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ABSTRACT

An FPGA-Based Model of an Inverted Pendulum forrdvare-in-the-Loop
Simulations consists of a specific study of the S&hdulum dynamics in order to find a
realistic model and its later implementation in FPBchnology. The design flow is based on
Matlab Simulink/Xilinx System Generator, final rétsunaving proven this hardware model to
be a good substitute for the real pendulum, whiekes it an ideal tool for testing controllers
in Real-Time and Hardware-in-the-Loop Simulations.
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1. INTRODUCTION

1. INTRODUCTION

This master thesis is based on the pendulum use8T@ department of University of
Paderborn. This pendulum is a testing bench fortrobralgorithms. The objective is to
balance the bob of the pendulum when it is aboeeptiiot point and that is why it is called
inverted pendulum. This position is unstable buhgisa feedback system and controller
devices it is possible to balance the pendulum.

The inverted pendulum has no sense as a produttisbmuch extended in electronic
departments because it is a simple and well-knoymawhic system for testing control
techniques, which are the real products. Some conahapplications for these controllers
are rocket guidance, self-balancing personal tramep lifting cranes on shipyards.

At the STC department the inverted pendulum is usetkst reconfigurable hardware to
implement digital controllers using FPGA-technologifPGAs are integrated in a
motherboard that is called RAPTOR system. The RARB{stem is a modular FPGA-based
rapid prototyping, developed by SCT department.

The testing bench consists on connecting the asitp@itthe inverted pendulum to the
RAPTOR 2000 by its PCI- Bus interface, then throaghocal Bus these signals are sent to
the Module where is placed a Virtex Il Pro FPGAeifié) the controllers calculate the next set
point for the pendulum and send the voltage signalesponding with this goal point. Like
that is how the feedback loop is built.

Reconfigurable hardware consist on swapping betweang up controller circuit, which has

the mission to bring the pendulum to the uppertmrsby swinging, and balance controller
circuit, which has the aim of maintaining balancel &quilibrium of the pendulum in this

inverted position. For sure, this swapping betwtese hardware controller circuits at the
FPGA must be fast enough because the system workslitime.

The benefits of using this dynamically reconfigueabardware instead of two FPGA with a
controller in each, or the reasons why it is baisng FPGAs than micro-controllers will not
be discussed in this master thesis. To know mavatabwe recommend [1], [2], [3] and [4]

There is an important fact that has to be constierés necessary a good and realistic model,
or plant, of the pendulum for designing good cdigrs. Prior to the realization of this master
thesis, the controllers were designed from a vesidand inaccurate pendulum model and
even if these controllers work can be improved.

Finally, we want to introduce the term Augmente@lRg It is a technology that provides a
direct or indirect view where there are real andual elements mixed. It is an interesting
concept for us because the hardware pendulum ndeplemented in a chip; therefore, the
“magic” view of an inverted and balanced penduluith igplace the boring graphs. The idea
is to show at the screen a virtual image of a pkmduwhich will move in real time as the

same way that the hardware model will indicate.

Using Augmented Reality the hardware model of teedulum will have the perfect partner.
Both together will be an accurate and virtual reptaent for the real pendulum.

After this short introduction we are ready to shibe purpose of this master thesis



1. INTRODUCTION

1.1. Purpose

Find out a realistic model of the SCT pendulum anplement it in hardware using a FPGA
at a module of the RAPTOR system. The goal is tosstute the real pendulum for this
accurate model making it an ideal and, especisaityall and handy tool to test controllers in
Real-Time and Hardware-in-the-Loop Simulations. Afidally, test the compatibility
between the hardware model with the Augmented Baalreal time.

1.2. Objectives

There are many benefits for the department SCT raswdt of the realization of this master
thesis, for instance:

- The hardware model may replace the real penduluaking the system much
smaller and manageable. It will allow testing ialréme the controllers without
using the real pendulum, which weighs over 30 Kgl accupies too much space;
thereby, these tests could be done on differees $it the SCT laboratory, even at
home.

- Real time tests will be faster, cheaper and safen tusing real pendulum because
there will not be real elements as Power DriveAGrMotor, which requires time
(turn on, setup), energy (high current is neededibtor) and safety measures (to
avoid risks such as high current or dangerous mewsnfrom pendulum) for
working fine.

- Dangerous tests, which can damage the real sysieumg be done because the
hardware model will never break its motor, carspindle.

- This better model of the inverted pendulum systeihpsovide better controller
designs. Remember that every controller desigraseth on dynamic equations of
the system to control and after this master thimgsequations obtained are more
accurate than previously. Therefore, the futurdratliers will be better.

1.3 Thesis overview and structure

This master thesis is structured in three mainsp&bw a brief overview of each part is
shown:

- Modelling the SCT pendulum: This section beginshvatshort description of the
system, its elements and features, including d brplanation of the behaviour of
the SCT pendulum system. After this master thesistitues modelling the
system by blocks. There are three main block, tfet dne correspond to the
mechanic block, which has an input voltage proviokeshe controllers block and
a force output, which will move the pendulum; tlee@nd one is the pendulum
block, which will be modelled using differential wations and applying accurate
models of friction; and the last one is the encedabck, which converts the
outputs of the pendulum in TTL signals, which vadl the inputs of the controllers
block and they are necessaries for calculatingnéizd voltage set point for the

8



1. INTRODUCTION

mechanic block closing the feedback loop. Finallys section finishes giving
values to every parameters found previously, by nweaf calculation or
identification after some experiments with the qgahdulum.

Model representation on Simulink: This sectiondsus on finding an equivalent
schematic of the model using Simulink software dftlslb. In this section there is
a comparison between our model and the actual pemdusing real data from an
experiment where the controllers achieve the staibn of the pendulum.

Hardware description of the model: This sectionb&sed on converting the
software model of the pendulum using Simulink bkgék a hardware model

which will be implemented in the FPGA. The firstrippaonsist on replacing

Simulink blocks by Xilinx System Generator blocksme blocks are equivalents
but others need engineering solutions to find bet équivalence. After that the
netlist is created, then using V-MAGIC (a softwadeveloped by SCT

department) a VHDL file is generated, which inclsidiee programming lines that
are necessaries to be compatible with the RAPTAOR 2@terface. Finally, using

Xilinx ISE project navigator the bitstream is geated and the FPGA will be
programmed with our hardware pendulum model. Sosststare done for

comparing this hardware model with the software eh@thd the actual pendulum.
And the final results are discussed.



2. MODELLING THE PENDULUM

2. MODELLING THE PENDULUM

2.1 Pendulum system description: Elements, featuresand
behaviour

In this section, the STC inverted pendulum, whishthe system to model and shown in
Figure 11.1, will be described from three differgints of view: their elements, features and
behavior.

. e CART, s
. L‘i\]- . Rexroth

ROD

Motor_encoder_out
v—AC’S BOB

Angle_encoder cut

Position_enmlated_encoder ot

V_IN

Figure Il. 1: SCT pendulum diagram
2.1.1. ELEMENTS
In Figure II.1 are shown the following elementgled pendulum system:

AC servo Motor: Rexroth MSM030C-0300-NN-MO0-CGO.
Timing Belt: Gear ratio equal to 1.
Compact Module: Rexroth CKK_12 90 (ball screw dyive
Power Driver Controller: Rexroth ECODRIVE Cs DKCBD12.3-FW
Pendulum:
- Cart.
- Rod.
- Bob.
Motor Encoder: Absolute encoder used to find out jgasition
Angle Encoder: Heidenhain ROD 420, an incremerdtdry encoder used to find out the
pendulum angle.

2.1.2. FEATURES

Motor:
MSMO030C-0300-NN-MO0-CGO is an AC servo motor withdrake providing
a plain shaft with 400W of power. It has an absoluulti-turn encoder that is connected to
the drive controller by a serial interface (2.5MBauThe most important parameters for us
are the torque constant \j)Kand the rotor inertia () because these electric and mechanical
parameters, respectively, are used to model theéybem [5].

10



2. MODELLING THE PENDULUM

Timing Belt:
It is the option of attaching the AC servo maimthe Compact Module CKK

12-90 used in the SCT pendulum. There are diffegeat ratios available; in our case the rate
used is 1:1, which means that one revolution in ¢bkevo motor is equivalent to one
revolution of the spindle inside the Compact Module

Compact Module:

CKK 12-90 is a 750mm length Compact Module cdiggsof a guideway,
which is a ball rail system, and a drive unit, whis a ball screw drive. The numbers are the
guideway (12) and the frame (90) dimension in midtres. The most important feature is the
feed constant, which indicates how long the cartesdorward per spindle revolution. This
constant is called k in the driver software (DriepI6V14) and its value is Smm/rev. It is
possible to obtain this value by checking the Carhpslodule datasheet[6] for the
dimensions of the ball screwgfd® = 12x5 mm).

Power Driver Controller:

There is an interesting parameter in order toehtite SCT pendulum in the
power driver controller: the resolution of the ieicrental encoder emulation for position of
the cart, which is 500 inc/rev (rotary resoluti@ar) 10um/inc (linear resolution) if the feed
constant is used to convert rotary resolution lim@ar resolution (cart position).

Pendulum:
- Cart: mass is the only important feature in thg:dVi.a = 0,5146Kg.
- Rod & Bob: mass and dimensions are importantnfodelling as they are
necessary to calculate the centre of mass and dingent of inertia of the pendulum. dksob
= 0,581Kg. Figure II.2 reflects the dimensions amasses measured using a precision scale
and caliber.

30mm

—_—

o

Piece 1 m; = 185.155¢g

241.5mm

60mm

Smm
—

40mm

Piece 3 mz = 326.388¢g Piece 2
m, = 69.457¢g

Figure Il. 2: Rod & Bob diagram: Pieces masses and dimensions
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2. MODELLING THE PENDULUM

Motor Encoder:

This absolute rotary encoder that has a resolwfdl31072 inc/rev sends the
value to the power driver controller, which emusaiteas an incremental encoder sending the
value of the position of the cart as TTL formathe controller block.

Angle Encoder:
The Heidenhain ROD 420 incremental rotary encodsréhresolution from 50
to 5000 lines/rev; particularly, the encoder of ®€T pendulum has a resolution of 5000
lines/rev. The output is sent directly to the coltér block as TTL format.

2.1.3. BEHAVIOUR

In order to understand the behaviour of the SCTplkem system and be able to model it in a
simple way, six subsystems have been created lasttated on the diagram below:

System to be modelled

Pendulum angle
Torque imi Force
Motor AC d Tlngn?nggt & Pendulum
P Cart Position
Voltage DC
Cart Position 1] Cart Position
. Voltage
Power Driver Controllers Encoders
Pendulum angle Pendulum angle

Figure Il. 3: Blocks diagram of the STC Pendulum System to beethead

As it can be seen in Figure 11.3, all the blockst the controllers, belong to the system to be
modelled in this master thesis. To simplify thegdéan, the encoders have been grouped in
one block, which takes its inputs directly from gendulum and connects its TTL outputs to
the controllers block. In the actual pendulum, eansin figure 1, the absolute encoder of the
position is situated in the motor, from which itasnnected to the power driver controller,
which takes the position value and emulates aremental encoder providing controllers
with a TTL signal.

Therefore, and from this point on, the cart positencoder will be considered as an
incremental rotary encoder which takes its inpatrfrthe output of the pendulum generating
a TTL output with a resolution of 500 inc/rev.

In order to explain the behaviour of the SCT peundulsystem we will start from the
controllers block. As stated in the introductidme tontrollers determine the next set point for
the cart, either swinging up or balancing the pémdu Therefore this block sends the
corresponding voltage signal to the power drivemjclv converts this signal in a valid input
signal (appropriate voltages and times) for theanot
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2. MODELLING THE PENDULUM

Since the moment the motor receives its input $igr@nverts it into a torque and transmits
it to the spindle using the timing belt. This toequansmitted to the spindle corresponds to
the motor torque because the gear ratio in thengrbelt side drive is 1:1. Then the ball screw
drive is moved by the rotary movement of the smnahd finally the cart is moved to the
right or left depending on the spin of spindle:atlwise or counterclockwise respectively.
Consequently, this cart movement makes the rodbabdmove too, modifying the value of
the pendulum angle or its angular position.

The angular and cart position, which are the ostmitthe pendulum, are coded by the
incremental encoders block in TTL format. Thesenalg are sent to the controllers block,
where this information is needed to calculate tbw Bet point. Then this block generates and
sends the new corresponding voltage signal as iptlte power driver, starting again the
loop.

As seen, this is basically the behaviour of the $€mdulum system. Although some blocks
might be explained more in-depth, which will be dan following sections, the goal of this
section was to show how the system works and tplgiyrhe way to model it.

2.2. Modelling Power Driver Controller, Motor AC, Timing Belt
and Spindle

The goal of this section is to model some blockshef pendulum system, which are Power
Driver Controller, Motor AC, Timing Belt and Spiralblock, in the easiest way but,

obviously, also realistically and correctly. Assisown in Figure 1.3, the output of Timing

Belt and Spindle block is a force, which is theunfor Pendulum block, it is important that

this force includes all the mechanical effects lithe moment of inertia of motor and

spindle).

As it can be seen in Figure .4, where appear first three consecutive blocks from
Controllers block shown in Figure 1.3, these thbdecks can be modelled as a unique block
that converts the input voltage having a range f@otm 10V into a signed force output which
is proportional to the input.

Fin [N]

Vin V]
Yoltaga [V Tifning Bet Force [N] P
Power Driver Mator AC Spid\ee & | :> a*(Vin-Voff)

Voff [V]

Figure Il. 4: Blocks diagram. Power Driver, Motor and Timing B&lSpindle are modelled as a
block

In order to make this simplification, a linear mbde is necessary to understand how the
Power Driver Controller works. The analog inputtagk is converted into digital voltage by
the ADC, then the voltage offset of 5V is subtrddie obtain a new range [-5V, 5V]. Finally

it is multiplied by the scaling factor, which is@% per 10V. This Power Driver Controller

behaviour is shown in Figure II.5, which is a sasfet from the driver start-up software
(DriveTopl6V14 [7]).
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2. MODELLING THE PENDULUM

94 Analog inputs - Drive 1, Pendel-Achse

Analog input 1
ST A clditive borque/force command value
|Z 0.004 i 0.0 %
Offset |5000 i Scaling 150 4 per 10
< Back | Mest > | Exit | Help

Figure Il. 5: Power Driver behaviour

The next step is to model the AC Motor, where thput voltage is converted into a
proportional torque output. This conversion is dbgethe torque constanky;), multiplying
the maximum active peak curreticve pea) provided by the Power Driver Controller. The
torgue constant can be found in the motor datajestd the maximum active peak current
can be found in the Drive limitation window frometldriver software (DriveTopl6V14[7]),
whose screenshot is shown in Figure 11.6.

14 Drive limitations, other limits - Drive 1, Pendel-Achse

Bipolar welocity limit +alus W mmmin
Positioning velocity ’W i min
Bipolar accelaration limit value W i
Jerk bipolar ’W mmds"3
Bipolar tarqueforce limit value 100.0 4
Torque/force peak. limit W i
Acceleration dependant tarque limitation I
Active peak curent 3534 2
Active duration current 3.634 A
Cartinuous current limit pre-warning at ’907 z
Cooling type % without blower

" with forced air flow

" water-cooled

< Back | Mext > | Exit | Help |

Figure Il. 6: Maximum active peak current: 3.534 [A]

It has to be noted that there is a continuous atifnait pre-warning that will be used in the
formula.

The final step is converting this torque into fqradnich is done by the Spindle block, where
the feed constark indicates how many meters the cart moves per uéwal of the Spindle.
Therefore, the output force from this model is esgnted aby because it is the input force
in the pendulum block and is obtained by the follapformulas:

_ 15C%(

Fin Vin ~Vore ) BOAIK,, DI](_- =a Vi, ~Vore) (I111)

Active_ Peak
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2. MODELLING THE PENDULUM

Where:

F. i Input force in the pendulum block] V,, : Input voltage in the power driver block][

Ve - Offset voltage Y] = 5V | active_peak: Max. active peak currenf] = 3.534A

K,,: Torque constant of mot(fNium}: 0.54NIm  k: Feed constant of spindle blofk] = s10%m
A

a : Voltage to force conversion factFN}
Y

Finally, the value oé is:

:%:;A’Dmﬁve_%akmm/ou( &= 51525{ }(IIZ)

Before concluding this section, it is importanteimphasize that there are two moments of
inertia that cannot be neglected: Moment of indrban the Motor Ju) and SpindleJsp).

The Figure 1.7 shows how the input voltagénj is converted to torqueéMa) and how this
torque, after interacting with the moment of irerdf Motor Jy) and Spindle Jsp), moves
the cart a distance ok

Xe
i
‘_\fﬁ?_a
(ﬂ) ) Jop Pt :l
/
Gear ratio: 111 @y
Vo

K

(

Figure Il. 7: Mechanical diagram that explains how input voltageres the cart

=
.é-.,.
N

The equilibrium condition in this system is givey1 b

(JSP+‘]M)W My -K =M, (1.3)

ra
Wherej = / rev | - facyev 400, facyev (11.4)

K
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2. MODELLING THE PENDULUM

As F, =M, 0 and ¢, = X, O it is possible to write the equilibrium conditi@s a force
equation instead of a torque equation:

..K E

(JSP+JM)D<KD]+mcart _-_—’(JSP+JM)D<K 0°+m

. cart
|

- ((‘JSP+JM)|I|2+rncart)D<K = FA - M :((‘JSP+‘JM)|:[|2+rncartXKg] (1.5)

X, =F, -

The mass M is a “virtual” mass of the cart becatsgcludes the moment of inertia of both
Motor and Spindle. Its value will be much greateart the value of mass of the cart measured
on the scale (remember features of pendulum séc#ind to obtain M it is necessary to
calculateJsp becausdy can be found in the Motor datasheet [5].

Jspis denoted in the page 29 of the Compact Modulasti@et [6] as; and its formula, for
motor attachment via timing belt side drive, is:

J, =(k +kL+km, )0° + I, + I, (11.6)

WherelL is the length of the Compact Module given in millitres,L = 750mm;ny, is the
mass of external load given in kilogram®, = Mcart + Myodebob = 1.096Kg; Jg, is the reduced
mass moment of inertia of timing belt side driveaitor journal given in kilograms times
square meterJ,, :38e’6[Kg DmZJ as is shown in the CKK 12-90 datasheet [6]; khek,, ks

are constants whose values are defined in the tdititegure 11.8. See second row (12x5) and
1 carriage column:

Size Ball Constants Frictional torque
screw | Ky K, Ks Mgs

1 2
d,x P carriage | carriages (Nm)
CKK 12-90 12x2 1.279 1.303 0.013 0101 0.11
12x5 1.454 1.600 0.011 0.633 0.15
12x10 2138 2.750 0.011 2.633 018

Figure Il. 8: Table of datasheet for CKK 12-90 [6] where constéintk, andk; are defined

Note thatJg, = 0, because it is the mass moment of inertia dbmarake and this is a system
without break.

‘Jfr = (kl + kZL + k3mfr )D-O_G + 'JRv + 'JBr =
= (1454+ 00110750+ 0633C1096)[10°° +38[10°° +0 = 484[10°[Kg ?] (11.7)

Therefore, taking the value af from the datasheet [5], the mass M is finally oted as:
M = (Jgp + J,, )02 +m,, = (484 +17)10° [{4007)? + 0.5146=103209Kg] (11.8)

This is all the modelling process from the previtiscks to the pendulum block, which will
be the next target to be modelled. The followinctisa will be dealing with it.
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2. MODELLING THE PENDULUM

2.3. Modelling the Pendulum by using differential guations

Several methods can be used to model the Pendubaghk, lfor instance a neural network or
multi-body simulation software as SimPack[8], the tnalytic method was chosen because it
was the simplest and as precise as necessary dlymamics is well known for us and the
other methods require extra knowledge even learoinge an extra software. Remember that
one of the objectives of this master thesis igrid & very realistic and precise model of the
real SCT pendulum.

Focusing on the analytic method, the next decitadake was which mechanism to choose in
order to represent the pendulum dynamics. Rementbéne classical mechanic we always
think about Newton’s equations of motion, but thare two alternative formulations of
classical mechanics: Lagrangian and Hamiltonianhaeics.

These methods had arisen from Newton Laws; thexetbey are more abstract and general
than the Newtonian method. The main differencéas they use the energy and work (scalar
magnitudes) instead of force (vectorial magnitufiie)describing a mechanical system. In
simple cases Newtonian method is perfect, howevenwhe mechanical system is more
complex, such as a pendulum included in a movimgy tas method becomes complicated.

The main advantage of Lagrangian and Hamiltoniathatkagainst Netwon is that they use
generalized coordinates, which allow to obtain rrauat equations of motion independently
of changes of references because the generalizadicate values do not depend on any
other coordinate on the plane and it is a greatmidge for complex mechanical systems.
Thereby, these coordinates describe the motionhef SCT pendulum, which is a free
pendulum included in a moving cart, in an easiey wean through Newton equations,
consequently, Lagrangian or Hamiltonian method lellchosen.

Both methods could be chosen, but the Lagrangiahadewvas selected because the second-
order differential equations obtained are easilyesband, therefore, is not necessary to use
the Hamiltonian method. Remember that on a n-dimeatcoordinate space (where n is the
number of degrees of freedom of the system) thedggn method gives n second-order
differential equations instead of 2n first-ordeffeliential equations given by the Hamiltonian
method. This mean: if n second-order differentgalations are easily solved, then, it is better
solving them than solving 2n first-order equaticarsg this is our case.

