fa(xx,ur)  the discrete non linear system equation
Yk the output vector of the system at time k

hg(xy,ug) the discrete non linear measurement equation

N(u,0%) a Gaussian distribution with mean p and covariance ¢

Wy the system noise with 0 mean and covariance Qy

Qx the noise covariance matrix of the system

Uk the measurement noise with 0 mean and covariance Ry
Ry the noise covariance matrix of the measurement

An EKF deals with nonlinearities by linearizing the system during the actual
estimation, and filters this linearized system via a KF. For this reason the system
and measurement equations are linearized by using partial derivatives with
respect to the most recent estimations of x:

_ 9fa(x,u) _ Ohy(x,u)
F Hy, = 9xT (65)

oxT

Rtk Ree—1,4k

where £y, is defined the estimation of the state x; using known data at time k
and £y, the estimation of the state x; using known data at time k — 1. The EKF
algorithm consists of 3 steps:

e Initialization
e Prediction
e Time update

Initialization: The predicted state £ and the covariance matrix P of the state esti-
mations are initialized:

Xoj-1 =0
Py =Q
Prediction: At the current time k prediction is performed. Available actual

measurements vy, 4y are compared with previous state estimations and then cor-
rected:

Grjk—1 =ha(Ryp—1, ux)

Fkik—1 =Yk — kje—1
Ky =Py H{ (HPyy_H] +Ry) ™

Rk =Fppe—1 + Kicge—1
Py = (1 — KeHy) Py (T — KeHy) T + KR K]
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Time update: From the time k to k + 1. The next state £ and covariance matrix
P are predicted:

Rrape =fa(Rigp vr)
Py 1 =FuPyF{ + Q;

where

Ukjk—1  the predicted measurement at time k, using the state prediction £, made at

time k —1

rlk—1 the measurement error at time k

Ky the Kalman gain at time k

Rrjk the state prediction at time k corrected from the kalman gain and the previous
state estimation

Prik the covariance matrix of the state predictions at time k

Ry the updated state prediction corrected from the kalman gain and the actual
state estimation made at time k
Piyqx  the updated covariance matrix of the state predictions

The main concept in the EKF is to predict the prior state in the prediction step
and update it in the update step, using the non linear model. This is performed
by computing the kalman gain (K) and the covariance matrix (P) by using the lin-
earized terms Fi, Hy of the non linear system (6.4).

Design of Extended Kalman Filter

Improvement in the control of the inverted pendulum is expected by the usage of
an EKF which will process all the states of the system. More specifically, the states
of the system are defined as:

x1 ] (cart horizontal position)
| x2 | (pendulum angular position) 6.6)
B (cart horizontal velocity) ’

x4 ] (pendulum angular speed)

=i
Il
R DR
=
w
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The model of the inverted pendulum presented in subsection is:
(M4 m)& — ml?sin@ + mlf cos§ = u
ml%g — mgl sin @ + ml cos 0% = 7,0 (6.7)

and by introducing the notation the nonlinear state equations of the system
are obtained:

xl = X3
X2 = X4
iy (1y? — goosxa) + 1 4
M + msin?x;
—m?12sinxycosxax4> — (M + m)ypxs + (M + m)gmlsinx, — mlcosxou

(y = 6.8
4 ml?2(M + msin?x;) (68)

X3 =

where the form of the model is simplified by redefine the X3 as:

_ msinxy(Ix — goosxy) + L2 Ly w(xg,x4) +u
X3 = : =
3 M + msin?x; B(x2)

In this way. the nonlinear state equations for the system are:

5(1 = X3
Xy = X4
P a(x, xq) +u
3= ——
B(x2)
8.y 1 a(x2,X4) + 1
Xy = lsmx2 ) lcosxz ( B(x2) (6.9)

Since the displacements x1, x, are the measurements from the physical system
that are fed in the EKF, the measurement equations of the system are:

yw] [1000][xn
HRIEEEIN 610
H

The models and (6.10) are the system and the output model respectively,
that are used from the EKF. In our system they have a continuous form:

= f(x,u)
Hx (6.11)

X
y
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where the system model is nonlinear while the output model is linear. The system
(6.11) should be discretized using the forward Euler method, since the algorithm
of the EKF is referred in discrete time:

Xk41 = Xk + Tsf(xk, uk)
Y = ka (612)

with T; = 0.005[s] the used sampling time of the Arduino board, that is also used
in the algorithm of the EKF. Consequently, the discrete form of the model is:

X1k+1 = X1k + Tsxag
k41 = X2k + Tsxay
a(Xog, Xag) + U

B(x2x)

. YrX 1 a(Xog, Xqr) + U
Xgps1 = Xar + Ts (‘?szank — rrnl;k — JCosXa <(E(é’3>> (6.13)

X341 = X3k + T

As it was described in subsection the derivation of the Kalman filter is used by
the EKF in order to linearize the nonlinear terms only when it is needed. Therefore,
it is convenient to present the discrete linearized system and output matrices of the
system:

~ 9falxg, ug)

F _ Ohy(x, u)
Y

Hic = 0%

(6.14)

X Uk X, Uk

where Hy is defined in (6.10) and the state transition matrix Fy is given by:

Fo= 147 S50

(6.15)

fk\kfuk

Design of Measurement and System Noise

White noise is present in real world systems. Therefore, in the outputs of the
sensors it is common to consider a white noise component, which has Gaussian
distribution with zero mean N'(0,0?) and random samples uncorrelated. In the
Kalman theory the covariance matrices are expressed as Q for the system noise
and as R for the measurement noise. These covariance matrices are the tuning
parameters of the EKF since they affect the state estimations, as it can be seen from
the EKF algorithm in subsecton
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Measurement noise

The state measurements of the investigated system are obtained trough quadrature
encoders. Generally these type of sensors are very accurate with very small noise
measurement. Initially, an attempt to detect a possible measurement noise was
performed by observation of the sensors data when the system was not moving.
However noise was measured. Afterwards considering that the sensors data comes
from discrete measurements (T; = 0.005[s]), the resolution of them was considered
to define the measurement noise. Section[2.6|contains the approximated resolutions
for the used encoders. These values can be referred as the standard deviations (o)
of the noise and from them the variance of the noise can be obtained as follows:

o The resolution of the encoder which measure the linear cart displacement
is Rescyrt = 8% 107%[m]/count = 0y = 8 % 107%[m]. Therefore the cart

measurement variance is defined as: Vare,s = 02, = 6.4 % 10~°[m?].

e The resolution of the encoder which measure angular pendulum displace-
ment is Respe, = 0.0031[rad]/count = 0pey, = 0.0031[rad]. Thus, the pendu-
lum measurement variance is defined as: Varpen = 05, = 9.61 + 10~®[rad?].

Encoders data for the cart x and pendulum 6 displacements are used during the
design of the EKF. For this reason the covariance matrix R is square with dimen-
sions [2x2] defined as:

R:[Rx 0 ]:[6.4*106 0 (6.16)

0 Ry 0 9.61x1076

The matrix R remains constant during the tuning process.

System Noise

The various components in the inverted pendulum system introduce noise during
their operation. Moreover, external factors considered as uncertainties may also
cause noise in the system. Therefore, the system noise is difficult to be measured.
However, it can be estimated with values that correspond to Gaussian distributions.
Also tuning is required to obtain good estimations. In the present thesis the system
noise covariance matrix Q is defined as:

Qx 0
Q
0
0

5y
o O O

oD oo

0
0
0
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since estimations for all the system states are obtained from the EKF algorithm .
Initially all variances have the same value (0.1) but after a simulation tuned process
the following covariance matrix Q was defined:

001 0 O O
0O 01 0 O

Q= 0 0 100 O 617)
0 0 0 10

An initial idea related with the variance values of Q was that the Q, may have the
smallest value since it is the state of the system that is controlled directly from the
dc motor.
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EKF Results

The EKF algorithm was tested and tuned in Matlab by using real system data. A
guideline in the tuning process was that the state estimations should follow the
real used measurements removing a possible noise at the same time. Also, the
autocorrelation function (ACF) of error for the outputs x, 6 was investigated. Ide-
ally, the error should be uncorrelated.The results for the EKF estimations for the
used covariance matrices (6.17) and (6.16) are presented below. Moreover figure
presents the applied control input in the system during the swing up motion
and the linear control.