As seen in Figure 11.9, the generalized coordinates horizontal displacement of the cart (x)
and the rotational displacement of the pendulét)) (vere defined on the plane XY.
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2. MODELLING THE PENDULUM

Py o= 7 Lein @ _ BOR
I 3
Reference yo=-Loosd L =g
j
3 2 ROD |,
/ i f
: L ]
= s J_J frics » X Rexroth
L ]
-
| \ I
X

Angle_encoder_out
Motor_eticoderout

Position_etmalated_encoder_out

v I

Figure Il. 9: SCT pendulum system schematic including: plane i¥yunitary vectors (yellow box),

centre of mass of pendulum (point C), its coordiadi, yc), generalized coordinates &), masses

of pendulum in) and cart 1), and forces diagram;\F; input force; Eric_x, friction force in the cart;
Fn, normal force; anddgc o, friction force in the pendulum.

2.3.1. Friction forces

This is an important section in our master thesisalise for finding out an accurate model of
the SCT pendulum the friction forces could not heglacted. Usually, these forces are
considered as a simple viscous friction model []][[11] [12] [13], but it iS not accurate
enough for us.

We have considered also the static and dynami€dgaiomb) friction forces in our pendulum
model. As is demonstrated in [14] neglecting tHesees introduces some inaccuracies.

To illustrate this, the Figure 11.10, which is tak&om page 3 of [14], is shown. Due to

friction forces a ripple is observed in the expennnline, which is shown in Figure 11.10 with
a solid line.
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2. MODELLING THE PENDULUM

expenment
— — —simulation

o
a3

position (mj
I 1 1 | |
e 2 o o o
2 =2 2 2 =9
& o (= ]

=007 | . 1
" AN SEANF S O S SN
-0.09 s ' -
0 5 10 15 20
bime (sec)

Figure II. 10: Experiment and simulation with simple viscous fanotmodel [14]

Sue Ann Campbell et al. paper [14] focuses on dewigbetter controllers; in our case, this
objective is a secondary target because the magettes to obtain an accurate model of the

pendulum. Of course, this accurate model could $eduo design better SCT pendulum
controllers in further works.

At this point, the process of modelling the pendubiock can start. At the end of this section
some equations that describe the dynamic of pendwlill be found out. Remember the
outputs will be cart position (x) and angle positi@) and the input of this pendulum block

will be the force supplied by the Spindle. Thetfsgep of this modelling process is to define
the generalized coordinates and forces.

2.3.2. Generalized Coordinate System and Forces

The pendulum system has two degrees of freedonatkaepresented using two generalized
coordinates{): the horizontal displacement of the cagtdnd the rotational displacement of
the pendulum §). Mathematically written as follows:

& %68 (1.9)

The horizontal displacement of the cart has itstpesdirection to the left and the rotational

displacement of the pendulum has its positive tmacclockwise, measured from the
downward position.

The pendulum system is classified as a holomonimaadyc system because every constraint

of the system depends only on the coordinates iare aind not on velocities. Therefore the
set of the associated admissible variations are:

3 &, 09 (11.10)

Finally, the generalized forces=() from the non-conservative work are mathematically
defined as:

W™ = ZN:EiJEi (I1.11)

i=1
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2. MODELLING THE PENDULUM

Identifying the non-conservative forces in the Si&hdulum system:

- f(t): input force that comes from the torque of the iGtor and is supplied by the
spindle.
- feric_x (): friction force in the cart. This force is subdied in three non-

conservative forces too:

- fsranc x (): static friction force in the cart, which only a&gys when the

cart’s velocity is zero X=0). Its value depends of(t) and F is the normal
force:
= f(t) « [f(O) <us xFy

(1.12)
_,us_xFN Sgn(f (t)) And |f(t)|2,us_xFN

fSTATIC_X (t) :{

- feouoms x (1) Coulomb friction force in the cart, which only@gars when
the cartis movingX# 0

fCOULOMB_X = “Hc x Fy sgn@) (11.13)

- fuscous x (1): viscous friction force in the cart, which, likeo@omb friction
force, only appears when the cart is moving( ). O

fwscous_x (t) =-bx (11.14)

- feric_o (D): friction force in the pendulum. This force is@lsubdivided in three non-
conservative forces:

- fsranc o (1): static friction force in the pendulum, which ordppears when
the pendulum’s velocity is zer@(= 0). Its value depends dt):

fsranc o(t) = —4s gFysern(d) (11.15)

- feouome o (1): Coulomb friction force in the pendulum, which prappears
when the pendulum is movin@¢ )0

fCOULOMB_H(t) =—Ue oFy sen®) (11.16)

- fuscous o (1): Viscous friction force in the pendulum, whichkei Coulomb
friction force, only appears when the pendulum @ving (6 # 0).

fwscous_a t)= _beg (11.17)

After testing experimentally that the friction dmetaxis of rotation of the pendulum is almost
zero (fgranc ¢(t) = 0), we have to neglect Coulomb frictiorf {,, ovs » = ) Decause it is

smaller than the static onef{,, ous ¢ < fsrarc »(t))- Therefore, only viscous friction force
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2. MODELLING THE PENDULUM

generated at the pivotf,s.oys 4 (t) has to be considered in the rotational movemerihef
pendulum.

Hence the generalized forces, | from the non-conservative work are:

=, = () + frne x (1) (11.18)
5= fFRIC_H(t) = 1Ewscous_a = _beg (11.19)

2.3.3. Lagrangian

The definition of Lagrangian is:

L=T-V (Il.20), whereT is the kinetic energy function and V the potenéakrgy
function.

We knowT =T cart+T penoutum (11.21)

Teart = % Mx? and Togpuum = % mv,  V, +% Iw? (11.22)

Where:

M: mass of cart
m: mass of pendulum (rod + bob)
V. : velocity of the pendulum’s centre of mass, whicthe point named as C in Figure

oo dr, iy :
11.9. Remember, =%,rc position vector of the point C.

I: moment of inertia around the pendulum’s ceofrenass
w: angular velocity (v = 8)

. =—=(x—Lsind)i —Lcosq (I1.23)

V, = —(X~Lcosgo)i +Lserdd (I1.24)
VeV, = [— (x— L cosBo)i + Lser196TJ° l— (x—Lcosgo)i + Lsen%ﬂ = (11.25)
= X% — 2L 6cos@ + 20 cos 8 + L?F%ser’d = X2 — 2xL O cos 6 + L 26>

SO TeenouLum :%m(x2 - 2xL8cosd + L292)+%I92(II.26) and finally the total kinetic energy
iS: T=Tpr +T = 1w + Lm(xe - 2xLGcosa + L267)+ 1167 (1.27)
) ~ 'CART PENDULUM — 2 2 2 '

The potential energy of the system is:

V =-mgLcosé (11.28)
Hence the Lagrangian is given by

1., 1 (., o oo\ 1
L=T -V =M +§m(x — 2% Ocosh + L2 )+§|9+ mgLcosd (11.29)
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2. MODELLING THE PENDULUM

2.3.4. State equations of the system

Using Lagrange’s Equation to find the State equatio

E[%j_a_tzz
e = e (1.30)

Mos) o da) o

dtlog) 08 ~°

For x:
afl._ =(M +m)x-mLbcod
[6)4
(;L(:O (M +mx-mLBcod+mLePserd = f (t) + frpc « (11.31)
d(@l_) = (M +m)%—mLcos# - mLI(-serd)&
dt\ ox
For &
a—L-:(fT1I_2+I)9—mL>‘<cose
00
Z_I; = -mLx§(-serd) + mgl(-serv) (ML2 +1)8 — mLxcosd + mgLsed = Frnc o (1.32)
ALY, pim
dt(aéj_(ml‘ +1)8 —mLXcosd — mLx(—serfd)8

Like fere x and fpc 4, due to the fact that viscous friction depends onand 9,

respectively, and the State equations are defirsdaguhese variables, it is necessary to

define two new functiond/, . , andfi,. , where the viscous friction is pulled out.

Therefore the new functions are:

fSTATIC_X (t) o X

frae x (1) :{ (11.33)

fCOULOMB_X (t) - X#0
feric_o(t) =0 (11.34)
Hence the new State equation system is:

(M +m)%X-mLécoss + mL&?serd+b,x = f (1) + f e (1) = fior(t)  (11.35)
(mL? + 1)8 - mLxcosd + mgLserd + b,6 = 0 (11.36)
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2. MODELLING THE PENDULUM

X | |% X
X, X .| X, X :
fz=|"2|=|"| (11.37)andZ =| "?|=| .| (1.38) andZ = A(Z + B U (11.39)
X | € X; | |6
X, | |6 X,| |6

The equations are denoted as follows:

(M +m)X, - mLx, cosx, + mLx,“senx +b, x, = fro.(t) (11.40)
(mL + 1)%, — mLx, cosx, + mgLsenx+ b,x, =0 (1.41)

Working out the value ok, in equation (11.40):

X, =

I (mL>'<4 cosx, — mLx,’senx —b,x, + f,o; (t)) (1.42)

Replacing this value in equation (11.41):

L
(mL* + )%, —m(mb‘(4 cosx, — mLx,“senx — b x, + fTOT(t))+ mgLseny+ b,x, =0 (11.43)
mZ2L? cos® X mZ2L? cosx.sen mLcosx.b mLcosx
(mLZ + I)X4 _ 3 -4 + 3 >§ X42 + X3 X , - 3 fTOT(t)+
M +m M+m M +m M+m

+mgLsenx+b,x, =0(11.44)

(ML +1)(M +m) —m’L® cos x, « = m’L? cosx,senx o 2 _mLcosxp,
M +m ‘ M +m ¢ M+m ?
N mLcosx, f

M or (t) —mgLsenx—hyx, (11.45)

Naminglk = (mL® +1)(M +m) —m?L* coS x,| (11.46) and working out the value o, :

mZ2L? cosx,sen mLcosx,b mLcosx
K S )gX42_ kX3xX2+ 3fTOT(t)_
_ (M +m)mgLsenx (M +m)b,
k

X, =

x, (1.47)

Replacing this value in equation (11.42):

X, =

2] 2
m<“L“ cosx,sen mLcosx,b mLcosx
{mLcosx{— Sl Xy + 2 for(t) -

M +m k ! k ?
_ (M +m)mgLseny (M +m)b, «
k Kk

4J -mLx,’senx —b,x, + f-o; (t)} (11.48)
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2. MODELLING THE PENDULUM

Finally the equations that describe the dynamicghef pendulum have been presented.
Therefore, the model of the pendulum block is fieid and we can continue modelling next
block: Encoders. Although, to be precise, the pamdublock model is not finished yet
because these equations are symbolic, but for trmaent it is enough. Just after finish with
encoders block, we are continuing with finding allipparameters values for these symbols.

2.4. Modelling Encoders

The last block to model is the Encoders block. €hene two incremental rotary encoders in
this block, one for the position of the cagtand other for the angle of the penduldin,

First of all, we are going to explain the increnamotary encoder behaviour. An incremental
rotary encoder converts the angular position ofiatsn a digital code, TTL signals in this

case. This angular position or angle is not an labsgosition, the encoder does not know
where the initial position is, it only knows howetincrement of the angular position and it
sends this information to other agent who knowsrtitel position and, consequently, knows
the absolute position. This is the reason why leefiarting a demonstration with the real
pendulum is necessary homing the Power Driver @tatrusing its software.

The homing procedure is very important in the sgatem, because if the turn-on position of
the cart is near to the CKK Compact Module bouretaend nobody cares to the absolute
position, the cart could crash with this boundargating the CKK Compact Module.
Fortunatelly, Power Driver Controller cares to #iesolute position of the cart. Note that in
the goal software/hardware model of the real systbim cannot happen because the
initial/turn-on position of the cart will be alway=ro (in the middle of the CKK Compact
Module). Indeed, the incremental encoders can benasd as absolute in this model due to
this fixed initial position of the cart.

Resuming the explanation of an incremental encollerincremental encoder always sends
two output signals in quadrature (90 degrees ouythafse), the reason is to distinguish the
direction, rather, the sense of the angular positicrement. Please note that this 90 degrees
out of phase between both signals, from this peilitoe called Channel A and Channel B, is
not constant, this means that sometimes the Chanméll be 90 degrees in phase ahead of
Channel B and other times it will be the opposi8 (degrees out of phase). The Figure 11.11
is shown to illustrate channels A and B with 90réeg out of phase.

A_ L L] L
B_[ L[ 1L[71

Phase 112:13:4:1:2:3:14:1:2:13:4.:11

Figure Il. 11: Channels A and B of an incremental encoder witdé&grees out of phase (B ahead A)

Next question to explain is how are generated tiie dutput signals of the incremental
rotary encoder. In the SCT pendulum system cagh,iboremental rotary encoder are optical
encoders. Therefore, the way to generate the tfapulses is simple: there is a LED which
always is emitting light, in front of it there ispdnotodiode that receives this light converting
it in a TTL signal, and between LED and photodidkere is a disk, which is fixed to the
shaft, with several bands, half transparent bamds half opaque bands. These bands are
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2. MODELLING THE PENDULUM

placed alternately, as seen in Figure 11.12, whiga &im of generate the train pulses when the
shaft is moved: when a transparent disk band isdest LED and photodiode, the output will
be high-level and low-level if the disk band is@aque one.

Figure I. 12: Optical encoder disk: transparent (white) and opdtiack) bands

As said previously, the incremental encoder hasdutputs in quadrature, Channel A and B,
and depending on the angle sense one channel thadsther. Inevitably, two sets of
LED/photodiode are necessary, which could be alpnoldor constructing encoders: 90
degrees out of phase are needed, this means & pligtsince between sets of half band, if the
resolution is high and, consequently, the numbehafds is high too, the encoder is
technically impossible to build. Only as remindezsolution is the minimum change at the
input that is possible to measure at the output.

Apparently, incremental encoders are worse thaolates however, quadrature outputs can
be used to increment four times the encoder rasalftounting the number of rising and
falling edges in both channels, instead the nunabgulses) and using a different type of

encoder disk, see the Figure 11.13, is possibleltain higher resolution than the absolute
encoders.

light light
entitters detectors

g
SN
ZENL NS NN
7NN
]
g
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77/

Figure Il. 13: Encoder disk of an incremental rotary encoder

In this point, we are able to model the encodexkl The first step is to explain the
simplifications that were done in these encoderdeho

* The encoder disk used is a simplification of thal rencoder disk (shown in the

previous figure).
* The sets of LED/photodiode are spaced half band.
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2. MODELLING THE PENDULUM

» Although in the encoder disk there are many bageggloiting the symmetry of the
disk, only two have been considered as work/opmnadrea for the encoder model. An
explanatory diagram is shown in Figure 11.14.

Channel B
Channel & Sensor operat:ton area
Sensor operation area angl th B
E_ —
angle th A 2 engle th A

atgle th B

Figure Il. 14: Sensor operation areas for both channels in owdamanodel

The main idea of this encoder model is that if th@ement angular position of the shaft
exceeds the boundaries shown in the diagram, thisrahgular position will be corrected to
return to be within the operation area. This cdioec consists on add/subtract an angle
equivalent to two bands depending on the angulaitipn has exceeded the left/right
boundary.

Next step is to obtain the value of angle_th_Athervalue of disk band in radians, for which
is necessary to remember the resolution valuesthf éncoders: 500 lines/rev foiand 5000
lines/rev ford. As each line is equivalent to an opaque lineag#geremember the resolution
definition, there are 1000 bands/rev into #thencoder disk and 10000 bands/rev into &he
encoder disk.

10207(11;::1/{1;//J ]= 2nmrad] (11.49)

72d |
1oooctband;/ o

These constant values are included in our Matlaiptsof model constants that is preloaded
just before start the model simulation.

angle th_ A x=

angle_ th_ A _@=

02 C{mrad] (11.50)

Note that for Channel B the values in both encodezshe same of Channel A plus an offset
of 05langle_th_A.

Next step is to explain the cart position encoldecause using a rotary encoder for the angle
of the pendulum, an angular position, it is nornfaywever, using a rotary encoder for the

position of the cart, a linear position, it is #@ldi bit strange. The question is: how is possible
to find out the value of x from the valuegbf the angular position of the Spindle? The answer

could be found thinking in infinitesimal calculus.
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2. MODELLING THE PENDULUM

= %[rad /s](1.51) v =%[m/s] (11.52)

rad
ZeryﬁjvJ [%]:%T[rad %[%]:A?f[rad/s] (1.53)

-3
2ﬂ£ A¢ . Ax _Lm¢_5ﬂ0
k At At 21T 21T

[g[m| (11.54)

But this answer is from the point of view of thalrencoder, in the model case, the situation
is inverted, the position of the cart is known hesgis an output of the pendulum block, and
the angle of the Spindle is unknown. Modifying jaslittle bit the last equation this angular

position is found out:

2n px _Ap ¢__ x = 2" frad] (1.55)
K At At 510

Now it is possible to obtain the increments of peadulum angle and the Spindle angle from
the inputs of the encoders blockand#, and using this increments it is possible to gateer
both trains of pulses as outputs.

The only thing that could be a problem is if therements are bigger than two bands,
because this model always add or subtract this tjyanmhen the boundaries have been
exceeded. This problem was solved fixing the sampphiod sufficiently small to avoid that
these increments exce2thngle th_A.

To calculate these sample periods it is necessakpdw the maximum angular velocities of
the pendulum and Spindle. For finding out the maxmangular velocity of the pendulum an
experiment was done: the pendulum was hard pushédh@ number of revolutions in one
second was recorded. Four revolutions per secomsdtiivegamaximum angular velocity of the
pendulum, we want to call the reader attentionetise that when the real pendulum falls
from the balanced position never exceed this maxirangular velocity.

Therefore:

Wy yax =4lrev/ s](2nfrad /rev] = 87 = 2513274rad/ s (11.56)
JRAY- _AGyr _20angle th_A_6 _2[02 7107

W MAX — - Ate MAX —
- Ate_MAx N W yax W vax 8

= 5007 ] (11.57)

For the maximum angular velocity of Spindle, theown value is the maximum linear
velocity supported by the CKK Compact Module, se ¢lquations are:

2n 2nrad/rev]
w =— = (D559 m/ s] =69115rad/ s|(1.58
Pmax e - 511078 m/ revi Am/s) A 1(1-58)
-3
= AP i LBty e = Ap i _ 2TANgle_th_A_x _ 2[277010 ~1.8210°](1.59)
- Aty yax - Wy \uax Wy \uax 69115
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2. MODELLING THE PENDULUM

After these calculations the maximum sample penwdaich should be at most the smallest
value of them, is fixed tofs= 1Qus. It is equivalent to say that the minimum frequent
the software model is fixed tb= 10(KHz.

Such as we can fix the model frequency to any vataweer than 33MHz (maximum
frequency of Xilinx Virtex 2 Pro FPGA), we have d#sd to fix the encoder model frequency
to 1IMHz (Ts= 1us) because in this way we have a margin of secufityis possible always

it is better to design with a margin because beiluge to the limits sometimes cause
avoidable errors.

To finalize the modelled of this encoders block,sitnecessary to explain how will be
generated the outputs and also how will be manégedut of boundaries situations. Both
answers are the same: Finite State Machine (FSMjilllbe a Moore FSM, this means that
their outputs depend on the current state. This K#lMhave as inputs: the angular position
and current state; and as outputs: the train palsésext state.

Four states are necessary: Lightness, transparamid; b Darkness, opaque band,
Over_upper_limit, the angular position needs toadgusted subtracting ahgle th and
Lower_lower_limit, the angular position needs tcalogusted adding 2ingle_th

Choosing Moore or Mealy for the FSM is unimporttortus. But Moore criteria was selected

because it is simpler than Mealy, remember thaflaore machine the outputs depend only
on the current state and in Mealy depend alsopatsivalues. The main idea is checking the
angular position to decide the next state (LiglgneBarkness, Over_upper_limit or

Lower_lower_limit) each sample period for avoidinige increment of angle exceeds
2langle_th.

Matlab StateFlow Tool has been used to developfdahe FSM that are included in our
software encoder model (each encoder model hasF®M, one for each channel). This
Toolbox is very intuitive as is shown in FigurelB.and 11.16.

?E Model Explorer

File Edit View Tools Add Help
DéRBXBHE“EMZ FooBandh $azd
Search: iby Name v | Name: | | & search
T 1
‘Model Hierarchy | | Contents of: sensores_software_INCRE_new/Tc | Moore Chart: Chart
--[H]simulink Root — = == Name: chart =]
KiBase workspace ‘ IName Scope IPor‘t_l. Machine: (machine) sensores_software INCRE new
=- _ﬂjsensoresisof‘twareilNCREinew [] threshold Constant
ﬁModeI Workspace ] state_g output 1 | State Machine Type: Moore >
ghCode for sensores_software_INCRE_new [1:] output_B Output 2 | Update method: Discrete ~  Sample Time: [e-6)
% Advice for sensores_software_INCRE_new [] eps Constant —]
@y Configuration (Active) []] angle Input 1 e ]
- #3|TOTAL_ANGLE_SENSOR ‘ _ Enable C-bit operations Apply to all charts in
- Fs]Angle_Sensor_CHANNEL_A :
+ ¥ Chart % User specified state/transition execution order
i ~izlincrement theta — Export Chart Level Graphical Functions (Make Global)
=-fz]angle_sensor_CHANNEL_B
+ & Chart ® Use Strong Data Typing with Simulink /O G
E----;ar]mcremenr theta ® Execute (enter) Chart At Initialization
& %‘TQTAL—POSITION—SENSOR X Initialize Outputs Every Time Chart Wakes Up
= FzlPosition_Sensor_CHANNEL_A
H B chart ~ Enable Super Step Semantics
fzlincrement x Debugger breakpoint: _ On chart entry i
=-felPosition_Sensor_CHANMEL_B ) |
. 7R D Gl | [d]r]
crementer_x —_———— _— e b
| Contents  Search Results Revert Help Apply

Figure II. 15: Model Explorer image where is selected the ChaRasition_sensor_CHANNEL_B
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2. MODELLING THE PENDULUM

[(angle<eps &8& angle>=-0.5%*hreshold) || (angle >= threshold &8 angle <= 1.5*threshold)]

[(angle<eps && angle>=-0.5"threshold) || (angle >= threshold && angle <= 1.5*threshold)]

[angle>=eps && angle<threshold]

[angle<threshold && angle >= eps]
[angle>1.5%threshold]

z

V
Lightr:ess_B iy b
~|state_B=1; 4~ Darkness_B
;- output_B=1; &
- =={ output_B=0; E *
[(angleseps &8 angle>=-0.5"threshold angle >= threshold && angle <= 1.5*threshold)] &

[angte>1.5"threshold] [angle<-

*threshold]

[(angle<eps && angle>=-0.5"threshold) || (angle >= threshold &8& angle <= 1.

[angle<=threshold &8 angle >= eps

[angle<threshold && angle >= eps]

7 2

1 W i i 2
Over_upper_limit | _ [angle<-0.5’threshold] Lo\\.ver_lower_llimit
state_B= 3; fangle>1.5"threshold] jstate B=2;

- = E - ’
output_B=0: angle>1.5"thresho 4~ output_B=0:

2|
o]

[angle>1.5*threshold] [angle<-0.5"threshold]

Figure Il. 16: StateFlow diagram Channel B for Cart position ogélar position encoder (depending on thresholdejalu
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2. MODELLING THE PENDULUM

In Figure I1.15 looking from left to right we caree the four FSM Charts at Model
Hierarchy, in this case is selected the Chart aftlm_sensor CHANNEL_B, in the middle
the contents of this Chart are shown: thresholdchvis defined as constant and its value
depends on the type of encoder (11.49 for carttpmsior 11.50 for angular position); state_B,
which is an output that indicates state of the Ffakthe next sample period and it is
necessary for angle readjustment; output_B, wlscket to ‘high’ or ‘low’ level depending
on the state and creating the train pulses ougpsg; which is a very small constant that is
used as replacement for zero value because it goreg problems; and finally angle, which
is the FSM input inherited from Simulink and depegdon it is set the next state. At right
side in Figure I1.15 you can select State Machirypel (Moore/Mealy), Update method
(Discrete/Continuous/Inherit) and Sample Time (dolyDiscrete Update method).

Figure 11.16 shows the StateFlow of the FSM of Motor the channel B in the cart position
encoder using the Matlab StateFlow Tool. Here the possible states for the FSM appear
like rectangular boxes, which include the namehef $tate and its two associated outputs.
The arrows indicate the transitions between stépeending on the angle input value. This is
an example for channel B, the StateFlow Chart fanoel A is the same but replacing the
transition conditions:-0.5* threshold by —threshold and 1.5* threshold by threshold
Recalling that the only differences between carsitpn encoder and angular position
encoder concerning FSM charts is the value of trestantthreshold 1.49 for the first one
and 1.50 for the second one.

The last point to explain in this incremental rgt@ncoder model is the extra blocks that
complement the FSM block to obtain a good modes ftecessary an incrementer block that
obtains the increment of angle in the encoder disk.immediate for the angular positiof) (
but for the cart positionx] encoder the incrementer block gives the increrért to obtain
the increment of angle it is necessary a gain blomkember Equation 11.55. The angle that
is used as input of the FSM block will be obtaintfaes addition of the last angle value plus
the increment of angle¢ ). See Equation 11.60.

Pcurrent = Piast + A¢[r‘5‘d] (11.60)

This way to obtain the value of angle requires mgnidocks. And finally, it is necessary an
angle readjustment block for keeping this valuedmshe operation area of the encoder (see
Figure 11.14). Remember that this area is equdiMm bands of the encoder disk, when the
angle is out of these boundaries an readjustmeme¢gsssary: adding angle_thwhen the
angle is lower than the lower limit (state Lowemwdy_limit) or subtracting 2dngle_thwhen

the angle is higher than the upper limit (staterOupper_limit). Therefore, this readjustment
block needs as inputs: the current state and ahgtguse it is necessary to know when and
what we apply the readjustment.

After the explanation of the incrementer blockoe angle of the encoder disk, all important
ideas for modelling the incremental rotary encoderge been explained, although, in the
third chapter of this master thesis these idedswifurther analysed.

At this point, it seems that we can end the chaptéviodelling the Pendulum, but as we
stated in Section 2.3. Modelling the Pendulum bpgiglifferential equations, it is necessary
to find numerical values of the parameters usethéensymbolic equations that describe the
pendulum. And, thereby, this is the next step: &ttarization of SCT pendulum.
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2. MODELLING THE PENDULUM

2.5. Characterization of SCT pendulum: Non linear ey Box
Model. Calculation and identification of parameters

Once this section has been reached, we could sdythle equations that describe the
pendulum have been found, but at the moment theegyanbolic equations. The question is:
do we know the value of all these symbols? For,ssome of them are known or are really
easy to find out, for instance the gravity accelereg or the mass (mass of bob plus rod).
Nevertheless, there are other parameters thatr&mown or impossible to measure using
SCT laboratory resources, such as the viscousiceeftfing, b,.

There are three different ways for modelling dynasyistems: white box models, which are
based on first principles, for instance, dynamistems that are described by Newton
equations, where all parameter values are knowatkbbox models, where there are not
prior information available (equation or parameteskies are unknown) and it is necessary
system identification from measurements of the dyinaystems to find out the model; grey
box models, which are based on some prior infolwnabut this information is not complete
and it is necessary system identification for firgdiout the parameter values which are
unknown.

In this case, it is a grey box model, which usugedigresents a physical model (the pendulum
equations previously obtained) with some known Pdwhite parameters) and other
unknown ones (black parameters) which need to peoapnated. In this case, the model is
a non linear grey box model because the equati@saan linear. Please note that it is not
possible to linearize the model because it is resggsan accurate model that works in whole
space state, this means big anélevalues, then it is not possible to linearize siansl
cosines using small angles or Taylor approximations

In this work a non linear grey box model was cholsenthere is a different way to model
the SCT pendulum: subdividing the space state itiipleismall angles (for example, one
degree) and applying linearizations to find outesallinear grey box models (360 models
in this case). The price to pay using this différsalution is: to switch between models
depending on the angle. This is the main reasonthikydifferent solution was not chosen.

Next step is to enumerate and classify all the mpdeameters into known (type K) and
unknown (type U), more specifically, into paramsttitat could be calculated/measured and
parameters that could not and need to be identified

Parameter Meaning Unit Type Value
g Gravity acceleration %2 K 9. 80665
L Distance from pivot to the centre of mass of rod m K -
| Moment of inertia of the pendulum Kg [n? K -
b, Viscous coefficient of the cart Nis/ K -
b, Viscous coefficient of the pendulum Nis/ 4 U -
M “Virtual” mass of the cart (including moments oéitia) Kg K 103. 205
m Mass of the pendulum (rod + bob) Kg K 0. 581
Hc Coulomb friction coefficient - K -
Hs Static friction coefficient - K -
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2. MODELLING THE PENDULUM

a Voltage to force conversion factor '\K, K 51.525

Vg Stribeck velocity* ’% u -

Y Form factor* - u -
Vi Offset voltage i K 5

* Exponential friction model will be explaindater

Table 1: Parameters of pendulum model before characterizatio

At this point, the next step is to calculate thiigaof known model parameters:

2.5.1. CALCULATION OF CENTRE OF MASS

First of all, the origin of coordinate in our systédas to be determined. It is situated in the
pivot of the pendulum, which is inserted in the lbaale of Piece 1 (not shown in Figure

I1.2). The origin of coordinates is placed at tlaelb side of the piece as shown in Figure 11.2.
The diagram below, Figure 11.17, shows the repregiem of the said back side:

~]
] -

Figure Il. 17: Back side of Piece 1 shown in Figure 11.2

Secondly, the rod (Piece 2 in Figure 11.2) is itsérin Piece 1 15mm deep and 40mm in
Piece 3. Therefore the final length of the rlod,. , is 186.5mm.

The distance to the centre of mass is given byéxé formula:

N
3y, O
Loy =2 —— Withi=1, ..., N. (I1.61)
glm

Naming N as the number of piecas, each mass ang, the distance from the centre of
mass of each piece to the origin of coordinates.

¥, =0 (1.62) ¥,= % =12075mm (11.63) and ¥, = 241.5—47O =2215mm (11.64)

Ly, = 0[185155+120.75[ 69.4_57+ 2215[326388 _ 138867mm= 1388cm(1l.65)
18£.155+69.457 + 32€.38¢
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2. MODELLING THE PENDULUM

2.5.2. CALCULATION OF MOMENT OF INERTIA

The next parameter value to be found ihat is, the moment of inertia in the centre afss
In the beginning an approximated calculation hasnbdone, only to know its order of
magnitude. Consequently, the mass of the mgd,have been neglected:

2 2
Iapprox = rnl Ejl + m3 E:13 (”66)
The distances from the centre of mass of each peettes total centre of mass are:

d, =L, =0.1388672n (I.67)
d, =L, - L, - 002=0.2415-0.1388672- 002 = 0.082633n(I1.68)

So finally:
| aporox = My [0, +m, [81,* = 0.00579KgnT (11.69)

This value is only an approximate value. In oraeolbtain the exact value of this moment of
inertia it is necessary to apply the Steiner Theji®]. Remember that this theorem is used
to find out the moment of inertia of an object abany parallel axis through its centre of
mass. Callingl, ; the moment of inertia of the elemenh its centre of mass, ang, ; the
moment of inertia of the elementhat is generated due to the distance from it¢reesf
mass to the total centre of mass of the systenfptloaving formulas are obtained:

lior i =10 +1p ; (IL70)
N

lror = z ITOT_i (1.71)

i=1

Next step is to calculate the distances betweercénére of mass and the total centre of
mass:

d, = L, =0.01388672 (I.72)
0.1865

L
d, = L, —( 22—F + 0015J = 0.01388672—( + 0015j =0.030617n (11.73)

d; =L, ¢ + 0015+ 002~ L, =0.1865+ 0015+ 002-0.01388672= 0.082633n (II.74)

I, , =0.00357Kgn? (I 76)
I, ; =m @, (175 - {1, , =0.00006%Kgn¥ (I 77)
I, 5 =0.00222Kgn (I 78)

To calculate the moment of inertia of each elemtra,well-known equations for a rod<
2), a cylinderi(= 3) and a parallelepiped< 1) are used:
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Rod:

_2M , 1 2
I _j_usz dx= =M [1*(11.79)

In this case:|, , =1—12m2 5 - =0.00020Kgn (11.80)
Cylinder:

o= [ (2R e | Max=2m re + w1 1.81)
-Li2{ 4 L 4 12

Deriving a specific case from the genera); , :%ma [RZ +1—12m3 15 = 0.00011Kgn?
(1.82) with R, = 003m(11.84) and L, = 004m(l1.85)

Parallelepiped:

[ [ibz + xszdx:M(bz +c?) (1.86)
—e/2\ 12 c 12

In this specific case, the parallelepiped is a csbel, , =1—12m3 [2L7 = 0.00002& g’
(1.87) with L, = 003m(l1.88)

Finally, the value of the moment of inertia of fendulum has been found out:

N
| =lir = Y16 +1p_, =0.0062103KgnT| (11.89)

i=1

2.5.3. CALCULATION OF FRICTION COEFFICIENTS

As was said previously, the friction forces areallyuneglected but, as was demonstrated in
[14], to neglect the friction introduces differesosith reality (remember the ripple observed
in the Figure 11.10). For sure, these inaccura@es not desirables for us because our
objective is to find out a realistic and accuratedel of the SCT pendulum. For this reason,
the calculation of these friction coefficient vadus important in our pendulum model and it
makes this master thesis a bit different from nodstonsulted literature (e.g.: [9] [10] [11]
[12] [13]), where these coefficients have been eegd.

To determinate the values of these coefficientsethee several methods, for instance
checking coefficients tables, in this case stemtsor finding them by doing an experiment.
This last option was the chosen one because ithgilmore specific and accurate for our
model than the others. Two different experimentsevamne in order to find out the values of
Ms, Uc andby coefficients.
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STATIC COEFFICIENT

First of all, for this experiment the pendulum sture from the cart has been detached
because the static friction coefficient does ngieshel on the mass, and detaching it is much
simpler. The last step before the experiment cgmhkes connecting a variable voltage source
as the input of the Power Driver.

This experiment consists in applying an incremewntdtage that starts with 5 volts because
this is the offset voltage, and observing whendi starts to move (an input voltage higher
than 5V will move the cart to the left, and to tight if the input voltage is less than 5V).

After recording this voltage value it is possibte donvert it into an input force using
constant, and obtaining the value of the coefficidrom the following equation

| Fstatiorrision (to)| = |Finput (to)‘ (1.90) where § is just the moment when the cart starts to move.

|:us DM BQ| = ‘a in _Voﬁsetx (“91)

Such as the static friction coefficient could degphen sense of movement this experiment has

been carried out two times: moving the cart to lfé (V'in) and to the right \{ 7in).
Therefore, we will obtain two different values ftiris coefficient. Unfortunately, in our
model we have considered only one value for theffament (independently of sense of cart
movement) then the best solution is to calculagentiean of these values.

The input voltages, measured after the ADC, wew¥, = 5705/ (11.92) and
V7in = 4248/ (11.93). Therefore, the coefficient values and theean are determined:

I, Vo ~Vogeo| = 0.03589 (11.94)

s =—=—a [V 7in =Voq,.| = 003828 (11.95)

m =% =0.03709 (11.96)

DINAMIC FRICTION AND VISCOUS COEFFICIENT

The next experiment is designed to find out theieslof they, and b, parameters. The

preparations for the experiment are the same #seircase of the static friction coefficient.
But in this case, we have two targets: the first @to find out the cart velocity; and the
second one, in order but not in importance bec#uisethe main target, is to find out the
dynamic and viscous coefficient using the cart #jovalue.

The reason why it is necessary to determine thecitglin advance is in the equilibrium
equation:
= Friiction (to) = Finpue(to)  (11.97) Where § is just the moment when the cart is moving with

constant velocity.
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If we define the friction force as in the modedjithe pendulum section, the Equation 11.98 is
obtained:

4, M [ +b, k= al, -V,,] (1.98)

As seen in Equation 11.98 if the velocitx ] is known there are only two unknown quantities,
M. andb,, and it is possible to solve this equation as lasgve add another new equation,

more exactly, the same equation but having diffievatues of input voltage and velocity.

Thereby, the first step in our experiment is toasebnstant voltage as input and secondly the
cart position data generated by the sensors witidilected (see Figure 11.18).

#-Position for input voltage constant 4.20%-a

Position-4.20a

[m]

Cart position

@i | | | | | | | I |
1) 1 2 3 4 5 B 7 8 g 10
time [g]

Figure Il. 18: Cart position Vs time graph for a constant inputage of 4.20V

After collecting these data, we will use a Matlabig that basically works by loading the
position data, selecting their interesting poimtbere the position starts to increase/decrease
from zero following a straight line (in Figure 18 from 3.2 to 6.5 seconds); and finding out
the target velocity.

To find this velocity the Matlab function “polyfitis used. This is a polynomial curve fitting
function in Matlab that, after receiving the ddtags the best coefficients of a polynomial of
degree n in least square sense. Remember thgbasit@on straight line Vs time graph, the
slope of this function corresponding to the velacit

Such as we need to fit a straight line that cowedp to position data, it involves using
“polyfit” with the argument called number of degrequal one (fitting through a linear
polynomial).

As we said, this function returns the best fittmgve for our data straight line giving the
polynomial coefficients as a vector. In linear paynial case, this returned vector has a size
of two: first one is the coefficient correspondittgthe ‘n” term and the second one is the
coefficient corresponding to to then - 1” term (remember n = 1).From these returning
values we will be only interested in the first dmecause it corresponds to the slope of the
position data line, which is the target velocitytlos experiment.
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2. MODELLING THE PENDULUM

Only to show graphically how works the Matlab “piitfy function and also how is
determined the velocity in our Matlab script, werdaised Matlab Curve Fitting Toolbox, as
Figure 11.19 shows.

After selecting the interesting points, in this eass is shown in Figure 11.19, from 3.5
seconds, when the cart begins to move, until 6¢orags; using linear polynomial (this is
equivalent to “polyfit” with n = 1) a red straighine is drawn, which is the fit linear
polynomial, and the results are obtained, we cantkem in the middle of left figure in
Figure 11.19. The first coefficient (called p1 imgkre 11.19) corresponds with the slope of the
fit straight line and it is the target velocity givin meters per second (0.1132 in this case).

Paﬂ). 2 Curve Fitting Tool

Fit Editor

Fit Marne:
Data set:

Type of fit:

File Wiew Tools Window Help
g A |[FkE

fit polynomial degree 1

l Data H Fitting... J[ Exclude ll Plotting... l[ Analysis

CUrve_x vs, curve_t W Exclusion rule: (none) »

Polynamial v [[] Center and scale = data

Folynomial

t t t i 1
+ curve_x ve cuve_t

— fit palynomial degree 1

quadratic polynomial

cubic polynamial
ath degree polynomial
Sth degres polynomial

Fit options...

Results

[] tmmediate apply

Linear model Polyl:

fix) = pil®x + pZ
Cosfficients (with 95% confidence bounds) :
0.1132  (0.1132, 0.1133)
-0.388 (-0.3882, -0.3878)

pl =
p2 =

Goodness of fit:
SSE: 0.07772
B-scuare: 0.9994
Adjusted B-sguare: 0.9994
RMSE: 0.00z2061 e

Table of Fits

Marne Data set Type 35E R-square
|0.077715257.. [0.999412413... |

fit palynomial .. [curve_sx ws. c...|Polynomial

[ Delete Fit ][ Save to workspace. .. ][ Table options. .. ] 1 G 5 i 5

Figure Il. 19: Matlab Curve Fitting Toolbox figures used to fingt ¢he cart velocity

As there are some random changes from one expdritmether, six different input voltages
were taken, half of them higher than 5V and thesothalf lower. Each value is separated
from the offset voltage in absolute value, from @81.8V, jumping with a step of 0.2V.
Besides each input voltage value was experimentafhgated three times, denoted as a, b
and c cases. The results are shown in Table 2,enthere are five columns: input voltage,
velocity in the experiment a, in b, in ¢c and theamef these three velocities.

Vin [V] Velo_a [m/s] Velo_b [m/s] Velo_c [m/s] Velo_mean [m/s]
4.2 0.1132 0.1105 0.1135 0.1119
6 0.1669 0.1682 0.1745 0.1699
3.8 0.2492 0.2506 0.2567 0.2522
6.4 0.3233 0.3248 0.3256 0.3246
3.4 0.4083 0.4136 0.4201 0.4140
6.8 0.4728 0.4743 0.4799 0.4757

Table 2: Velocities obtained experimentally for finding dtbulomb and Viscous friction coefficient
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2. MODELLING THE PENDULUM

It is important to be sure that the maximum velpcgached in this experiment is below the
permissible speed given in the datasheet of thepaotrModule [6]. The Figure 11.20 shows
this value (see the line for 12x5):

Permissible speed v sk ¥ {m fmin) CKK 12-90
Observe motor speed! | | |

80 11

PO 12010

60

50

40 12x5

4r 1242 '

10 — L

5 ] .

200 400 600 800 1000 1200 1400 1600 1800

L (mm)

Figure Il. 20: Graph from CKK 12-90 datasheet of permissible vigjaat the Compact Module

If we get the maximum velocity value from the tabled convert it into the same units that
the permissible speed has, we will be able to cltieekondition mentioned before:

Velo_max = 0.4757 [m/s] 60[s/min] = 28.54 < 33 [nmiin(11.99)

Now, with these mean velocities it is possible atcalate the values of the dynamic friction
coefficients, also called Coulomb coefficient,() and the cart viscous friction coefficient

(b,). A Matlab script was developed to obtain theskies through solving every possible
combination of two equations and finally calculgttheir mean.

The results obtained are:
mean_mu_e& 0.0292 (11.100) andchean_b_x 155.1574 (11.101)

Therefore, the table of parameters is updated:

Parameter Meaning Unit Type Value
g Gravity acceleration ’%2 K 9. 80665
L Distance from pivot to the centre of mass of rod m K 0. 138867
| Moment of inertia of the pendulum Kg [n? K 6. 21034e-3
b, Viscous coefficient of the cart Nis/ K 155. 1574
b, Viscous coefficient of the pendulum Nis/ 4 U 0.01
M “Virtual” mass of the cart (including moments oéitia) Kg K 103. 205
m Mass of the pendulum (rod + bob) Kg K 0. 581
He Coulomb friction coefficient - K 0. 0292
Hs Static friction coefficient - K 0. 03709

Voltage to force conversion factor '\K, K 51. 525
Vg Stribeck velocity '% u -
y Form factor - u -
Vg Offset voltage Vv K 5

Table 3: Parameters of pendulum model updated
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Please note thdly has now a necessary value, because the identhcatethod needs a
starting point, also called initial value, fog. This value was obtained from the [12]. It is
necessary that the starting point is more or leshe same order of magnitude as the real
value of this parameter. At this point it is pos$sito start the identification of the parameter
by, which is the only unknown one (natgandy will be used and explained in the future).