The estimated states for the linear and angular position of the system are quite
similar with the real measured as it shows figure The measured data seems
without noise and the same trend is followed by the estimated data.

linear position
' '

0.2
0.1
E o
01
0.2
0 2000 4000 6000 8000 10000 12000 14000
N angular position
T T
&
2F
0
0 2000 4000 6000 8000 10000 12000 14000

samples

Figure 6.1: EKF estimated linear and angular positions (blue) and measured linear and angular
positions (red)

On the other hand, figure demonstrates a small estimation error for the
linear and angular velocities. This variation may be due to the fact that for the
state estimations, measured data for the linear and angular displacement are only
used. The red graph in this figure corresponds to the estimated velocities from the
numerical differentiation of the measured displacements. The purpose of the EKF
was to improve these estimated velocities.
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As shows figure the EKF results (blue one) are less noise compared with
the estimations made from the numerical differentiation of positions (red). This is
more obvious during the linear control of the system as it is presented in figure

0.5 T T

linear velocity
: T

] 2000 4000 6000 8000 10000 12000 14000

angular velocity
T T

0 2000 4000 6000 8000 10000 12000 14000
samples

Figure 6.2: The estimated linear and angular velocities from the EKF (blue) and from the numerical
differentiation of the measured positions (red)

linear velocity
0.4 T T T

1.15 12 125 13 1.35

angular velocity

122 123 124 125 126 127 128 1.29 13 1.31
samples «10%

Figure 6.3: Zommed area of the system response shown in figure Estimations of EKF (blue) and
the numerical differentiation of the measured positions (red)
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The autocorrelation functions of the linear (x) and angular (6) position estima-
tion error are almost 0 after the first time lag as it is shown in figure[6.4] Therefore,
the filtered error is characterized as uncorrelated.

ACF of the x estimation error ACF of the @ estimation error
1
0.8 0.8
506 5
= % 08
e e
5 04 s
8 8
E A
L] 0.2 L]
= =
£ £ 02
w ] o w
02 0 l
04 -02
0 5 10 15 20 0 5 10 15 20
Lag Lag

Figure 6.4: Autocorrelattion function for the estimated errors of cart(x) and pendulum(f displace-
ments)

Finally, the applied control input of the system is more steady especially dur-
ing the linear control as shows figure More specifically, without using the
estimated states of the EKF the applied input is characterized by rapid fluctuations
between 15[N] and —15[N]. By using the EKF estimations the applied control input
had smaller and slower variations.

40 T T T T T
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30

20

10

0

-10

Overall force Ut [N]

-20

30 - ]

.40 I I I I I I
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Time [s]

Figure 6.5: Applied control input in the system based on measured state values (red) and on EKF
estimated state values (blue)

A stable DC motor operation can reduce the fatigue and increase the life span
of this component. Moreover the energy demands of the device may be smaller.
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The benefits of such a motor response can be considerable in terms of maintenance
and energy consumption cost.

Summarizing, using state estimations from an EKF a different system response
is observed. Less noise signals especially for the states of velocities during the
linear control are observed. In practise, that may create a smoother motion of the
system that may be valuable for specific applications. This result is supported also
from the progression of the energy in figure

3 T

—— without EKF
= with EKF

Energy [J]

0 I I I I I I

0 10 20 30 40 50 60 70
Time [s]

Figure 6.6: Energy of system using the measured states (blue) and the EKF estimated states (red)



Chapter 7

Conclusion

The classical system of the inverted pendulum is studied in this thesis. The abso-
lutely main goal of balancing the pendulum upright starting from its downwards
vertical position has been addressed. Lagrangian mechanics were used for the
formulation of the inverted pendulum model. The available system, in the AAU
laboratory facilities, consists of a mechanical and an electrical part. Dynamical
analysis for each part was performed aiming to a more accurate model formula-
tion. Results revealed that the effect of the electrical set up in the control of the
system is inconsiderable.