2.5.4. PARAMETERS IDENTIFICATION

First of all, parameter identification has been @asing System Identification Toolbox of
Matlab R2008b. The main idea is to generate a entfibt contains the non linear grey box
model, where all the parameters are specifiedjaliziéd and selected dsee (able to
identify) orfixed (not able to identify). This m-file will create adinlgrey object, which is a
non linear grey box Matlab object for our modelsdxh on a different m-file where the
dynamic pendulum equations are described as nearlitate Equations (cf. section 2.3.4).
For better understanding please look at the Fijize.

In order to begin the identification training dati@ necessary, which are taken from the real
pendulum and used to fit the outputs of the modelgrey object) to the real outputs. These
training data are obtained from several experimeiits the real pendulum, and through an
m-file that is used to process data and generateldata object, which is a data Matlab
object that contains the input dak4y((t)) and the two output data(f) andé(t)) obtained in
these experiments. Now it is possible to starpdrameters identification.

The Matlab System Identification Toolbox has a bregl interface, but, unfortunately, it
does not work for the non linear grey box modeljclvhis our case. There is a Matlab
function called pent, standing for iterative prediction-error minimtzan method, which
can work with the non linear grey box models. Thgeni Matlab function is the
identification method used in this work, which hhs idnigrey_object and the iddata_object
as inputs and returns an idnlgrey_object as outpatsng different values in the free
parameters set on the input, because they haverbediiied to fit the model and the real
system outputs better. This explanation can be @ifficult to understand. That is the reason
why an explanatory flowchart is presented in Figluel.

Are they fit

Put the Idnl j
ut the Idnigrey_object_out enough?

as input in PEM method

Change
parameters
values to fit

both
outputs

M-file
Non linear State equations

Set parameters

M-file model of pendulum Idnigrey_object_in
Idnigrey object

Idnigrey_object_out

Iterative

prediction-error
Iddata_object_in minimization

M-file training data
Measurements from real pendulum

method

Figure Il. 21: Flowchart of the model parameter identification inoet used
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As it is shown the m-file which contains the nonelr State equation, which is called
“inv_pendulum_m.mis included in the m-file that generates the elodbject. This file
receives as input argumentstime; z, State vector composed xfx_dot thetg theta dot
Vin, input voltage; and all the parametagsl, L... It gives as outputz_dot State derivative
vector; andy, vector composed ofandthetathat are the model outputs. The ODE (Ordinary
Differential/Difference Equation) solver of Matlaises the output_dotto give to the file its
next inputz, this is the way to obtain at every timthe model outputx andtheta which are
inside the vector y. These model outputs will benpared with the real output measured,
which are included into the iddata_object.

The m-file that generates the idnilgrey_object, Wwhiccalled treation_idnlgrey_object.in
executes the constructor method with the followmmut argumentskileName, the file that
describes the model;jnv_pendulum_m.tnin this case;Order, a vector with the model
order, and consists of: the number of outputs, (xvandthetg; the number of inputs, one
(Vin); and the number of states, four X_dot thetg theta_do}; Parameters a vector with
the initial values of them and the reason why akvpus calculations were done;
InitialStates, a vector with the initial values of the model t8& four zeros; ands, the
sample period of the model, the value in this daseero because the model is a time-
continuous system.

After constructing the object, this m-file sets el properties for the model, some of them
like InputName, OutputName, Input/OutputUnit, Tinmet) names and units of parameters
are superfluous; however, there is an very impogeaoperty that is set in this m-file and this
one determines the parameterdras (able to identify) or afixed (not able to identify). At
the moment, all of them, except liytare fixed.

There are also other important model propertiesdha be set on this file or can be changed
its values after constructing the object. They r@lated to the options for the Estimation

Algorithm. They are really important because thaliqy of the results can be affected

depending on these options. Now, the most intergstialues for these ODE solver

properties for non linear grey box models are shamh explained:

SIMULATION METHOD

Solver - The ODE solver used to solve the state spguoations. Only the solvers for time-
continuous non linear grey model box are considerbdre are two options, variable-step or
fixed-step solvers. In principle both options aa¢id, however, Xilinx System Generator (the
software used for create the hardware model) reguitandatory a variable-step solver. As
the final objective of this work is to create adware model of the SCT pendulum, we have
considered that the software model uses the same Silver than the hardware model.
Therefore, only the variable-step solvers will lmagidered. Such as, the step size can vary
from step to step, depending on the model dynarfiicgontrast with fixed-step solvers,
where the step size is fixed throughout the sinmtit is possible that its simulation time
will be shorter than using a fixed-step solver.

The next thing to take into account is the typeafblem that will be solved by the ODE
solver. There are two different types of problemepeahding on the accuracy requirements:
stiff and non-stiff problems. Remember that a giffblem consists of differential equations,
whose numerical methods used for solving them aneemically unstable, unless its step size
was extremely small. This is not our case, becthesaccuracy requirements that set a bound
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on the local truncation error keep the step lermgth within the region of stability, thereby,
we have a non-stiff problem. For this reason tlaeeeonly three possible ODE solvers useful
for us:

A. Variable-step solvers for time-continuous IDNLGREY models

* 'ode45’ - Runge-Kutta (4,5) solver fornon-stiff problems.
* 'ode23' - Runge-Kutta (2,3) solver fornon-stiff problems.
* '0odell3" - Adams-Bashforth-Moulton solver foon-stiff problems.

In order to choose which one is the best a test ease. First of all, three different
idnlgrey_objects were created, with the same ptmsebetween them, except the ODE
solver. After executing thepeni method, the Adams-Bashforth-Moulton solver wassgn
because it obtained the best results in our testak the result expected because as is
explained in Simulink documentation [16] this salwan be more efficient than others for
computationally intensive problems and that iscage.

RelTol - Another important property of Simulation Methdor variable-step time-
continuous solver is the relative error toleranRel{o) that applies to all components of
the state vectorx(i)). The estimated erroe(i)) in each integration step satisfiggi)| <=
max(RelTol*abs(x(i)), AbsTol(i)whereAbsTolis the absolute error tolerance. The default
value is 1le-3, this means 0.1% accuracy, and oaos$jtipe real numbers are accepted as
assignable values for it.

AbsTol - Completing the important properties that cam et on idnigrey_ object,
specifically, a property of Simulation Method foanable-step time-continuous solver, it is
the absolute error tolerance or threshold erraua/al his tolerance represents the acceptable
error as the value the measured state approaches The default value is 1e-6 and only
positive real numbers are accepted as assignallesviar it.

SEARCH METHOD

This property set the method used by the iterataarch algorithm. There are four different
methods to choose. These methods are based oniriteization schemes and are typified

as on-line search methods. It is possible to chdmteeen Gauss-Newton type methods
(Gauss-Newton and Adaptive Gauss-Newton methodgpstst-descent methods (Gradient
method) and Levenberg-Marquardt methods (Levenbgiuardt method).

In this application, the best search method id_theenberg-Marquardt method because it

is valid for nonlinear functions and it is more vsbthan the others (Gauss-Newton methods
and Gradient method) as is shown in [17]. The mnobtould be the time spent in the search,
because the other methods can be a little bitrféstgarting parameters are quite reasonable.
Levenberg-Marquardt method is used in many apjpdicatfor solving curve-fitting problems
[18]. It is so popular because it can find a soluteven if the starting point of the algorithm

is very far from the final minimum.

The last property useful for parameters identifaratis Maxlter, maximum number of
iteration allowed by execution opéni method. The default value is 20 and it only a¢sep
positive integer values. It is an important propdsecause sometimes thpehi method
could be spent a lot of time iterating, even days] limiting this value is possible to obtain
some results faster. As a rule this property wasosiés default value and depending on the
observation of the iterations its value could bended, for instance, ifpeni method
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execution spends a lot of time iterating, normalhys value is changed to a lower number
because we do not like to wait days for obtaining tesults. Note that until the end of
“peniexecution the final values of our model parameggesnot accessible.

RESULTS

First of all, we want to call the reader’s attentto this section because the great majority of
effort spent in this master thesis was doing thameater identification. As Jin et al. [19] said
in their paper a non-linear model identificationngsa greybox model has its tricky part in
the parameter estimation. The reason gives bythh & that the search for a good fit using
training data tend to lead to a increasingly compteodel. After months spending on this
identification of parameters we can assert theyewght.

Next, a list in time order, which enumerates altisiens taken to fix the problems and,
finally, to find out the model parameters, is shown

1. Chirp signals test: using High and Low frequencygatan with time

a. All parameters fixed excepp

b. All parameters fixed exceppandby

c. All parameters fixed except friction coefficients uc, by andby

d. All parameters free
2. Testing with continuously differentiable frictionauels:

a. Continuously Differentiable Friction Model: six ngvarameters.

b. Exponential Friction Model: two new parametegandy

i. All parameters fixed except friction coefficienpts uc, by, by, vsandy

3. Testing with real Controllers signals

a. All parameters fixed except friction coefficients uc, by, by, vsandy
b. All parameters fixed except, uc, by, by, vs, 7, Vorr anda.

4. Testing with real Swing Up Controller signal
a. All parameters fixed excepts, uc, by, bx, vs, 7, Voir anda
Unfortunately it is impossible to show every pdrtiesult because this master thesis length

could be too long. But the most important graphd decisions taken will be explained in
this section.

1. Chirp signal test

The first idea for identifying the parameters ofr gueybox model consists on applying a
chirp signal as input voltageV,) because this type of signal is commonly used to
characterize dynamical system due to an importeatufe: its variation in frequency.

Remember that a chirp is a signal where its frequencreases/decreases with time, and,

42



2. MODELLING THE PENDULUM

also, that the input signal in our system comemftbe controllers block and, a priori, the
frequency may be variable depending on the sett figied by controllers. Therefore, chirp

signal will be the first test trying to characteripur dynamical system: the SCT inverted
pendulum.

In order to do this identification training dataeamecessary. Therefore, it is necessary to
make an experiment with the real pendulum usindig signal as input voltage. To build
this signal we have used a hardware circuit, whgclimplemented in a FPGA into the
RAPTOR 2000. This schematic is not shown becausethef large extension of
documentation. The target chirp signal has a velt#tset of 5V (i.e. zero movement) and an
amplitude of 1V peak.

This hardware circuit also allows defining howheg frequency variation of the chirp signal.
For this test we have used two different chirp trgignal, the first one with a high variation
of frequency in time (see Figure 11.22), and theos®l one with a very low variation of
frequency (looks like a sinusoidal see Figure ,Z3e reason for using these two different
type of chirp signals is to know if the model paedens could be find out in both cases or
only in one case.

) Figure 5: Inv_Pendulum_Exp_1:Voltage input -=Cart position output E]@
k|

File Edit Wiew Insert Tools Desktop Window Help
DS kRaqMe|E 0B 580

Voltage

1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
Time (s}

Figure II. 22: Chirp input signal with high frequency variation

| Figure 2: Inv_Pendulum_Exp_Vin:Voltage input ->Angle output E]@
File Edit Wiew Insert Tools Desktop Window Help ~

LedEs kRO ® E 0EH 50

Voltage

1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Time (s)

Figure II. 23: Chirp input signal with low frequency variation

Finally, the cart and angle position (system owpér each input signal have been stored
(see Figure 11.24 and 11.25) in order to generdte iddata_object, which as was shown in
Figure 11.21 is necessary to fit outputs of the mlo@idnigrey object) to real outputs
identifying thus the parameters.
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<} [Figure 5: Inv_Pendulum_Exp_1:Voltage input ->Cart position output @@g} ! Figure 6: Inv_Pendulum_Exp_1:Valtage input ->Angle output E Eg @
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Figure Il. 24: Cart (left) and Angular (right) position measured iigh freq. variation chirp input
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Figure II. 25: Cart (left) and Angular (right) position measured Ibw freq. variation chirp input

As can be seen at first sight there is a probleth wart position graph in both chirp inputs:

the cart position shows an upwards trend (left cesvement). The problem consists on the
ideal chirp signal differs a little bit from the amured signal. This trend is because of
guantization errors of the DAC, because the inlitage is not symmetric, it spends more
time below 5 V than above.

In Figure 11.26 the red line represents the iddmipcsignal and the blue line is the measured
chirp signal after the DAC block and the bottom@abshows the DAC error in black line.
This DAC error may be interpreted as random vaeiatitributed with mean equals to
0.0601 and a standard deviation of 0.0114.

In Figure 11.27 the red line represents the iddmipcsignal and the blue line is the measured
chirp signal after the DAC block and the bottom @aobshows the DAC error in blue line
and taking the DAC error as random variable, thammealue is equals to 0.0602 (red line)
and the standard deviation is 0.0162, which is shawFigure 11.27 as mean + standard
deviation (black line) and mean — standard deviafgveen line).

This DAC error makes a difference in the input érf about 3N (see Equation 11.1) less

than the ideal input force and, thereby, the casitpn shows an upwards trend (left cart
movement).
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Figure Il. 26: V| ideal Vs after DAC and its difference for highdrevariation chirp input signal
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Figure 1. 27: V\ ideal Vs after DAC and its difference for low freq variation chirp input signal
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Next step is to start the identification, in Figur28 and 11.29 are shown the comparison
between real pendulum response (black line) andnour linear greybox model response
(blue line) for its initial values (before PEM exsions). As seen there is a fitting percentage
for each output.
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Figure Il. 29: Initial fitting for Cart and Angular position witlow freq. variation chirp input signal

As is shown in Figure 11.28 and 11.29 the initiaitihg is too far from the desirable target
(r90%), the first idea is that low frequency variatioeturns better results than high
frequency variation because its cart positionahfitting percentage is much better. But it is
early to conclude anything.
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1. a. All parameters fixed excepb,

The first idea was to fit the idnlgrey_object, winiepresents the STC pendulum model, with
only one free parameter: the viscous friction dogfht of the rod lfy) because it is the only
unknown parameter of our model. Unfortunately, &scauld see early, this initial idea was
impossible to do; thereby, other alternatives weansidered in order to fit the
idnilgrey_object. As the reader will understands iimpossible to show every graph or result
obtained in this hard way that is the parametentifieation of a non linear greybox model.

The first process of parameters identification donthis master thesis corresponds with the
case: chirp input signal (high and low frequencyiateon with time) and all model
parameters fixed excepj. Note that this process will be repeated for ottzeses.

1. a. High frequency variation with time

As is shown in Figure 11.28, the initial fitting tveeen our model and the real pendulum is
really far to be perfect, especially the cart posibutput with -204.6% of fitting percentage.
Our hope consists on executing the PEM method ghatld find out a better value for
parameterb,, which should improve this fitting percentage. bhtdinately, after the first
execution of the PEM method, which is executed gidievenberg-Marquardt as search
method and default values for absolute and relatibierance and number of maximum
iterations, the desirable improvement is really rp@s is shown in the left side of Figure
[1.30. This first execution finished before readhithe number of maximum iterations (20 is
the default value) that means the method converggld the tolerance values defined
previously. If we want to do a new execution of PEMthod trying to find better fitting, it is
necessary to change the absolute/relative tolera@lces, in our case we changed them one
order of magnitude less. The results obtained #fisrsecond execution of PEM method is
shown in right side of Figure 11.30.
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Figure II. 30: Results obtained aftef'{left) and 2° (right) execution of PEM method for 1.a. High
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In order to better see the results obtained ih@w the Table 4, where we can see the free
parameters and its values, and, also, the caraagdlar position fitting percentages, before
and after the executions of the PEM method.

by (Nis/ ) be (Nis/) | 4s | uc | cartfit. % | Angle fit. %
Fixed False True True True - -
Initial 0.01 - - - -204.6 10.9
1" exec 0.000554034 - - - -203.4 30.88
2" exec 0.000561645 - - - -204.3 30.6

Table 4: PEM method results for chirp high frequency vaoiatk all parameters fixed excelpt

Comparing the results obtained aftét dnd 2° execution of PEM method is possible to
conclude that this is not the way for fitting ouodel because both output percentages (cart
and angular position) are worse iif xecution than in®1 Obviously these results improves
the initial fitting, especially the angle percergaffrom 10% to 30%), but"2 execution
results should be better thafldnd they are not, even get worse from -203.49204.3% in
cart position and from 30.88% to 30.6% in angulasifion. Next step is to probe the case of
low frequency variation for the chirp input signpérhaps these results will be better.

1. a. Low frequency variation with time

As is shown in Figure 11.29, the initial fitting tveeen our model and the real pendulum is not
quite good but it is better than the initial figirobtained with the chirp signal with high
frequency variation. The angular position perceatggclose to 10% that is a little bit worse
than this result in chirp with high frequency véioa, but the cart position percentage is
much better (-115.6% instead of -204.6%).

Next step consists on executing the PEM method ghatlld find out a better value for
parameteby,, which should improve this fitting. Using defauétlues explained before for the
PEM method the results obtained after the firstaken are shown in the left side of Figure
[1.31. As the PEM method converged before reachimgmaximum number for iterations
fixed by IterMax, for executing again PEM methodinhecessary to change tolerance values.
Our criterion, which has been established afteiouartests and checking that it is the best
option to find the compromise between the methodt/ergence and the number of iterations
to achieve it, consists on decrement both toleraatiges one order of magnitude. The results
of this second execution are shown in the righe sidFigure 11.31.

The results obtained are also shown in the Tablkthe results of the second execution will
show better percentages, the process for parameéstification will continue decrementing
tolerance (if it will be necessary) and executitgVPmethod again, but as is shown in Table
5 it is not the case.

by (Nis/ ) be(Nis/) | #s | #c | cartfit. % | Angle fit. %
Fixed False True True True - -
Initial 0.01 - - - -115.6 10.21
1 exec 0.0013466 - - - -114.1 17.84
2" exec 0.00105337 - - - -114.8 17.92

Table 5: PEM method results for chirp low frequency variat& all parameters fixed excepg
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Figure II. 31: Results obtained aftef'{left) and 2° (right) execution of PEM method for 1.a. Low

The first conclusion is that is impossible to fining only the parametéy, because in both
chirp signals the improvement in the fitting is Igamall, or there is even no apparent
improvement but worsening, and the algorithm isvenging. To illustrate it, the evolution of
this parameter is: from the initial value of 0.@l .00134366 after the first execution of
PEM, and to 0.00105337 after the second execulibis means that first the algorithm
makes the parameter to grow up, and in the secaedugon the algorithm makes the
parameter decrease its value. Therefore, the mmimsiwbetween both values and the fitting
improvement is really small.

Next idea was to give a new degree of freedom ¢oREM method to try to find a better
fitting. This is achieved by changing the value asfother parameter (distinct frofmw)
property “Fixed” tofalse which means to set this parametefras for the identification. In
this case, the best parameter to free is the vestraetion coefficient of the cart because, as
was shown previously, the main problem appeardti@rcart position and this coefficient is
the most significant parameter affecting the casdifon of the pendulum.

1. b. All parameters fixed excepb, and by
Thereby, the first step consists on changing theevaf the parameter property “Fixed” to
false for the viscous friction coefficient of the camtd the m-file that creates the

idnlgrey_object.

Now is possible to begin the process of paramédergification for this new case. Two tests
with the high and low frequency variation of chinput signal will be done again.
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2. MODELLING THE PENDULUM

1. b. High frequency variation with time

The input voltage and the outputs of SCT pendulum the same that previously high
frequency section. This means that the initialsfitt being -204.6% in cart position and
10.9% in angular position as is shown in Figur2gl.

After one execution of PEM method, the fitting irapes to -48.31% in cart position and
15.92% in angular position, as is shown in leftesaf Figure 11.32. These improvements
confirm that it was a good idea to give anotherrdegof freedom in the identification

system, especially, seeing the cart position itjoercentage. Another important thing is to
know the new values of the free parameters, whiddnges because of the fitting method.
Using the Matlab commangfesent we can see that these parameters have been chainge
861.601 Ns/m fob, and to 0.000294643 Ns/(m-rad) bpr.
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Figure II. 32: Results obtained aftefileft) & 2™(right) execution of PEM method for case 1.b.High

After a second execution of the PEM method, preslipabsolute and relative tolerance have
been changed to 1le-7 and le-4, respectively, tiivegfimproves just a little bit as is shown

in the right side of Figure 11.32. In fact, thewneart position fitting is worse (-51.5%) but

the angular position fitting improves to 16.26% dhis result has a best cost function than
the last one. Both free parameters have been cHaiog825.835 Ns/m the viscous cart
coefficient py) and to 0.000229558 Ns/(m-rad) the viscous pemdglefficient by ).