The used non linear control strategy was based on an energetic approach of the
system. Lyapunov theory was used for the derivation of the control law that swings
up the pendulum from its hanging position. Close to the upright vertical position
of the pendulum, the non linear control of the swinging motion switches to a linear
one, designed at [4], in order to balance the pendulum. Through simulations, the
inability of the non linear controller for an upswing motion was detected. Addi-
tional energy should be introduced in the system but precisely in order to create
ideal situations for the linear control. A pendulum with the less possible angular
velocity close to its upright position is a requirement for a successful linear con-
trol. Modifications in the designed swing up control law were based on the friction
forces acting on the system during its motion. Moreover, a transition region which
ensures a smooth control switching was developed through these modifications.
The new obtained control law resulted to a successful swing up and balancing mo-
tion of the pendulum.

Difficulties during the implementation of the designed control in the physical
system were present. In contrast with the good simulation results, the real sys-
tem could not perform the complete task of the swing up and pendulum balance.
Possible estimation errors between the unknown estimated system parameters and

65
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the real one could be reasonable. Furthermore, model uncertainties that were not
considered in the system dynamics could also be a factor for an undesired system
response. To face this problem two scaling factors were introduced in the applied
control that executes the swing up motion. In this way, the applied force in the
cart of the system was regulated without changing the form of the applied control.
The values of these factors were set via a tuning procedure which is presented in
Chapter 5| Eventually, the real system performed a complete pendulum swing up
and upright stabilization motion.

For the control of the system the feedback signals of the cart and pendulum
positions and velocities are used. Noticeable noise was observed in the velocity
measurements due to numerical differentiation. Therefore, an extended Kalman
Filter (EKF) algorithm was used to perform state estimations. The resolution of
the system sensors (encoders) were considered as a possible measurement noise
while the system noise was estimated with a Gaussian distribution with zero mean
N(0,¢?) and random samples uncorrelated. The estimated states of velocities are
less noise. It can be said that this may result in a more smooth system motion. In
this way, financial benefits can be obtained due to a lower DC motor operation and
maintenance cost. The estimated states were implemented off-line in the system as
it is presented in Chapter @ However, since data from the real system was used for
the state estimations, quite similar results are expected during the implementation
in the real system.

Due to time limitation the EKF algorithm was not applied in the real system.
For this reason, this can be a further improvement of this study, that may result
in interesting conclusions and findings. Better estimation methods for the un-
known parameters as well as the usage of friction models in the system dynamics
can create a more accurate model and consequently a better control. Other con-
trol algorithms (i.e. sliding mode, Lyapunov redesign, Linear Quadratic Gaussian
(LQG)) can also be tested and evaluated .
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Appendix A

Parameter Estimation and Linear Con-
troller

As it was referred in chapter[I} in the present work results and conclusions reported
at [4] provide vital knowledge for the investigating non linear system in order to
perform the objectives of this project. The inverted pendulum set up shown in
figure [A.T}is located in the laboratory facilities of the AAU. Its main parts are
the cart with a mass (M), the pendulum rod with length I = 0.305[m] and the
pendulum with a mass m = 0.251[kg]. While the cart moves horizontally in the
rail, friction forces exist with a direction opposite to the cart displacement. Also,
during the pendulum rotational motion a friction torque is applied to the system.
The values of the parameters related with the referred frictions of the system were
unknown, thus they have been estimated. Below they are presented the estimated
values of each parameter with a short description for the corresponding estimation
procedure of each. The following content is also presented in [4] with more details.

Linear Friction Terms

During the horizontal cart movement linear frictions Fy are generated, which are
represented by the model

Ff = yx + Fesign(x) (A1)
where
e 1y the coefficient of viscous friction

e F.sign(x) the Coulomb friction of the cart that will be referred as F, for sim-
plicity.