In order to better see the results obtained théeTas shown:

by (Ns/ ) be (Nis/) Ms | Hc | Cartfit. % | Angle fit. %
Fixed False False True True - -
Initial 0.01 155.1574 - - -204.6 10.9
1% exec 0.000294643 861.601 - - -48.31 15.92
2exec| 0.000229558 825.835 - - -51.5 16.26

Table 6: PEM method results for chirp high frequency vaoiatk all parameters fixed exceiptand

X
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2. MODELLING THE PENDULUM

We can continue doing more executions of the PENhate(changing the tolerances values)
trying to improve the fitting. But it is not theght way to find a good model for our
pendulum because, as is shown in Figure 11.32,atn@litude of the cart oscillations are
decreasing compared with the real cart positiorsé&had results are also seen at the angular
position, remember Table 4 where the fitting petage for angle is more than 30% and now
it is around 16%. These results could improve usinigw frequency variation with time
chirp input signal.

1. b. Low frequency variation with time

The input voltage and the outputs of the SCT pandudre the same as in the previous low
frequency section. This means that the initialsfitl being -115.6% in cart position and
10.21% in angular position as is shown in Table 7.

After one execution of the PEM method, the fittingproves to 15.22% in cart position and
23.6% in angular position as is shown in left safié-igure 11.33. Both free parameters have
been changed to 720.058 Ns/m the viscous carticeeff (0,) and to 0.00190118 Ns/(m-rad)

the viscous pendulum coefficierdy(). After a second execution of PEM method, prevypus

absolute and relative tolerance have been chamgéd-7 and le-4, respectively, the fitting
improves just a little bit as is shown in the rigide of Figure 11.33. In fact, the new angular
position fitting is worse (23.4%) and the cart piosi fitting improves one tenth to 15.32%.

Both free parameters have been changed to 730/27 the viscous cart coefficienb and

to 0.00195878 Ns/(m-rad) the viscous pendulum mefit (o, ).
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Figure Il. 33: Results obtained aftef'{left) and 2° (right) execution of PEM method for 1.b. Low

In order to better see the results obtained théeTAs shown:
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2. MODELLING THE PENDULUM

by (Nis/ ) b (Nis/ ) s | ke | cartfit. % | Angle fit. %
Fixed False False True True - -
Initial 0.01 155.1574 - - -115.6 10.21
1" exec 0.00190118 720.058 - - 15.22 23.6
2% exec 0.00195878 730.27 - - 15.32 23.4

Table 7: PEM method results for chirp low frequency variat& all parameters fixed excepg & by

We can continue doing more execution of PEM metf{aitinging the tolerances values)
trying to improve the fitting, but it is not theght way to reach our objective because the
results are far from expected. Going this way welld@each only a small improvement in
the fitting percentages and we need a larger ingnant.

Next idea was to increase the number of free paemé our non linear greybox model,
specifically, all friction parametergd, uc, by andby) because their initial values are probably
more inaccurate than the other parameters, remertlimy have been obtained in
experimentally way.

1. c. All parameters fixed except friction coeffia@ntsus, uc, b, and by,

Setting to false the value of the property “Fixéaol’ all friction parameters within the m-file
that creates the idnigrey_obj, we can begin theqe® of parameters identification for this
new case. As was stated previously, it is impossiblshow every graph obtained trying to
find the best parameter values for our non lineaylgox model, instead of graphs, the results
obtained are going to be shown in tables.

After this explanation we can continue with thetdedigh and low frequency variation of
chirp input signal.

1. c. High frequency variation with time

The results obtained after the first executionhaf PEM method, which are shown in Table
8, are somewhat contradictory because althoughowadf the best fitting percentage for
angular position (42.69%), the cart position fdtipercentage (-73.4%) is worse than the
percentage (-48.31%) obtained for the previous casegh frequency variation (see Table
6). Furthermore, it was the first time that the@i®n of the PEM method finished because
of the maximum iteration number has been reachiéer (20 iterations). This means that the
PEM method has not converged yet and it needs om®ie executions for converging.

Doing a second execution of PEM method but thisstimthout changing tolerances the
results obtained were exactly the same of firstetien. Even we did a third execution of
PEM, in this time changing tolerances because ¢sersl one finished before reaching the
iteration limit, and the percentages of fittingrer@gain the same.

Using the Matlab commandfesent we can see the model parameter values, focusing o
friction coefficients their values after three extton of PEM method are: Viscous cart
coefficient px) 1205.11 Ns/m; viscous pendulum coefficiebg) (0.000938758 Ns/(m-rad);
Coulomb friction coefficientic) 0; and Static friction coefficient§) 0.0037. These values
are quite different compared to initial values, Jable 3, but these results could improve
using a low frequency variation with time chirp insignal.
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2. MODELLING THE PENDULUM

by (Nis/ ) b (Nis/ ) Ks ke | Cartfit. % | Angle fit. %
Fixed False False False False - -
Initial 0.01 155.1574 0.037090.0292| -204.6 10.9
1" exec 0.000938758 1205.11 0.0087 G -73.4 42.69
2" exec 0.000938758 1205.11 0.0087 G -73.4 42.69
3%exec 0.000938758 1205.11 0.0087 0 -73.4 42.69

Table 8: PEM method results for chirp high frequency vaoat& all parameters fixed exces, uc,

by & by

1. c. Low frequency variation with time

The results obtained, which are shown in Figui@lllbnd Table 9, after the first execution of
the PEM method are unexpected because the modelteutart and angular position) are

zero until 15s, from this time to the end are quitese to real outputs. In fact, the fitting

percentage for cart position is 26.43% that islibst result obtained so far, although for

angular position it is 13.58%. The explanation tlas behaviour of hon-movement of the

pendulum is because until 15s there is not an implidge quite enough high to exceed static
friction force. As now the static friction coeffent is a free parameter for the PEM method,
it increases this value to 0.0542; thereby, thecstaction force is increased and there is not

pendulum movement in the early 15s.
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Figure Il. 34: Results obtained aftef'&xecution of PEM method for 1.c. Low
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2. MODELLING THE PENDULUM

by (Nis/ ) b (Nis/ ) Ks ke | cartfit. % | Angle fit. %
Fixed False False False False - -
Initial 0.01 155.1574 0.03709 0.0292 -115.6 10.21
1" exec 0.00829059 556.883 0.0542 0.017570926.43 13.58

Table 9: PEM method results for chirp low frequency variati all parameters fixed exceps, uc,
by & by

Although for the PEM method, which only takes irdocount the cost function, this
behaviour is better than previous results we caarathat this is not the right way to find our
fit model. Last chance for finding a good modelngschirp input signal will be with all
model parameters free.

1. d. All model parameters free

In this case the results are the same for botlpdhput signal (high and low frequency
variation) because their model outputs are zerthaltime. Therefore, the fitting percentages
are close to 0%. As we said previously, for PEMhmdtit is an improvement from the initial
values, at least for cart position, but obviousliginot for us. The explanation is easy: there
is too much freedom (thirteen degrees of freedome, degree for each free parameter) for
finding a fit model.

At this point it is necessary to change somethm@ur model because obviously it is not
working as we expected. After a thorough analyses faund that our model has a big
problem with discontinuities due to our friction deb. Paying attention to Equation 11.12 and
Equation 11.13 the change from static friction tgnedmic friction force and vice versa is
discontinuous because as is shown in Equation Ht#S3 value for f ;. . (t) force is

obtained depending on cart velocity value and wthenvalue changes from zero to another
value a hop is produced in thg. . , t (rce.

These hops produced ifi,. , t (fprce introduce discontinuities in our model aad, is

known, the real world is continuous. Furthermohese discontinuities generate problems to
solve the differential equations of our model beeathe discontinuities make functions non
differentiable. Therefore a continuously differaiie friction model is needed.

2. Testing with continuousdly differentiable friction models

Our first idea for applying a continuously diffetiable friction model was based on [20].
The main reason for choosing this model was thas itsed by Matlab Simulink for
modelling the friction. Unfortunately, for reasohat will be explained later, it was
impossible to apply in our SCT inverted pendulundeio

The second and definitive idea for a continuousffeentiable friction model was found in

[14], where appears a continuously differentiabietibn model based on exponential
functions.
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2. MODELLING THE PENDULUM

2. a. Continuously Differentiable Friction Model: 9x new parameters
This friction model is based on hyperbolic tangemisich are continuous functions:
f(q) = y1(tanr(y2q) - tanf'(y3q» Vs tanr(VsQ) + )0 (11.102)

Where g in our case is the cart velocity and (for i = 1,...,6) denote unknown positive
constants.

This new friction model is related to our previousdel in this way:

Us =y, +Vy, (11.103) U =y, tanh(,q) (1.104) and b, =y, (11.105)

The problem lies in identifying these new six pagsens. It is also a non linear greybox
model, so there is a subsystem to identify befdemtifying the whole system. The training

data necessary to conduct this six parametersifidatibn consists on a slip speed as input
and friction force as output, where this slip spegalt is swept from a negative to positive
value in a ramp-type manner because when this tglomsses zero we will be able to

observe the change between static and dynamiofri¢tee Figure 11.35).

Friction force
I:|4 T T T T T T T T T
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Figure Il. 35: Training data necessaries for identifying 6 nevapaaters of continuously differentiable friction
model

Unfortunately, these training data were impossitde obtain because the experiment
necessary requires a velocity configuration instefatbrque in our Power Driver Controller
and it is a really hard extra work for this madtezsis. Thereby, we thought of a different
idea for finding a continuously differentiable fiam model.
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2. MODELLING THE PENDULUM

2. b. Exponential Friction Model: two new parametes vsand y

The new idea came from reading the Sue Ann Campddelal. paper [14] where is
demonstrated that the transition of cart from estat dynamic event is produced
continuously. They propose to add an exponent@bfan their friction formula to smooth
this transition. Therefore, the new formula fortdaction, instead of Equation 11.33, is:

fSTATIC_X (t) « x=0

X

f. t) = {2y
Fric_x (f) | g+ (/Is - U )e [Vs] = sgn(X) o xz 0 (.106)

Where appear two new terms: Stribeck velooity &nd form factory().

Stribeck was the first one that observed that ¢ov Welocities, the friction is decreasing
continuously with increasing velocities and notidiscontinuous way. This phenomenon of
a decreasing friction at low, increasing velocitisscalled the Stribeck friction or effect.

Therefore, the new friction model including Sta@gulomb, Viscous and Stribeck friction is
shown in Figure 11.36.

Frction force f

N\ —

—»

/\ shding velocity

Figure Il. 36: Friction model including Static, Coulomb, Viscouddstribeck friction (see [21])

Stribeck velocity denotes the sliding velocity whenly a 37% of the static friction is active.
In other words, small values @f give a fast decreasing Stribeck effect and laajaes ofvs
give a slow decreasing Stribeck effect. Form fadaalso used to model this continuously
friction, in this case, large values pfgive a fast decreasing and small values give & slo
decreasing Stribeck effect.

2. b. i. All parameters fixed except friction ceréintsus, uc, by, by, vsandy

Due to this new friction model some changes areleg¢én our m-files used for generating
the idnlgrey_object. For instance, it is necessargeplace the old formula that obtains cart
friction by the new one (see Equation 11.106) inte m-file that describes the model
(“inv_pendulum_m.t it is also necessary to include as this filpuharguments the two
new parameters§ andy).
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2. MODELLING THE PENDULUM

Therefore, it is necessary to declare these two penameters into the m-file that generates
the idnigrey_object €reation_idnlgrey object.th setting their initial values (taken from
[14]) and setting their “Fixed” property false such asus, uc, by, bx (remember the rest of
parameters are fixed).

After creating this idnlgrey_object the identificat can start. Using high and low frequency
variation of chirp input signal for identifying thmodel parameters, and after some PEM
executions, the best results obtained are showigure 11.37.

This new friction model appears to be a step irrigiig direction towards the identification

of our system parameters because the fitting ptagen obtained, at least for low frequency
variation signal, are very good: 88.91% for caipon and 80.89% for angular position.
However, the fitting percentages for high frequewasiation chirp input signal, which are -
58.97% for cart position and 43.29% for angulaitpms, are not enough for us even they are
the best result ever for this type of chirp signal.
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Figure Il. 37: Results obtained for 2.b. i. using High (left) drav (right) frequency variation of
chirp signal

by (Nis/ ) | o (Nis/ ) Hs He vs(m/) Y Cart% | Ang %
Fixed False False False Falge False False - -
Initial 0.01 155.157 0.0371 0.0292 0.105 2 -204.6 0.91
1% ex 0.0021 1891.89 0.0068 0.0157 0.0589 39./31 9758. 43.29

Table 10 PEM method results for chirp high frequency vidoiausing an Exponential Friction
Model with all parameters fixed excepi, uc, by, by, vsandy
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by (Ns/ ) | b (NEs/) Hs te vs(my) Y Cart % A;f/lg
Fixed False False False False False False -
Initial 0.01 155.1574 0.03709 0.0292 0.105% 2 -204.60.9
1% ex 0.0086971| 894.40% 0.1806Y3 0.01314 0.03472 84.1388.91 | 80.89

Table 11: PEM method results for chirp low frequency variatising an Exponential Friction
Model with all parameters fixed except uc, bs, by, vsandy

From this point, the input signals used for theapzater identification will be replaced by the
real input signals supplied by the Controllers klbecause the results obtained using the
chirp input signals are far from ideal. Therebye tiext idea is to test using the real input

signal with intentions that our model parameted$ lva better adjusted.

As a summary of the tests for parameter identibeatising the chirp type signals, the Figure
11.38 and 11.39 are shown. In these graphs youssmnthe fitting percentages for the cart and
angular position obtained in the chirp signal tggigformed so far (cf. subsections 1.a, 1.b,

1.c, 1.d and 2.b including the inital fitting pemtages nameuhit in Figure 11.38 and 11.39).
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Figure Il. 38: Fitting percentages for cart & angular positionaited using the chirp signal with
high frequency variation in each test.
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Fitting percentages for cart & angular position with Chirp Low Freq
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Figure Il. 39: Fitting percentages for cart & angular positionaited using the chirp signal with low
frequency variation in each test.

Seeing Figure 11.38 and 11.39 we can conclude that characterization of our dynamical
system using chirp signals, which have the importaature of its variation in frequency, is
not enough because of the maximum values of thedipercentages. But we can not base
the choice of parameters approach focused exclysivethe values of these percentages (at
least when they are below 70%) because althoughamttically 1c test results are better
than 1.a test, we know that are much worse lookinthe graphs (Figures 11.34 and 11.31).
Another example of this is found in the test 1.d.

Although these tests appear to have been uselesshtive not been, because these tests
have made us realize the need for a model of aomiis and differentiable friction, and also,
that some model parameters that we considerecked fmust be free to adjust the model,
such ags, uc, andby .

We also emphasize that the process of charactenzat the SCT inverted pendulum gives
better results using signals with low frequencyiataon with time than using high frequency
variation with time signals. The reason probablihat the input signals with high frequency
variation used in our parameter identification gexhave a too wide frequency spectrum for
our system. Thereby, next question to answer ithdseal pendulum input signal, which is
supplied by Controllers block, a low frequency a#an type? To know the answer a new
test is needed.

3. Testing with real Controllers signal

First step was to do an experiment with STC ineegendulum system storing Controllers
signal (system input), cart and angular positioystesm outputs), which are needed for
creating the new iddata_object. In Figure 11.40 8t are shown the experiment results.
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Figure II. 40: Input voltage supplied by Controllers block.

As seen in Figure 11.40 until roughly th& 8econd the input voltage signal is given by Swing
Up Controller and from this"™®second the input signal is provided by Balancet@tler
(noisy signal). In fact, to be precise, there i®ey short period of time (atf'6second) where
the input voltage signal is given by the Balancent@uler. It is a failed attempt to balance
the pendulum.
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Figure 1. 41: Cart and angular position obtained using Contrsltdock.
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2. MODELLING THE PENDULUM

Looking angular position in Figure 11.41 we can rotworate that from this®™second the
pendulum is balanced in inverted positiOn=(n). Note that at the 7th second the pendulum
makes a loop, which is shown in Figure 11.41 whagudar position decrease more than -2
and it is instantly redefined as 0. This loop isduced because of the failed attempt to
balance the pendulum at the 6th second, when angosion is close to #. In fact, there is

a quick switching between controllers as seen guifé 11.40 just after the™second, where
appears the noisy Balance Controller signal whidles oscillate very fast around five volts.

Next step is to start identification using the sadmdgrey object of sectioB.b.i. but with the
new iddata_object, which represents our systemutgitpsing real Controllers signal as
input, instead of the old iddata object, which esents our system outputs using Chirp
signal as input.

3. a. All parameters fixed except friction coeffia@ntsus, uc, by, by, vs andy

After some PEM executions that required many h¢ewven days) the results, which are not
shown, were not entirely satisfactory, especiaibnf 9" second when balance controller is
working. The most important problem is the trendha cart position, at first sight it could
be DAC error but looking the input voltage suppliedControllers block (Figure 11.40) it is
not symmetrical about 5V. In fact, doing the meanthis input it is 5.3V. This asymmetric
behaviour is not analyzed in this master thesis. dadving this problem next idea is to
increment the number of free parameters in our iadkiding Ve anda because the values
of these parameters are directly related to caxtement (see Equation 11.1). Remember that
these parameters were modelled using a linear gicagion, which was applied to all the
mechanical blocks of our system except for the pkmd block (i.e. Power Driver, Motor
AC, Timing Belt and Spindle block) and, therefottgir initial values are probably not the
most reliable due to this simplification.

Therefore, next test was setting the “Fixed” proyef these parameter¥ds andea) to false

3. b. All parameters fixed excepius, uc, by, by, vs, v, Vot and a

In this case, the results obtained after identificaprocess are quite good as is shown in
Figure 11.42. The trend of cart position practigdilas been disappeared due to paramé&ter
and the fitting percentage has been improved ftsrmitial value in both outputs (see Table
12), but it remains lower than expected.

Of course, these results are much better than que\excluding the results of test 2.b for
chirp input signal with low frequency variation tvitime) at least until®® second, but the
percentages are very poor. This is a clear exaofplkhy graphics should be observed, and
not only the mathematical percentages, when amagjyitie results obtained by the PEM
method. In addition, it also shows how complex @swo perform the characterization of the
STC pendulum.

After a deep analysis, we realized that it is pcadly impossible to obtain a high fitting
percentage for angular position using this trainthta, because from “0second the
pendulum is balanced. Thereby, if our model canbadance at exactly the same time the
rest of time (from 18 second to the end) the input signal is given bialze Controller and
our model it is not balanced, therefore, the fijtpercentage gets worse as is shown in Figure
11.42.
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2. MODELLING THE PENDULUM

by by Us Ue vs(r%) y Vot a | Cart%| Ang %
(Nisaa) | (Nis7) : V) | %)
Fix False False False False False False Halse False

Init | 0.0087 | 894.40, 0.1807 0.013 0.0347 1.138 5  51.5130.34] -84.89
Fin | 0.0071 | 889.74 0.0363 0.108 0.8435 0.916 5/2158.62 -75.15| -20.46

Table 12: PEM method results for real controllers signalsigsin Exponential Friction Model with
all parameters fixed exces uc, by, by, vs, 7 Vor anda
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Figure Il. 42: Results using real controllers input and nlgreyeobyithus, uc, by, by, vs, v, Vor @and
a free.

The next idea is to adjust our model using onlyfitst ten seconds of the input signal, which
corresponds to the signal provided by the SwingQdmtroller The reason is clear, our

model may be adjusted a lot (the fitting percersagél reach 90%) and, although using
these training data our model may not be balangisddbes not mean that our model is far
from the real pendulum system (as it seems loo#irfggure 11.42).

The best way to check this is to see if our modgllemented in hardware (see chapter 4),
when the feedback loop between our SCT pendulumemand the Controllers block is
operating (see Figure 1V.16), the Controllers blaen balance the pendulum in inverted
position. Note that if our model is very differemtis impossible to be balanced by the
controllers without modifying them, because theyéhaesigned specifically for the real
pendulum.
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2. MODELLING THE PENDULUM

4. Testing with real Swing Up Controller signal

Generating an iddata_object with input voltage $iedpby Swing Up Controller until %7
second and using the nlgrey object obtained asltré@suthe last test, which has all
parameters fixed except, uc, by, by, vs, v, Vot anda, the identification process can start.
After some PEM execution the results obtained hosva in Table 13 and Figure 11.43.

by (N5 ) JIS He | Vs 7| Vot | @(N¢)| Cart | Ang

by
(N [%ad)

™) V) % | %
Fixed False False False False False False Halse False - -
Init | 0.007085| 889.761] 0.0363 0.108 0.843 0.916 B[2P258.61| 61.37 83.87
1%ex | 0.005438 886.842 0.0639 0.127 0.894 0.938 5.2299.53| 70.48 89.62

Final
exec

0.001288| 877.3132 0.103|6 0.133 0.954 1 5.265 260B26| 94.66

Table 13: PEM method results for Swing Up Controller signsihg an Exponential Friction Model
with all parameters fixed exceps uc, by, by, vs, y Vo anda
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Figure Il. 43: Results for SwingUp Controller input and nigrey esfbjwithus, uc, ba, by, vs, 7, Vot
ando free

These results are the best so far achieved and fitigig percentages reach satisfactory
levels; therefore, the parameters identificatioctiea can be finished. As stated previously,
it was impossible to find an nigrey_object that watanced at same time that real pendulum
because our model simplifies some parts of thesysiem such as: Power Driver, AC motor,
Timing Belt and Spindle block, which were repladsda linear model; and also the friction
model, which remains a model simplified what realigppens to the friction in the
pendulum.
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2. MODELLING THE PENDULUM

Thereby, the model found in this section is notcélyahe same that SCT inverted pendulum,
but it is a simplified and fairly accurate modekthwve were looking for (see section
1.1.Purpose). And, as stated previously, it willdemonstrated in the chapter 4, when the
feedback loop between our SCT pendulum model anar@ters block will be operating
and the Controllers block will be able to balance pendulum model in inverted position
easily.