69



70 Appendix A. Parameter Estimation and Linear Controller
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Figure A.1: The cart-pendulum system

e x the velocity of the pendulum cart, that is a state of the inverted pendulum
system

The linearised model of the system (3.20), after a small-angle linearization (sin 6 ~
0, cosf~1, 6%~ 0)isdefined as:

(M + m)x + Ff =Fy—- mlo (A.2a)
ml%f = mgl — ml& — 7,0 (A.2b)

Neglecting the pendulum mass (m) and its velocity (), and substituting (A.1) in
(A.2a)) it is obtained

Mi + yi + F = Fy (A.3)

which describes the cart motion of the inverted pendulum that will be used for the
estimation of the 7 coefficient. A signal that corresponds to a ramp function [21]
was applied in the cart via the Arduino board that controls the DC motor which
move the cart. In this way the cart moves with an almost constant velocity (¥ = 0).
Thus the cart motion equation takes the form

v% + F. = Fy (A.4)

Due to the special construction characteristics of the inverted pendulum system it
was found that there is a larger friction during the cart motion to the right side of
the rail, compared with a motion to the left of the rail. Therefore two different esti-
mations for the parameter v and F. were performed by using the same procedure.
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The estimations of the Coulomb frictions (F,, F.;) for a left and a right cart dis-
placement were made considering equations (A.4), as well as concepts related
with the Coulomb friction (F;) [15]. The friction, which resist to the motor force
(Fm) and keeps the cart stationary, expresses the Coulomb friction F,. Right before
the cart starts moving, since its velocity is (& = 0) it exists F, = Fy. Figure
demonstrates one of the experimental tests of estimation.
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Figure A.2

The estimated Coulomb frictions were F,, = 2.85[N|, F., = 3.98[N] for a left
and a right cart motion respectively. More details are presented at [4]

For a friction model consisted from Coulomb and viscous friction the
theoretical graph for the velocity of an object as function of its friction is shown
in figure From the obtained data of the real system, it was constructed the
experimental version of the figure The slope of the almost linear parts of
the graphs that corresponds to the viscous friction (%), represents the viscous
coefficients (7). Experimentally it was found yr = 0.94 for a right and v, = 0.64
for a left cart motion respectively, as it is also presented in [4].

Mass of the Cart

The mass of the cart (M) was estimated through the step response (figure |A.4) of
the system which was consisted only from the cart. Setting Fj; = 0 from equation
[A.3]it is obtained

—yv — F,

F = ) —
M 0—vo M

(A.5)

that represent the response of the system when the control input is u = 0 (part

after the time 0.2[s] in figure Solving [A.5| with respect to M it is obtained

—yv —F,
U

M= (A.6)
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Figure A.3: Evolution of friction forces during the sliding motion of an object
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Figure A.4: Step input and corresponding response of the system.

Two estimations for the mass of the cart were performed, since the response of the
system during a left and a right motion of the cart was different. The previous
estimated parameters (ygr, yr, Fex, Fe,) were used for the cart mass estimation (M).
Also, a data point (v, t) from the linear part of the system step response (figure[A.5),
gave the value of velocity in equation (A.6), while the acceleration is expressed
from the slope of the graph in figure [A.5Following the same process for a left
and right cart motion the two estimated masses were found M} = 2.357[kg], Mg =
3.95[kg| while the final cart mass estimation

_ My +Mg 235743095

M = 5 = 3.15kg (A7)
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Figure A.5: The linear part of the systemm response in the step input.

Rotational Viscous Coefficient

During the pendulum motion, rotational friction (,6) is acting in the pendulum.
Through a free pendulum motion, (starting from initial system states:|[xq 6 %o 6] =
[0 —1.57rad 00] ) and without any input in the system, an estimation for the rota-
tional viscous coefficient 7y, was performed. During this movement the pendulum
performs a damped sinusoidal motion (figure which can be upper and lower
bounded from two exponential function (e~7*, —e~7") where 0 = w,{.
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Figure A.6: Pendulum free motion response

The motion of a damped second order system like the pendulum is expressed
by

X4 20% + wix =0 (A.8)
and relating (A.8) with
ml*§ — mgl sin 0 + ml cos 0% = —,0

which is the equation of the inverted pendulum model that expresses the motion
of the pendulum, it is obtained
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Yr

ml

Through logarithmic decrement method [11] the system parameters o, {, wy

and w,, are defined, considering two points from the pendulum free motion re-
sponse (figure |A.6). The found parameters were

o { =0.00983

=20 = v, = 2mlo = 2mlw,_. (A9)

o wy = 6.6914(rad/s]
e w, = 6.6981[rad/s]

whose calculations are presented analytically in [4].

Consequently, using is obtained <, = 0.00983. The exponential boundaries of
the pendulum response are +6pe 7 = +1.57¢~ 957! which fits well to the damped
sinusoidal motion of the pendulum as it is shown in figure [A.7]
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Figure A.7: Envelopes representing the decay of the pendulum free motion

Linear Controller

The pendulum of the system is stabilized upright vertically (¢ = 0) via a linear
controller. This controller acts within the neighbour region of the unstable equi-
librium point of the system (6 = 0). For the design of the linear controller K; the
linearized model was used. Through small angle approximation the linear
state space form of is defined as:

-x:l 0 0 1 0 xl 0
X 0 0 0 1 X2 0
| T o -m _x 2 +1 1 | fm
o M M (MNJIrl ) o M
: M-+m 7 m)y _ 1
X4 0 %8 1 — M Y4 Mi
N——
A B
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where

X1 (cart horizontal position)

x2 | (pendulum angular position)
X3 (cart horizontal velocity)

x4 | (pendulum angular speed)

R D R
|

From desired response characteristics, the poles of the linearized inverted pen-
dulum were obtained:
—2+220j, —4+44j

Using Ackerman’s formula via command (A,B,poles) in the Matlab software the
gain vector of the linear controller K; was obtained:

K1 = [—30.6130 — 121.4494 — 22.5738 — 17.1256)| (A.10)

The method of pole placement was used to obtain the control gain vector K; =
[—30.6130 —121.4494 —225738 —17.1256]. The applied law for the linear
control of the system was

u=Ki*[x 6 x 6 (A.11)

An analytical description of this design procedure is also presented in [4].

Conversion Force Factor

The designed control input u corresponds to a proper force Fy; which is applied in
the cart of the physical system. A belt connects the shaft of the DC motor with the
cart via a wheel as shows figurdA.8|

In this way the produced torque of the motor applies the force Fys in the cart
according to:

kg * 1
Fy = M : M (A.12)

where,

o kp; = 0.0934 the motor torque constant as referred in [14]

e r = 0.03[m] the radius of the used wheel for the connection of the DC motor
to the cart via the belt

e [y the applied current to the motor

A digital set point value is defined in the Arduino Due board according to a de-
signed control input u. This reference value, referred with the variable SetOutSled
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—————
el
Figure A.8: DC motor-cart interconnection

in the Arduino code, is transformed, through a power amplifier, to a specific cur-
rent I that supplies the DC motor. In [4] is presented a detail experimental pro-
cess involving measurements in different points of the input system of the physical
inverted pendulum. It was estimated that the current sent in the motor is propor-
tional to the reference value by way of a coefficient b

Ip = b * SetOutSled (A.13)

where b = 0.00579 defines the supplied current of the motor (I) according to the
digital set value SetOutSled that is set in the Arduino code.

Considering that the force Fy is the applied control in the physical system that
is defined from the reference value SetOutSled in the Arduino code, from (A.12),

(A.13) is obtained

ky * b x SetOutSled 1
0.03

where the term .

kp%0.00579
0.03

= 55.47

is defined as the variable Conv FM to u in the Arduino code and determines the
applied force (Fy) from the motor to the cart, according to the value SetOutSled.
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A summary of the Appendix A content is presented via the table

Table A.1: Estimated parameters

Parameters
Coulomb friction for left cart displacement (F,) 2.85N
Coulomb friction for right cat displacement (F.r) 3.98N
Viscous friction coefficient for left cart displacement () 0.64
Viscous friction coefficient for right cart displacement (yg) 0.94
Mass of the cart (M) 3.15kg
Viscous rotational friction coefficient for pendulum (-y,) 0.00983
Coefficient Conv Fm to u 55,47

Linear controller Ky [—30.6130, —121.4494, —22.5738, —17.1256]
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