As conclusion of this parameter identification @es we can assert that using input signal
with low frequencies it works better than usinghhfgequencies, as was demonstrated with
chirp signal test. Furthermore, it is better foe fhrocess of identification to have the least
number of degrees of freedom, which are represdniddee parameters, possible, because
setting an excessive number of free parametersetd®EM method to adjust our model can
distance it from the reality. Note that the solati@eturned by the PEM method is based on
mathematics and, as was demonstrated at the t&isig chirp input signals, sometimes a
better value in the fitting percentages does nameebetter adjusted model (c.f. the 1.d test).
Another important point to consider in the idewsfiion process for the parameters of our
non linear greybox model is to have a differenegafodel because as was demonstrated the
fitting percentages are much improved.

The last conclusion is that for finding out thegraeter values of our system it is necessary
to use as training data the same input signalsatteatised in the real pendulum, which are
provided by the Controllers block. It was importamtinclude as free parameteérs: anda
because those are the parameters that modeljnmpéfied way, the blocks of Power Driver,
Motor AC, Timing Belt and Spindle. And, as was stht the initial values of these
parameters are largely responsible for the obsediféetrences between our model and the
real pendulum.

Finally the parameter values found out are showreiple 14:

Parameter Meaning Unit Type Value
g Gravity acceleration %2 K 9. 80665
L Distance from pivot to the centre of mass of rod m K 0. 138867
I Moment of inertia of the pendulum Kg n? K 6.21034e-3
b, Viscous coefficient of the cart N[%ﬂ K 877.31327
b, Viscous coefficient of the pendulum N[%ad u 0.0012889
M “Virtual” mass of the cart (including moments oéitia) Kg K 103. 205
m Mass of the pendulum (rod + bob) Kg K 0. 581

He Coulomb friction coefficient - K 0.1331798
Hs Static friction coefficient - K 0. 1035951
a Voltage to force conversion factor '\%/ K 260. 78841
Vs Stribeck velocity m. U 0.9539722
y Form factor - u 1

V4 Offset voltage v K 5. 264616

Table 14:Final parameter values for STC inverted pendulurdeho
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2. MODELLING THE PENDULUM

There are some parameter values that could beisagpto the reader, especially if they are
compared to initial values (see Table 3). For imsta the viscous coefficient of the cdg)(

is over five times its initial value this means twt is braked five times much stronger but
by the way the cart is accelerated five times fadtew is demonstrated looking to final
value of parametes: (voltage to force conversion factor) that has bemmemented five
times (from 51.525 to 260.8). Therefore, the ihtiaue ofa parameter is wrong and, due to
it, the initial value ofb, is also wrong, but final values of these paransesee right because
the proportion between them is right as is desdribdequation 11.98.

Final values for viscous coefficient of the pendnl,), Stribeck velocity ) and form
factor ¢) are in principle correct, because their initialues were taken from bibliography
only as started point for identification procesdati® (us) and Coulomb yc) friction
coefficient are a little bit higher than their iaitvalues, but the most significant change is
that dynamical friction coefficient is higher thatatic friction coefficient, as is known it is
physically impossible. This is clear example ofessof freedom in our non linear grey box
model. It was a little mistake that we realizedhat end of the identification process and was
impossible to rectify afterwards. The solutionasriclude in the m-file of the idnlgrey object
a restrictive condition for the Static friction pameter gs > uc).

Finally, the final value of offset voltage parameé,x) is 0.264V over its initial value but it
is a necessary change due to the behaviour of @lemg block generating their output
signal, as is shown in Figure 11.40 this is not syatrical about 5V and its mean is around
5.3V, thereby, the final value & is consistent.

The model of STC inverted pendulum has been fouwext chapter is focused on
representing this model using Matlab Simulink saftsv
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3. MODEL REPRESENTATION ON SIMULINK

3. MODEL REPRESENTATION ON SIMULINK

After finding an accurate model that representhfially our system the next step is to build
it using Simulink blocks, thus obtaining a softwaredel of the STC inverted pendulum. We
begin this section showing separately the equitvasammematics of each of the blocks
previously modelled, and it will conclude showirng tfinal schematic, which includes all the
model’s blocks.

In this section will be explained every design dexi taken, every problem appeared and the
solutions adopted. Some explanatory diagrams aapghgrwill be shown to substantiate the
proper functioning of the software model of theteys

Before starting the software model it is necessargxplain that every constant values, like
the thirteen parameters values found out, usedhigr Simulink model are defined into a
Matlab script that is executed at start of eachutation.

The main reason for doing a constant script isdpagate the software model from its
variable/constant values. If something changes Ti€ Snverted pendulum system, for
instance the pendulum mass there is nothing to change in the software mauhdy it is
necessary to write the new valuenofn the constant script. It also will be usefutle future
when some upsets will occur in our system (piecearwlubricants, etc.). Then we just have
to make an adjustment of the current constantsugfirahe identification methods used
previously and did not need to change anythindgpéensoftware model

3.1. Simulink Software Model of Power Driver Contrdler, Motor
AC, Timing Belt and Spindle

This software model using Simulink was really essylo. As is shown in Figure IIl.1 we
have translated the mathematical language (remeBdpgation 11.1) into Simulink using; an
input port Vin, which is the input voltage procesglifrom Controllers block; a constant
block with value equal to V_off, which is the offseoltage used in the Power Driver
Controller; a subtract block, which does the vadtamibtraction; and finally a gain block,
which multiplies the voltage subtraction by alphenstant that is the voltage to force
conversion factor.

alfa*(\Vin -Voff)

Voltage Offset Vin - Voft

Figure 1. 1: Simulink software model of Power Driver Controll&totor, Timing Belt & Spindle
block

Concluding this software model we want to recadittmoments of inertia from Motor and
Spindle are included in the constant block M (sgeédion 11.8).
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3. MODEL REPRESENTATION ON SIMULINK

3.2. Simulink Software Model of Pendulum block

This section is divided in two subsystems: Penduiguations Simulink model, which has
as inputs the force proceeding from Spindle (Fimg the friction force produced in the cart
without viscous friction .  (t)); and friction force of cart Simulink model, whitlas as
inputs the velocity of the cart (dx_dt), which iscessary to differentiate between static and
dynamic friction force; and the force proceedingnir Spindle (Fin), which is necessary to
determine the static friction force (see Equatioh2)).

3.2.1. SIMULINK SUBSYSTEM OF PENDULUM WITHOUT  frpic « (1)

This model, which is shown in Figure 111.2, repretsewith Simulink blocks the pendulum
equations 1.35 and 1.36. But to reach this SimuBokware model it is necessary answering
some questions that we are going to explain. Reraethiat in this part of the total Simulink
model the way to obtairf ;. , t ( fcart friction forces without viscous friction) e® not

matter, it is taken as input.

- =
) T FRIC x
Fin mlcositheta) d*2theta_di*2
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Figure IIl. 2: Simulink Subsystem of Pendulum withofit, . , (t)
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The first question that arose when we want to eprethe pendulum equations, which are
second order differential equations, was how tda doSimulink?

The first idea is thinking in derivative blocks bitey do not allow to store any initial
conditions, and it could be an interesting ideador model, for instance, starting the model
with the pendulum in an inverted positidh<r). Therefore, integrator blocks are the answer
and we will need four integrators: two for eacheafized coordinate (x art.

But how can we represent a differential equatioSimulink? First of all it is necessary to do
some changes in Equation 11.35 and 11.36 becausés axplained in [22], we have to work

out the highest order derivative terms, which &rand 8 :

:—(M ) (f(t) + frre x (t) + mLEcosd - mLE*serd —b X) (I1l.1)
6 =———— (mLxcosf — mgLserd —b,6) (I1I.2
mz +1)" g »6) (I11.2)

Analysing Equation IIl.2 for instance, there areeth adding/subtracting terms, does not

matter their values, multiplying for a constantrgaind it is equal tod. Therefore, an
adding/subtracting block and a gain block must $eduand connected, the output from the

gain block will be 8. This wire output must be connected to an integratock and its

output, which will be the angular velocit§, must be connected to the second integrator
block to obtain the angular position of the pendul@.

Now we are ready to connect, doing a loop, thetmpd the adding/subtract block because
we can take a data path froéhor 6 and, after using their respective sinusoidal aaith g
blocks to obtain the exactly value of these thezms, the differential equation in Simulink is
done.

As is shown in Figure 11.2 both differential eqiosts are implemented using Simulink
blocks:

- Grey blocks for Equation 111.1.

- Green blocks for Equation I11.2.

- Dark green blocks are used in both equations.

- Yellow blocks are used to keep between -2 and 2.

Before concluding this section there are some Sikublocks that need to be further
explained:

Yellow blocks and 8 to 8 integrator block

Sometimes the angle positighis out of “one loop” boundaries 22r), for instance, when
the balance controller misses its target and thedydam falls down. To ensure that the
angular position values are always within the bauied, it is necessary to include some
logical blocks in our Simulink model. The objectiieto replace the value @, when it is
higher or equal than2or lower or equal than a2 by zero.
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First of all, the current value & is taken and its absolute value is calculatedneoting

to an absolute value block; Next block is a delayeone sample period, it is necessary to
avoid algebraic loops problems, which occurs whetata path has two different values at
same time (in our caser2r and zero); then, a relational operation blockighlr or equal
compares this absolute value &fwith a constant block ofr2 To finalize, the output of this

relational operation block is connected to a risiuige reset port in thé to 8 integrator
block because when the absolute value of thetaeelsc2 the output of relational operation
block goes from 0 to 1 making a rising edge andtteg) the integrator block to 0.

Unary Minus block

In Figure IIl.2, just before the red output portxofthere is a unary minus block. The reason
of this change of sign in the cart position is @K definition of the positive direction to the
left. As we define the origin of coordinates in q@aXY at left side (see Figure 11.9) the
unitary vector that multiplies x is —i (see yell®wox in Figure 11.9), therefore, a unary block
is needed.

Saturation block

In Figure 111.2, just after the first grey integoat which converts the cart acceleration into
cart velocity, there is a saturation block. Thisdd it is necessary because the maximum cart
velocity is limited by the CKK module. Rememberifggure 11.20, where is shown the
permissible velocity for this Compact Module, theximum velocity is 33m/min that
corresponds to 0.581/s This limitation must be considered in our softevanodel for the
STC inverted pendulum, therefore a Simulink satomablock is placed on the cart velocity
wire. Its upper limited is set to 0.55 and its lowmited is set to -0.55.

3.2.2. SIMULINK SUBSYSTEM OF frric x (t)

This model can be divided in two parts: frictiorrde with cart movement or Coulomb
friction force, when the velocity of the cart igfdrent to zero; and friction force without cart
movement or Static friction force, when the velpaf the cart is equal to zero. The value of
ferc x (1) Will be the output of a switch block that has mguits both frictions and as selector

the absolute value of velocity of cart that is uasdriteria for switching depending on if this
value is higher than zero or not.

Friction force with movement

In Figure 111.3 it is implemented the Equation DA using Simulink blocks. Such as this
friction force depends on the sign of the cart g#yo it is an input in Figure III.3. This
Simulink model is very easy to do, the only thingetnphasize is the Math Function block of
Simulink that is used as Pow block and Exp bloclkum model. After dragging this Math
Function block in our schematic and double clickirngis possible to select the type of
function (Pow, Exp, etc.)
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Pow  Unary Minus6  Exp

Gain8

mu_s
= mu_c+(mu_s-mu_c) x exp(-gamma x dx_dtv_s)

Static Fric Coef

Unary Minus3

mu_c

Coulomb Fric Coef Unary Minus5
dx dt »

- Lt = > U _! x | Crction with Mov Force -
dx_dt _| sign(dx_dt) > F_Fric_mov

Sign2 (-mu_c+Hmu_s-mu_c) x exp(-gamma x dx_dtv_s) x sign(dx_dt) x (M+m) x g)

Mass of pendulum

Mass of Cart

x M+m) x

Yy

Prod

=

Gravity Const ct ((M+m)xg)

Figure Ill. 3: Simulink software model of friction force with cartovement

Friction force without movement

The Equation 11.12 describes Static friction foared in Figure Ill.4 is shown this equation
using Simulink blocks. The absolute value of infarce, which is named(t) in Equation

[1.12 and Fin in Figure 111.4 (see dark blue ingatrt), is the variable for which Static friction
force depends. The switch is used to select th# viglue of Static friction force, as criteria

for passing first input i$f (t)| = s y Fy, whereFy =(M +m) [y.

Mass of pendulum

mu_s x (M+m)

Mass of Cart Product (-mu_s x (M+m) x g x signif))
- - Product (mu_s x M) -(mu_s x (M+m) x
Static Fric Coef (mu_sx{ ) %9 -(mu_s x (M+m) x g x sign(f))

h 4

Product (mu_s x (M+m) x g) Unary Minus1

Gravity Const - Fin ' :a Friction without Mov Force
Fin i

Abs Switch

Unary Minus2 F_Fric_NO_mov

Figure Ill. 4: Simulink software model of friction force withouart movement

For concluding this subsystem it is necessary towstow fi.. ,(t) is calculated

depending on cart velocity. Friction force with neavent or without it are selected using a
Switch block, which criteria for passing first irtps that the absolute value of cart velocity
will be higher than zero, as is shown in Figureblll
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Friction with Mov Force

F_Fric_maov

a— H

dx_dt

- Friction without Mov Force
F_Fric_NO_mov

Figure Ill. 5: Simulink Subsystem of /. , (t)

Finally, the Simulink software model of pendulum block iswh in Figure III.6:

A 4

Fin

Fin

f_FRIC_x

f_FRIC_x

Pendulum without f_FRIC_x

Figure Ill. 6: Simulink Software Model of Pendulum Block: InpEin; Outputsx andé.

3.3. Simulink Software Model of Encoders block

The last block, in STC inverted pendulum software model,e@sEticoders block. There are
two incremental rotary encoders to model: cart position (x) and @angasition §) encoder.
Therefore, this section could be divided in two parts, one for eachder, but it is not
divided because their Simulink schematics are really similar. Therbbygart position
encoder will be taken as example to explain how the Simulinlvasftmodel of encoder has
been designed. For understanding the angular position encedenlywneed to know their
differences.

The unique differences between both encoders are:

- The input data: cart position (x) or angular positién (

- An extra gain block in cart position encoder: that is necessamofoverting the
increment of cart position (x) into increment of angular positicthe{Spindle ¢)
as is shown in Equation I1.55.

- The values of angle threshold: that defines the width of lalthed, which is

different in each encoder due to their different resolutions (see Equiadigrand
11.50).
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3.3.1. SIMULINK SCHEMATIC OF CART POSITION ENCODER

In Figure II.7 is shown two Simulink schematicstbé cart position encoder model. At left
side there is the top hierarchical level of thikware model, where a Matlab vector with the
cart position data is the input and the train Iqgitses from both channels (A and B) are the
outputs; at right side the second hierarchicalllef¢his Simulink model is shown, we can
see the subsystems corresponding to both channels.

e )

Output_x_A

Output e A cutput_simout_A
Paosition_Sensor CHANMEL_A
% AT e To Workspaoe2 -—‘
X
Fram Output x B——P»{ output_simout_B
Werkspace To Waorkspaced
TOTAL_POSITION_SENSCOR ———pix ouput B——— R

Cutput_x_B

Paosition_Sensocr CHANMEL_B
Figure IIl. 7: Simulink schematics of cart position encoder. Tleft)(& 2™ (right) hierarchical levels

The basic ideas have been explained in the sedwaptear, section 2.4. Modelling Encoders,
but this section is focused on Simulink implemdotatAs is shown in Figure II1.8, the red
input x (the cart position) is connected to the cyan blimckementer x, where the increment
of cart position Ax) is obtained as is shown in Figure 111.9. Thierementer block works
subtracting the last value of x, which is stored imemory block, to the current value of x.

Next block in Figure 1.8 is a gain block thatused to obtain the increment of angl@] in
the encoder disk, remember Equation 11.55. Thilbldoes not exist in angular position
encoder because there the inpuB,stherefore, the Incrementer block gives directig t
increment of angleAP) in the angular position encoder disk.

This increment of angle is used to calculate threect angle, which is the FSM input. As has
been explained in the section 2.4., the currenteaiggobtained as the addition of its last
value plus the increment of angle (see Equatid@®)land this is the function of the addition
Simulink block shown in Figure 111.8 that is placpdt before FSM chart block (dark green
block in Figure 111.8).

Next block to explain is the magenta switch in Feglil.8. First of all, forgetting for a while
the memory blocks (grey blocks in Figure 111.8)etfour switch inputs corresponding with
four FSM states: Input & Darkness; Input  Lightness; Input 2> Lower_lower_limit;
and Input 3> Over_upper_limit. Obviously, the select input esponds to the current state.
Returning to the memory blocks are necessariesusecwithout them a trouble appears
when Matlab tries to solve the algebraic loop tisainh our Simulink model. Note that an
algebraic loop in Simulink occurs when an inputtpath direct feedthrough is driven by the
output of the same block, either directly, or, m®ur case, by a feedback path through other
blocks with direct feedthrough (see Figure IIl.8he problem is solved adding memory
blocks that represent a delay of one period.
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3. MODEL REPRESENTATION ON SIMULINK

As seen in Figure 111.8 the switch input ports @ dnare directly connected to current angle,
or rather, to last angle (see the previously menbdygk). But the switch input ports 2 and 3
are connected, forgetting memory block, to an Add &ubtract block respectively. The
reason has been explained in the section 2.4.aarmekplanatory diagram has been shown in
Figure 11.14. Such as we works with only two banéithe encoder disk when the angle is out
of these boundaries an adjustment is necessaringa@tiangle_thwhen the angle is lower
than the lower limit (state Lower_lower_limit) oulsracting 2angle_thwhen the angle is
higher than the upper limit (state Over_upper_jmithis switch output is the last angle
“adjusted” that will be added to the increment i@ to obtain the current angle.

urrent stats

increnent x

delts anale

rrrrrrr

autput_A
output_R
current state ‘. last state
P

last_angle_redefined_f

Corstant

Substract Hemory3 Hultiport
Suwitel

Figure Ill. 8: Simulink schematic of channel A for cart positiorceder

*
delta_x
Memory Add
Figure lll. 9: Incrementer schematic used in Simulink model of pasition encoder based on
Equation I11.60.

The Simulink schematic of channel B for cart positencoder is shown in Figure 111.10.
Practically it is equal to channel A, but there aoene differences that must be explained.
Due to a half band distance between sets of LEDdulmde that is necessary to obtain

outputs in quadrature (cf. section 2.4.) followidganges have been done in channel B
model:

- An extra Subtract block: it is necessary for subtracting a half band, Whi
represented by a constant block with valuamdle th2, to the current angle for
adapting it to FSM channel B block input.

- StateFlow Chart different transition conditions: StateFlow diagram for channel
B has been shown in the second chapter (Figuré)ladd it is equal to channel A
if we replace the transition conditions -@.5* thresholdby —thresholdand1.5*
thresholdby threshold
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Figure Ill. 10: Simulink schematic of channel B for cart positioceder

Such as reminder, the Simulink schematic of angadaition encoder is exactly the same but
changing: the input x by; the gain block on% by nothing; and the constant value of

angle_thby 0.2r mrad

3.4. Results for Simulink Software Model of STC Inerted
Pendulum

In this section we are going to show the resultsiabd using our Simulink software model
of STC inverted pendulum comparing it with the regstem. These results are divided in
two parts: Simulink software model of Power Driv@ontroller, Motor AC, Timing Belt,
Spindle and Pendulum block; and Simulink softwacelel of Encoders.

3.4.1. RESULTS OF SIMULINK SOFTWARE MODEL OF POWER DRIVER
CONTROLLER, MOTOR AC, TIMING BELT, SPINDLE AND PEND ULUM
BLOCK

Setting the simulation parameter of our Simulinktveare model using the variable step
Adams-Bashforth-Moulton type as solver becauseas wsed previously in identification
parameter section (cf. the properties of idnlgréyect in section 2.5.4). Setting'i@and 1

as values for relative and absolute tolerance dialdspectively in this configuration
parameters dialog every variable is exactly theestmat into the Matlab non-linear greybox
object used for identifying our model. Therefore e@gpected the same results for our
Simulink software model that Figure 11.40 for thestly 7 seconds and quite similar results
that Figure 11.39 for the whole simulation time.

Unfortunately the results are different than expéctas is shown in Figure Ill.11. These
differences can be because of the ODE solver behairito Simulink and the PEM method.
The ODE solver of PEM method calculates next statdor, which is an input of our model
file (*inv_pendulum_H), using the state derivative vector, which isartput of our model
Matlab file, and this process is different to OD&ver used in Simulink, where there is no
state vector, instead of that there are Simulinkckd connected to continuous-time
integrators. Both models should be equivalentsdmits shown in Figure Ill.11, they are not.
It is possible that the zero crossing problem of oart velocity signal could affect to
integration process, too.
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3. MODEL REPRESENTATION ON SIMULINK

As is shown in the right side of Figure IIl.12, thare a high number of zero-crossing at the
cart velocity signal in our Simulink software moa@eld this generates an error because there
is a zero-crossing control for variable step savdt is necessary to disable this zero-
crossing control in the configuration parameteraladj for running without errors our
Simulink software model. Remember that cart vejodignal is the key parameter for
selecting between static and dynamic friction foacel these zero crossing produce many
swapping between them.
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Figure Ill. 12: Cart velocity of Simulink software model (left) aitd zoom (right)
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To solve the zero-crossing problem it is possibleliange the velocity cart threshold value
of switching between friction forces. In theorysivalue is zero (see Equation 11.106), but it
is possible to consider cart velocities lower thame centimetre per second as zero.
Therefore, changing this threshold value the zeossing problem is solved but the model
has been changed, for instance the velocity califferent as is shown in Figure 111.13.

| -} Figure3 X
File Edit iew Insert Tools Deskiop  Window  Help k|
NSELS M RALODDEL- 2| 0H | eD

Cart velocity
0.5 T 1 T T T T T I I T

Cart velocity [nes]

Time [s]

Figure I1l. 13: Cart velocity signal with threshold equal to zestué) and equal to 10m/s

An alternative solution for zero-crossing problesrto use a fixed step solver, for instance
ODE 1 that uses Euler's method as integration tecie) because this type of solver does not
need zero-crossing control due to its accuracytmne duration depends on the size of the
steps taken by the simulation. In this case thedfistep size selected has begsifistead of
default value (0.thg because the accuracy is inversely proportionatep size and we need
high accuracy.

This Simulink software model results are practicalijual to variable step model as is shown
in Figure IIl.14. However, the differences betwemm Simulink software model and real
pendulum outputs are still quite significative, esiplly angular position. The problem lies in
switching controller response because firstly ggosid the model is pretty fit and after this
time, when it is produced the switch to Balancetier, the cart position is mismatched
and it goes worse at §'Second, when Balance controller takes the control.

Analyzing angular position, it seems that everyetithe pendulum swings the angular
position needs just a little bit more of amplitudéhat is the reason why the mismatch
between our model and actual pendulum is increasirit)6" second. After this time, when
the real angular position makes a loop, both sgyraak completely different but it is
consistent with input voltage, for instance afte&s S8econd input signal is given by Balance
controller thereby it is impossible that angulasigion reaches the inverted equilibrium.
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_" Figure 5
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Figure Ill. 14: Comparison figure of both software models and pealdulum outputs

While results have been somewhat disappointinggasity after the great amount of time
invested in identifying the model parameters, wiaekitthat we are not far from the fitted

model and possibly the controllers block is capahlbalance the pendulum in the inverted
position. Therefore, we have to see what resultgetdrom the hardware model in order to
conclude something.

Next step is to analyze the results obtained forSanulink software model of Encoders.
3.4.2. RESULTS OF SIMULINK SOFTWARE MODEL OF ENCODE RS

In this section the results obtained after testhmge Simulink software models are shown.
There are two different ways for testing our encadedels:

- Doing an experiment with STC inverted pendulumeysand measuring outputs
of real encoders, storing these trains of pulsgeats and also the cart and
angular position data. After this experiment we @amnoduce as inputs in our
models the cart an angular position data storediqusly, obtaining our encoder
outputs and comparing them with the real encodguts.
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3. MODEL REPRESENTATION ON SIMULINK

- Introducing some training data of cart and angptition in our encoder models,
and using their train pulses outputs as inputshe $imulink schematic that is
included in Controllers block for converting theakr@encoder outputs signals into
cart and angular position, and comparing theseé fiasitions with the initials.

Either option could have been selected to testemaoders, since the two are completely
valid and sufficient by themselves. But finallyeteecond option was selected because it was
easier than the first one. Note that for measuand storing the outputs of real encoders
some new design in Controllers block is necessamthe contrary, the second option does
not need any extra design in Controllers blocktltfemore, remember that Controllers block
is the only block in SCT inverted pendulum systéat tloes not belong to this master thesis.

Thereby, the data training used as entries in esrcatbdels were selected from a real
experiment of SCT inverted pendulum system, asshoevn in Figure 111.15. This graph
shows how Controllers block works: the first sixcaeds, it is working the swing up
controller, which moves the cart like a swing fogithe pendulum to increase its angle; at
sixth second the balance controller starts to work, unfortunately it can not keep the
pendulum in inverted positiona(+ad in this case) and the pendulum falls downn ttee
swing up controller is activated again; finallytemth second, the balance controller returning
to work, and this time it can balance the penduturtil the end of the experiment (ad in
this occasion).

|' Figure 1: Real cart&angular position
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Figure lll. 15: Cart and angular position stored in a real expertro€ SCT pendulum

After executing our encoder models, their outputisich are trains of pulses and have been
stored in a Matlab vector at Workspace, are usedmsgs in the part of Controllers block
that converts the real encoder signals into cattargular position (see red blocks éoand
green blocks for x in Figure I11.12). This Simuliskchematic, which is part of the hardware
model of Controllers, is shown in Figure 111.16 aasl seen there are Xilinx blocks that will
be explained in next chapter.
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Figure Ill. 16: Simulink hardware schematic that converts traipu$es into cart/angular position

This schematic basically works counting edges fitbin train pulses inputs and with this
information it can convert theses pulses into aagtllar position (outputs from orange
blocks in Figure 111.16). It is not necessary aflgexplanation because it does not belong to
this master thesis, we only need to know thatwhagks with the real system and must works
also with our model. Therefore, if it does not wattke problem will be in our model design
and not in this schematic.

For checking our encoder models two Simulink scdpese been placed in this schematic,
see Figure 111.16, the first input of these scopecks is a multiplexer block that mixes real
cart/angular position, which are vectors in our lslatWorkspace (see grey and cyan block in
Figure 111.16), with our model outputs that are amX_g and J_g for cart and angular
position. In Figure 111.17 are shown real angulasifion (Magenta line) and our angular
position (Yellow line), and a first sight they aegher similar.

) o

SBE| o0 ABE DA S

Figure lll. 17: Real angular position (Magenta) Vs angular positifiar encoder model (Yellow)
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In Figure 111.18 are shown real cart position (matgeline) and our cart position (yellow
line). This time the similarity between both sigha even greater, practically, yellow line is
not seen.
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Figure Ill. 18: Real cart position (Magenta line) Vs cart positadter encoder model (Yellow line)

These results are quite good, but we need anotiper of graphic that we can better
appreciate the differences and thus verify the @raperation of our sensor model. For this
reason, there are two subtract blocks in Figuré&8jlwhich are placed just before the scope
blocks, and that are used to obtain the differdmetveen real and modelled signals. See
Figure 111.19 and Figure 111.20.
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Figure lll. 19: Real Vs Software angular position encoder and tfifgrence.
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As is shown in Figure II1.19 the difference betwedeeal and Software that gives an idea
about the error of our software model encode. We assert this software model works
perfectly because the maximum erro0id mradand it is very small, one and a half times
lower than the band width of angular encoder disknémber Equation 11.50).

| Figure 1: Cart position sensor
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Figure Ill. 20: Real Vs Software cart position encoder and théfedince.

As is demonstrated in Figure 111.20 our Simulinkta@re model for cart position encoder is
very accurate, even more than angular position dargcdecause the maximum difference
between Real and Software signal is less th@mum. As seen, this error is negatively
proportional to cart position value, but it is @oproblem because the maximum cart position
value is0.5 m(ten times more that in this experiment) therefbie maximum error will be
0.7 mmfor 0.5 mand it still is not a problem. The explanation fors behaviour of the
difference signal (blue line in Figure 111.20) ftine cart position encoder is due to a very
short delay in the output signal of our encoder ehothat produces this negatively
proportional behaviour of the difference signal,ewhthe subtraction between real and
software model cart position signal is done.

However, these models of encoders are very accaratework very well. We know that
probably there is an easiest way to model the emsodfor example calculating the
increment produced in the input signal (cart orudagposition) in a fixed time period (i.e.
ten sample periods) and then building the outpgnhadi with the number of pulses that
corresponds to this increment). But modelling treenwe have done it is better if we think in
real time, because their maximum delay is equalsample periodlc= 1us).

This way to model describes the real encoder systaantly as it actually works, and that is
always very important when it comes to modellinghofher interesting example of an
incremental rotary encoder model using Simulinteorted by J. J. Incze et al. [23], they do
not use a FSM to generate the encoder outputsathsbé it they use logical circuits,
relational operators and two T-type (Toggle) flipgls as is shown in Figure 111.21.
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The first point to note in this different modeltisat it has a third output signal named Z,
which is used by some incremental rotary encodewsder to have a reference position. It is
achieved equipping the encoder, as is shown in r&igli.22, with a third set of
LED/photosensor and a second track on its diskngawa single transparent band that
produces on the output Z a single pulse when tlvedsr shaft completes a rotation £+2
radians). In our case, neither of our two encodhenge this third output, therefore we will
focus on the output signals A and B.

A F !
B“Fﬂr il '%;,]J Fixed reference
Phaotosensors axis

Figure Ill. 22: Construction principle of the alternative encodexdel (Figure 1 of [23])

Next point to emphasize is the angle nameépgs.e. angular step of the encoder) in Figure
[11.22 that corresponds to two times ocangle th(c.f. Figure 11.14) because it spans two
bands (transparent and opaque) of the encoderdiht is defined as is shown in Equation
1.3.

6, =2/ N, (111.3), with Nr as encoder resolution (number of angular stepherencoder
disk)

This angle value is basic for describing the encadedel outputs in a different way to us:
usingmodulooperation, which returns the remainder of a donsias is shown in Equation
1.3 and 111.5.

A6) = {1 - 0<mod,(6)< 8, /2

(2 le)=1- " 0<mod,,(6-6,/4)<6, /2
0 6 12<mod, (6) <6,

(I11.5)
0 o 6,/2<mod,(6-6,/4)<6,
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This idea consists on applying the modulo operatmthe angular position of the encoder
shaft @) using as divisor the angt®, doing this we are sure that the input angler(6 -
0pl4 depending on the channel output that is beindethed) is always inside the boundaries
of the operation area of the encoder model (cduid 11.14), which values are 0 afigin
this case.

This is a brilliant and easy way for modelling thetput channels of the encoder, but this
idea was dismissed by us because it implies taéjvand, as it is well known, this is the
most complex of the four basic arithmetic operatitor the hardware, and it is really hard if
the dividend (i.e. input angle) and/or the divi§iae. 9p) are rational or irrational numbers (as
is our case, remember thevalue).

Instead of using modulo operation, in our softwaiel of the encoders we use addition or
subtraction for keeping the input angle alwaysdasthe operation area of the encoder
model, as was explained in section 2.4. Modellingdglers. This idea allows us to design a
hardware model of the encoders starting from thifevaoce model as will be shown in the
next chapter.

Thereby, this approach reported by J. J. Inczd.gR3] is a perfect software model of a
rotary incremental encoder that can be easily sgmted on Simulink but it is not very useful
as hardware model.

To conclude this section we can compare the resbligined by our software model of the
encoders and the results obtained by the appraseh gy J. J. Incze et al. [23], which are
shown in Figure II1.23. They are clearly worse thhnse obtained by our encoder model
(c.f. Figure 111.19). Quantitatively, this encoderodel is five times worse than our own
model because the maximum difference between teargyular position (i.e. Thetg in
Figure 111.23) and the computed angular positiae.(iTheta in Figure 111.23) is around 2
mrad and the maximum difference in our encoder modekr@nd 0.4mrad as is shown in
Figure I11.19.
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Figure Ill. 23: Simulation results of the alternative encoder m@Bigjure 8.b of [23])
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4. HARDWARE DESCRIPTION OF THE MODEL

This chapter of our master thesis is focused odiritn a hardware model of STC inverted
pendulum system that finally will be implementedivirtex Il Pro FPGA at RAPTOR 2000
motherboard. For doing this the first step conswtsreplacing Simulink block from the
software model by Xilinx System Generator blocks.

4.1. Simulink hardware description: Xilinx System Generator
toolbox.

The Xilinx System Generator toolbox is a tool deyeld by Xilinx that enables designers to
generate synthesizable Hardware Description Largy@diL) files using Matlab Simulink
environment. These HDL files can be implementethany Xilinx FPGAs (including Virtex

Il Pro).

Using this abstract hardware description toolbogtead of programming in HDL directly, it
has many advantages, e.g.: Generating HDL fileefand with fewer errors, because of the
abstraction level of this toolbox; and allowinguse the Matlab/Simulink functions in the
test bench.

In this section the software model will be transfed into hardware fixed-point model
replacing Simulink blocks by Xilinx Generator blaskwhich are included in a specific
library. As we said in Introduction section, somkchks are equivalents but not all.
Therefore, some engineering solutions are necesstrifind out these block equivalences
and this section is focus on these cases becaegeath more interesting than trivial block
equivalences.

4.1.1. INTEGRATORS

There is not an integrator block in Xilinx Systener@rator library. Therefore, a new
equivalent block is necessary. Thinking in numeiicgegration, which is a set of algorithms
that calculate the numerical result of a definitiegral, the simplest method is rectangle rule,
which approximates the integral by the sum of megidar areas. This is the method chosen
because at 1 MHz frequency, which corresponds gs 4f sample period or, in this case,
time increment, the method is not very importamtdiotaining good results.

Using this really small increment ofis the numerical integration is basically a ‘brutects
method. Therefore, selecting trapezoidal or Simjssoule, which are better numerical
integration methods than rectangle rule, is nob@dgdea because they are more difficult to
implement in hardware and their results will beiamdue to the very small increment used
in our model.

The equation that defines Rectangle rule is:

I: F(x)dx= i fa+(i-DA)A (v.1)
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Where @, b) is the integration interval that is divided imaqual subintervals or increments
namedA, which value is:

A=(-ahn (IV.2)

The term (-1) gives the approximation based on the top-lefber, this means that height of
rectangles is taken at beginning of sample pedasds shown in Figure 1V.1.

Figure IV. 1: Top-left corner rectangle approximation

After this theoretical explanation, next questisnHow do we do a hardware integrator? The
key is the summation, which consists on adding;irgjp adding, storing... until the index
reaches its final value. In hardware language ansation is equivalent to an addition block
connected to a register block.

In our model there are four integrators, two fort gasition and two for angular position:

Acceleration-> Velocity & Velocity = Position. Naming; to a generic integrator output
(Velocity/Position of cart/angular) the Equation.1\¢ould be interpreted as:

ECURRENT = ELAST + Aé (IVB)

¢ ast IS the last value of that is stored into Register block, but next goestare: What is
A& ? How is it obtainedA¢ is the increment or the change in generic varigbéand for
knowing how it is obtained the answers is intoatitial calculus:

& = cart velocity =v

In this case the integrator to design is which eotsvcart accelerationa() into cart

velocity (v). As is known the acceleration definition is thexidative of velocity with respect
to time, from differential calculus point of vievt,is the increment of velocity divide by the
increment of time. Therefore, the increment of ey which is the answer of previous
guestion, is obtained as the multiplication of timigut cart acceleration by the increment of
time. Finally, Equation IV.4 describes our integrat

dv Av
< = ot > a = At > Av=a, [At > |Veyrpent = Viast TAV =V gr + 8, [AL] (IV.4)

& = cart position =

This integrator converts cart velocity) (into cart positionX). The reasoning applied is
the same knowing that velocity definition is theidative of position with respect to time.
See Equation IV.5
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dx AX
Yo a > Ve E > Ax=VIAt > Xcurrent = Xiast +AX = XiasT +VvIAt (IV.5)

& = anqular velocity =v

This integrator converts angular acceleratiom,)( into angular velocity W). The

reasoning applied is equal o= cart velocity but with angular instead of c&ee Equation
I\V.6.

dw Aw
% dt 2% = At > Aw = a, LAt > |Woyrgent = Wiast T AW = W ,qr + 8, [AL] (1V.6)

& = anqular position 9

This integrator converts angular velocity) (into angular positiond). The reasoning
applied is equal t§ = cart position but with angular instead of c&e&e Equation 1V.7.

dé NG
W:E i W:E > AG=wIAt > HCURRENT: HLAST+A9 = HLAST"'W[At (lV-7)

Because of sample period in our model is fixed i3, increment of timeAt) is equal to this
value too. For implementing these integrator egumatia gain block is necessary jointly the
previously mentioned block (addition and register)Figure IV.2 is shown an example of an
hardware Simulink integrator, in this case carteta@ation (blue input 1 in Figure 1V.2) to
cart velocity (red output 1 in Figure 1V.2) integyg but remember this model is applied in
all integrators, where the unique differences heeitiput and the output.

= -]
d"Zx_dt"2 . a+h 1
= d_dt.

CHult2 *e

AddSub2

-1d

) e e

reset

=1 q

Registerl

Figure 1V. 2: Hardware Simulink schematic for cart accelerat®mart velocity Integrator

4.1.2. ABSOLUTE VALUE BLOCK

In Xilinx System Generator library there is notabsolute value block. In this section a new
equivalent block will be found. As our hardware rabdises Fixed-point as number
representation and its method of representing digmeegers is two’s complements

arithmetic, we known that the most significantdotresponds to the sign. This bit is the key
for doing an absolute value model in hardware. Rebe if the sign bit has a value of ‘0’

then the number is positive, on the contrary iEthit is equal to ‘1’ then the number is

negative.
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4. HARDWARE DESCRIPTION OF THE MODEL

The idea for this block consists on: firstly to knd the input number value is positive or
negative, then if this value is positive nothingppans (the input goes directly to the output)
and if the number is negative it will be multiplibgl -1 for converting it in a positive value.

For implementing in hardware this idea is necessa8fice block, which returns a field of
consecutive bits from the input, for obtaining ®ign bit. Then connecting it to the select
input of a Bus Multiplexer block, just we only nedplace a Negate block before port 1 of
Mux block for finishing the Absolute Value blocka Figure 1V.3 is shown a schematic for
this block.

L [a:b] =]
Slice
a (o
In Out
(-1 P d1
ML
MNegate

Figure IV. 3: Hardware Simulink schematic for Absolute Value Bloc

4.1.3. SINE/COSINE BLOCK

In Xilinx System Generator library there is a SiosfDe block that enables designers to
select its function between sine and cosine big ot directly equivalent to Sine/Cosine
Simulink block. Mathematical functions in hardwasentext are usually implemented as
Look-Up Tables (LUT's), which are data structurethws output values pre-calculated and
stored in ROM memory because using LUTs it is cbeap computation cost (time and

memory).

In this case Xilinx System Generator offers a dpetiUT for sine or cosine, where it is
necessary to fix the input/output width becauseeddmg on these values is fixed
sine/cosine accuracy. Selecting highest valuesvatidor Virtex-11 Pro FPGA, which are 16
bits for input width and 32 bits for output widthetnember our objective is an accurate
model and is unimportant the number of Slices ofVRRlocks used because we have an
entire FPGA for us) the maximum input error is miized to:

WE g—” ~100urad (Iv.8)

16

Equation 1V.8 represents the distance (expressedadimns, which is the input unity)
between two consecutive array positions in sina@ieofUT. Such as in a LUT the input
value corresponds to an integer (from 0 t§'2"9" _1) that indicates the index of the
selected array position, where its stored valué bel the sine/cosine output, the distance
represented by Equation 1V.8 is also the maximuputrerror. This error is enough small to
be tolerable in our model.

As has been said, the input of LUT is a positiveeger so it is necessary a block that

converts the angular position of the pendul@niiito an integer. For doing this is used a
16

2 _
Gain block that multiplies the angle bé’; =1.04310%ad ™ and rounds the result to an

integer.
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4. HARDWARE DESCRIPTION OF THE MODEL

Last question to answer is: What happens whenrlgke as negative? To avoid a negative
integer as LUT input it is necessary an Absoluteu®dlock. This is all if you want to model
a Cosine block because it is an even function, vimeans output values are equals for an
input and its negative value (mathematicdl()x) = f (=) ), as is shown in Figure 1V.4; but
if you want to model a Sine block some extra eleeme necessaries (see Figure IV.5)
because it is an odd function, which means for teganput values the outputs are the
negation of the outputs for positive input valuesathematicallyf (—x) = —f (X)). These
extra elements are: a Slice, Mux and Negate blac#;they are used to know when the input
theta is negative and then negate the LUT Sineubtitp obtaining a Sine function model in
hardware.

x 1,043e+04 theta Cos

cositheta)

theta

F":IS {theta:l Ehlﬁfl:z*Pl:' LLIT EDSinE

Figure IV. 4: Hardware Simulink schematic for Cosine Block

»  [ath]

Slice

w1, 043e+04 theta =zin ’
LUT Sine \_’ w(=1)

1B 2%pi ) Negate? Mux2

theta zinitheta)

Abs [theta)

Figure IV. 5: Hardware Simulink schematic for Sine Block

4.1.4. SQUARE (U ?) BLOCK
In Xilinx System Generator library there is not gudre Block but it is easily replaced by a

Multiplier block that has both inputs with the sawedue. This block, which is shown in
Figure 1V.6, is used in our model to square theudargvelocity.

@ {3 o -a»
I b Out

n
(N

Figure IV. 6: Hardware Simulink schematic for Square Block

88



4. HARDWARE DESCRIPTION OF THE MODEL

4.1.5. MULTIPLIER BY SIGN BLOCK

In our model two times this operation (multiply &ign of variable) is needed: when dynamic
friction force is calculated there is a multiplicet by the sign of cart velocity, and also when
static friction force is obtained it is necessarynaltiplication by the sign of input force.
There is an optimal hardware implementation fonddhis without using a Multiplier block
that is shown in Figure 1V.7. This way consistsaogaubsystem block with two inputs: Input
1 is the variable to know its sign (cart velocityimput force depending on case); and Input 2
is the term to be multiplied by the sign of input The behaviour of each element into
Multiplier by sign block is:

- Slice block: that is used for knowing the signgiut 1.

- Multiplexer block: that is used to select theafioutput value depending on the sign
bit of input 1. Therefore, its select input sig@hmed ‘sel’ in Figure 1V.7) is the
output of Slice block, its input 0 (hamed ‘d0’ ifng&re IV.7) corresponds with the
input term to be multiplied because if the sigrpasitive nothing happens; and,
obviously, its input 1 (named ‘d1’ in Figure IV.i§)the negation of input term.

- Negate block: that is used to negate the termuigireg by input 2 and it is placed
just before the Multiplexer input named ‘d1’ in Grg IV.7.

-_"' lath] ———M*=el
f Slice
L ' P10 » @
mult() L mult{zignif))
*(-11 —dl

Megate FiLpse

Figure IV. 7: Hardware Simulink schematic for Multiplier by Sigiock

4.1.6. SATURATION BLOCK

Unfortunately, there is not a saturation block ifink System Generator library; thereby, an
equivalent hardware schematic was developed. Assamksin our software model, the cart
velocity is limited by the CKK to £ 0.5/s The idea for this design is: firstly, to take the
cart velocity input and applying an absolute valué; after that, comparing this result with
the maximum permissible velocity, which is constamonstant block of value 0.55; finally,
if cart velocity is out of limits then the outputllbe plus or minus 0.55 depending on its
sign, and otherwise the output will be equal toitipit.

As is shown in Figure IV.8, in left side there aeSlice, Negate and Mux blocks that
represent an absolute value block, but for optitrona(see the output from the Slice block is
used in two multiplexer blocks) are not implemersdsubsystem.

The Relational block, which is a “is greater thandck, makes the comparison to the
maximum permissible velocity defined by a Constalotk of value 0.55 (as you can see in
Figure 1V.8 the constant value is not exactly, lseawith 32 bits it is impossible to obtain
0.55 using Fixed point notation).
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4. HARDWARE DESCRIPTION OF THE MODEL

The output of this Relational block is connectedht® select input of last multiplexer, which
gives the final output (named dx_dt_sat in Fig\we8) switching between the cart velocity
input or £0.55 depending on its sign bit (see rplétier named Mux2 in Figure 1V.8)

| 0, 5E000000004556E51 l—

Constant
dx_dt Slice oo -
P e~ =§J wih 2%
Hegatel Huz Relational
dx_dt_=at

¥

¥

o 1)

¥

MNegate Mux2

Figure IV. 8: Hardware Simulink schematic for Saturation Block

4.1.7. EXPONENTIAL BLOCK

To obtain the value of dynamic friction force it recessary an exponential function
(remember Equation 11.106), such as there is ni@ tipe of block in Xilinx System
Generator library a Look-Up Table is used in oudiasare model. Selecting a ROM block as
LUT, which array has 551 positions and its valuesm@e-calculated using 0.0@is step of
absolute value of cart velocity (from 0 to On&%§ which is the maximum permissible cart
velocity value).

In Figure IV.9 is shown an explanatory screensfoR®M block configuration, where
Depth corresponds to the number of array positaontk Initial value vector is the expression
that calculates the 551 fixed values with a OriGktep. V_s and gamma are constant values
defined in the constants script that corresportstti@beck velocity and the form factor.

{23 ROML (Xilinx Single Port Read-Only Memory) = [O[%

Basic | Output Type 1! Advanced |

| Implementation |

Depth 551
Initial value vector |exp(-((0:1e-3:0.550)/v_s).~gammal

Memory Type:
) Distributed memory @ Block RAM
Optional Ports

(| Provide reset port for output register
Initial value for output register |1

[ Provide enable port

Latency |1

(o] 4 ' Cancel I | Help | Apply

Figure IV. 9: Configuration screen for Xilinx ROM block

90



4. HARDWARE DESCRIPTION OF THE MODEL

In Figure IV.10 is shown the hardware Simulink soléc for this block. Only a gain block
is needed to convert the input absolute value dfweocity into an integer (from 0 to 550)
that corresponds to the index of the table andmstthe pre-calculated output value.

addr
ab=s(dx_dt) =1

- ~a»
CHULEA ’—brst expl—{abs{dx_dtl v_s), "gammal
=

ROM1
reset

Figure IV. 10: Hardware Simulink schematic for Exponential Block

4.1.8. ENCODER BLOCKS

In this hardware model, like in previous modelsergvSimulink software block that has a
direct equivalence in Xilinx System Generator lifgrdnas been replaced. For instance:
Memory blocks have been replaced by Register bjo&#dition or Subtracting blocks have
been replaced by AddSub blocks; Gain blocks bynXilsystem Generator Gain blocks; etc.
Therefore, this hardware model is practically tlaene that software model. The unique
difference between them appears in the FSM hardblack, which is called MCode block
because it needs an m-file that describes the F&Mwour instead of the StateFlow Chart
used in our software model.

This m-file is basically a translation into MatleEtmguage of the StateFlow Chart. This m-file
describes a function that returns two outputs, Wwhace the output bit (‘1 if the state is
Lightness or ‘0O’ otherwise) and the next state.sThext state output is a difference
comparing with the software model and it is necgsfecause the m-file is basically a
“switch function that depends on the last value (onegaedelayed) of this output, which is
named current state and shown in Figure 1V.11.

Therefore, the number of inputs is different betmveeftware block, which has only angle
input (see Figure IV.11). In this Mcode block thease seven inputs: the first one is
obviously the angle input; the second one was pusly introduced and it is the current state
of the FSM; the third one is common to every hamdwdlock that works with
Memories/Registers and it is the reset input; temfour inputs, which are threshold, eps,
upper limit and lower limit, are related to statansition conditions that are coded usihg
else For sure, these four values could be definedtimom-file and thereby they will not be
Mcode block inputs, but we prefer to implement éhesriables using Constant blocks,
which initial values are defined into the Matlalvigtof model constants that was explained
in the beginning of the third chapter of this magteesis. This way is better because if
sometimes it is necessary to change these valgesld be done changing only this constant
model script.

Remembering the differences between Cart positiahfngular position encoder, where are
different angle threshold values (see Equation9llahd 11.50), and also the differences
between Channel A and B, where the upper and ldwetr of the sensor operation area
(remember Figure 11.14) are different, it is neeggdo define eight constants in our Matlab
script of model constant that is included as maddback in our Simulink model schematic.
These constants are: the upper limit and lowert lfori channel A, and the upper and lower
limit for channel B into the Cart position encodaend the same four constant but with
different values for Angular position encoder.
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|, hext_state
curtent_state . S
Z ot [t reset
. Fegisterh
x
delta_angle
bl delta_x et % 1257
.7—Preset current_state ®current_state_A
reset Incrementer ¥ 24pifk L o
current_state o 1 £ current_angle_f
"I a+h - - angle nest_state
X - Registerl —h next_state
current_angle_
g
a0 ddSub 2,2203339977630872-11 [ Heps
eps
Reqister? i
¥ 0.005283185444??2243chreshuld position_sensor_A_fsm
fddSubd e last_angle_redefined_A threshald
h Eeiisterﬁ | -0,006283185444772243 - Lower._linit_f
at & imi
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current_angle_A HLade
reset

Figure IV. 11: Hardware Simulink schematic for Channel A of CarsiRon Encoder
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4. HARDWARE DESCRIPTION OF THE MODEL

In Figure IV.11 is shown an example of hardware 8iimk schematic for encoder model, in
this case is shown the Channel A of cart positiocoder, but is easily to imagine the rest of
them. The differences are:

- Constant blocksthat are inputs to the Mcode block. Their valdepend on the
type of channel and encoder implemented.

- Gain block only appears in schematics of Cart position eacod

- Subtract and Constant blacthat must be placed just before the MCode block i
Channel B schematic (remember Figure I11.10) fordeltng the half band
distance between sets of LED/photodiode that iesssry to obtain outputs in
guadrature.

4.2. Fixed-point notation

As stated at the beginning of this chapter, XilBystem Generator creates hardware fixed-
point models. Therefore, it is necessary a briglamation about this type of number
representation and our criteria for fitting the rabdith this notation.

Fixed-point notation is a real number representattbere the number of digits before and
after the decimal/binary (depends on the base ys®d) is fixed. It is another way to
represent numbers in computing instead of flogbioigt, which is more extended but also is
more complicated. Fixed-point notation is realippie for representing fractional numbers
because, basically, it consists on an integerishetaled by a factor. Thinking on base 10,
because it is simple for humans, the number 34.86A%e represented using fixed-point
notation as the integer 345678 and a scaling fadftdf10000. Or in other words: the number
of digits used by this representation is equal &amé the decimal point is on position 4
(34.5678).

To finalize this brief explanation about fixed-pbiepresentation, it is necessary to specify
that Xilinx System Generator uses base 2 becausenibre computational efficient and uses
two’s complement format for representing negativenhers.

Next step consist on explaining our criteria totfie number of digits, which are called bits
in base 2, for the integer and fractional partasfrevalue in our model. The main rules are:

1. Every important constant value is defined at leasby 32 bits This rule is fixed
because, as is known, usually depending on the auoflbits designated to represent
a fractional value this number will be more or legsurate. Of course, after huge
effort made to find out the model parameters valugsch requires several fractional
digits, it is necessary at least 32 bits to obt@m accurate representation of the
number value.

2. To fix the number of bits for integer part apply logarithm base 2 and round up
If the number is negative, obviously its type sghed and it is necessary to apply
the Rule 4 to avoid problems. But for the momentgét the sign and apply the
logarithm, remember that logarithm function is defined for negative input values.
This result is the number of bits for the integartpn fixed-point notation. Naming
to the number of total bits for representing a gand naming to the number of bits
for representing its integer part, then we canarphext rule.
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4. HARDWARE DESCRIPTION OF THE MODEL

3. To fix the position of binary point subtract n —i : This rule is easily explained,
when the number of bits needed to represent tlegentparti} is known, the rest of
them @-i) are used to represent the fractional part. # thimber of bits is not enough
for representing pretty accurate a value, thes fiteicessary to incremem{64 bits is
enough in this model).

4. The binary point of a signed number must be placed one position less that
unsigned : The reason of this rule is simple, when a nunibelefined asignedits
MSB is interpreted as sign bit. Therefore, it ise&sary one more bit for representing
the integer part, as is shown in Equation 1V.9; andlly the binary point position in
asignednumber is placed one position less that imsignednumber, as is shown in
Equation IV.10.

iSigned = iUnsigned + 1 (|V.9) - n- iSigned =n- iUnsigned _1 (|V.10)

For better understanding of these rules an exangpleghown. For instance, the model
parameteV_off is taken. In Figure 1V.12 is shown the Xilinx Ctaust Block forV_off:
firstly, it is necessary to select the data typehis case, the offset voltage is always positive
so it is marked Unsigned; Secondly, using the @onstalues defined in our Matlab script of
constants that is preloaded (remember Table & faff value andength_bits_defaulis 32

as was said in Rule 1) is filled in. Note that Matlab function“ceil” is used in field called
Binary pointto round up the logarithm base 2\6foffvalue.

Basic | DSP48 | Advanced |

Type:
([ Boolean () Signed (2'scomp) (@ Unsigned () DSP48 instruction
-Constant-

Constant value [V _off
Mumber of bits | Iéngfﬁ_ﬁifﬁ_{ié%ﬁuif
Binary point  |length_bits_default-ceil(log2(V_off))

-Sample Perlod

[ ] Sampled constant

l| Cancel || Help H Apply |

Figure IV. 12: Xilinx Constant Block for paramet&f_off

At this point, is known how converting constantued into fixed-point notation, but what
about variable values? The answer is found thinkingheir maximum absolute values and
applying the previous rules to these values bec#dudee number of bits is fixed to the

maximum value never will be overflow problems.
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4. HARDWARE DESCRIPTION OF THE MODEL

Now the problem lies in finding these maximum valusome of them are known but others
not. The solution for the latter consists in sinialg our software model and getting the
required values. For instance some variable vadfiesir STC inverted pendulum model are
going to be analysed:

Cart velocity

Cart acceleration

Cart position [m]
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Cart position (x): Its maximum absolute value is less thamdlecause the CKK
limits the cart displacement. Therefore, such asmasition could be positive or
negative x will be FIX 32_31, which means Signed type (FIK)mber of bits of

32 and binary point on position 31

Cart velocity (dx_dt): It is FIX 32_31 because its maximum absolute edhi
0.55m/s which is also limited by CKK.

Cart acceleration (@ _dt?): It is FIX 32_26 because its maximum absolute @alu
is 18.39 m/$ taken from software model simulation. In the Fegu¥.13 are
shown the results of the cart dynamics obtainedhieysoftware model in the
Simulink simulation. These results are used forckimg that the maximum
absolute values for the cart position and velosgcond and third subplot in the
Figure 1V.13) are correct and also for obtaining thaximum absolute value for
the cart acceleration (the last subplot in the FEdw.13).

0 2 4 E g 10 17 14 16 18 20
Time [=]

Time [=]

Figure IV. 13: Cart dynamics results obtained by the simulatiothefsoftware model
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4. HARDWARE DESCRIPTION OF THE MODEL

Angular position (0): It is FIX 32_28 because its maximum absolute eaduzr,
thereby, 3 bits are needed for integer part andnoore for sign bit.

Angular velocity (d@_dt): It is FIX 32_26 because its maximum absolute eadu
around 3/4 loops per second. Therefore, 5 bitmaeeled for integer part and one
more for sign bit.

Angular acceleration @@_dt?): It is FIX 32_24 because its maximum absolute
value is 83.21 radisaken from software model simulation. In the Figiv.14
are shown the results of the pendulum dynamicsimddaby our Simulink
software model in the simulation. In the same wat the cart dynamics, these
simulated results are used for checking that theiimam absolute values for the
angular position and velocity (second and thirdpsotbin the Figure 1V.14) are
correct and also for obtaining the maximum absokaéle for the angular
acceleration (the last subplot in the Figure IV.14)

I A Figure 1

n 2 4 E a 10 12 14 16 ] 20
Time [=]

Time [=]

Figure IV. 14: Pendulum dynamics results obtained by the simulaifdhe software model
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Note that every wire in our hardware model needsetalefined in fixed-point notation that
represents its variable value. In this documentatics not shown all because it could be too
long, but the idea is to find out the maximum absolalue for each variable. These values
are sometimes well known (e.g. the maximum absolateie of the cart position) and
sometimes they are determined using Simulink sititiia with our software model of the
STC pendulum. Next step is to show the process imsathplementing this hardware model
into a Xilinx Virtex 1l Pro FPGA.

4.3. Netlist and bitstream creation for FPGA implenentation:
Hildeqgart

The objective of this section is to explain howotwiain a bitstream file that implements our
hardware model into the Xilinx Virtex 1l Pro FPGAlaped on the RAPTOR 2000

motherboard. As stated previously, System Genetatdbox of Simulink can help us to do

it. In Figure IV.15 is shown its design flow

Develop
Executable Spec
in Simulink

System
¥ Generator

r Develop Systemn

Generator
represantation

Xl P
Elockseat

Kilinx CoreGen

Automatic RTL
genaration

Testbench
Generation

I
RTL

RTL Verification
Hilinsx with ModelSim

Implementation
Flow

Bitstrearm

Download to
FPGA

Figure IV. 15: System Generator design flow [24]

At this point we are into the orange box of Systeéanerator in the first box shown in Figure
IV.15. Next step is to create a RTL (Register Tfantanguage) file, which is hardware
description language very close to assembly languiagour case a VHDL file. Although it

is possible to create a VHDL file directly usingsB&m Generator toolbox, this file will not
work into the RAPTOR 2000 motherboard (some extfarmation is needed). Therefore,
this step is divided in two parts:

1. Compile our Simulink hardware model to obtain a N@list, which contains our
logical design data and constraints and it is aerinediate step after VHDL
conversion.

2. Create a VHDL file starting from this netlist butcluding extra computing lines
that are necessaries to integrate this model iA8TOR 2000 interface.

To do this first step is necessary to know thatrgv&mulink schematic that uses Xilinx

System Generator toolbox needs a block placed endilgram called System Generator
Token, which is shown in Figure IV.16, because pedfies the target netlist, device,

performance targets and system period necessarid®efnetlist creation.
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20

Sy=stem
Generator

Figure IV. 16: System Generator Token block

System Generator: model_le6_sens_le6_cont led 6_k [ X

NGC Metlist £5
ﬂ irtex2P xc2wp20-5T896

CofcarlasProyectos/Pende S CT_Pendel_Carlos/nge_umschaltung_nur_hw (=

ST - WHDL -
o (ot corig b s

=

okt = e £ =5 According to Block Settings -
Default -~

e mlied died i | e

Figure IV. 17: System Generator Token properties

When every field of the properties screen of thak, which is shown in Figure IV.17, is
filled out with suitable values. In our case: NG@tlét into compilation field; Virtex2P
xc2vp20-5ff896 as FPGA model; directory root whére netlist will be created; XST as
synthesis tool; VHDL is the hardware descriptiongaage used; the FPGA clock period in
nanoseconds; and the Simulink system period, wisicdet by a constant defined into our
Matlab script of constants that is equal to 1 nsexmnd. Then the button Generate is clicked
and the Netlist is created. And the device utilmaand timing summary is shown below:

Selected Device: 2vp20ff896-6

Number of Slices: 6359 out of 9280 68%
Number of Slice Flip Flops: 1179 out of 18560 96
Number of 4 input LUTSs: 11588 out of 18560 62%
Number used as logic: 11399

Number used as Shift registers: 189

Number of 10s: 23

Number of bonded IOBs: 0 out of 556 0%
Number of BRAMs: 55 out of 88 62%
Number of MULT18X18s: 24 outof @ 27%
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Timing Summary:
Minimum period: 77.525ns (Maximum Frequency: 12899MHz)
Minimum input arrival time before clock: 0.234ns
Maximum output required time after clock: 0.374rs
Maximum combinational path delay: No path found
Timing constraint: Default period analysis for Clock ‘clk’
Clock period: 77.525ns (frequency: 12.899MHZz)

Delay: 77.525ns (Levels of Logic =%3

As seen in the first summary FPGA utilization isghly 60%. Therefore, if it is necessary a
higher accurate hardware model, for instance gethlie constant model parameters with 64
bits instead of 32, there is no problems. And a&nsda the timing summary the delay is
77.52ms thereby, the maximum frequency that our hardwaredel could work is
12.899MHz. This means that we do not have timingpl@m because this value is around
thirteen times higher than our maximum model fremyevalue (c.f. the encoder model
frequency at section 2.4. Modelling encoders).

This netlist file, which describes our pendulum mloaind has extension “.ngc”, is included
into a VHDL file, which contains the necessary ifaees for communication with the rest of
the system (e.g. RAPTOR 2000 or PC ), using a swéwcalled V-MAGIC[25]. This
software is an API written in Java that providesaatomatic code generation for VHDL and
it has been developed by SCT department. Ther¢hege interesting output files after V-
MAGIC execution: an m-file, which will be needed BPGA in the loop simulations when
the hardware model is implemented into a Simulinfurgtion block; a UCF file (User
Constraint File), which is an ASCII file specifyirggnstraints on the logical model design;
and the VHDL file, which is the objective resulttbe second step described previously.

Last step consists on obtaining the bitstreamtlHigg¢ will be downloaded into FPGA with our
hardware STC inverted pendulum model. This stepaisied in Figure 1V.15 as Xilinx
Implementation Flow and it is done using Xilinx I$¥oject Navigator, which is a software
that allows FPGA-specific synthesis. There are ipleltasks that this software can do: from
the beginning creating a new project and its scliesjasimulating their circuits and
implementing them into FPGA. But in our case, wé¢yareed to create a new project and
adding the existing sources with our VHDL modet fénd its constraints file. Finally, these
file compilation into hardware is done clicking itgbutton on Generate Programming File
option and then clicking on Run. The bitstream (@gtension “.bit”) has been obtained.

To obtain the final configuration of our RAPTOR 20@notherboard it is necessary to
download this bitstream into Xilinx Virtex [l ProP&A of the pendulum module. This
module, which is placed adjoining of Controllersdule, needs to be connected through four
short wires to the digital I/O interface of Contess module for sending the encoder output
signals. The final RAPTOR 2000 motherboard diagimshown in Figure IV.18.

This section is finished, next will show the resulf our hardware model. There are three
different tests to do for analyzing these resulis:first one consists on testing our hardware
model description with Xilinx blocks in Simulinkhé second one consists on testing our
hardware model with an offline FPGA-in-the-Loop siation, where our STC inverted
pendulum model is implemented in the FPGA but Galetrs block is in Simulink (virtual
environment); and finally the third one is to tasing on-line FPGA-in-the-loop simulation,
where both blocks are implemented in FPGA (as @svshin Figure 1V.18), running in real-
time, and the augmented reality is used to repllaedboring output graphs afandé by a
virtual image of a pendulum.
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Figure IV. 18 RAPTOR 2000 motherboard diagram of Controllers f#fGA) and STC inverted pendulum hardware modghi(FPGA)
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4.4, Testing the hardware model description with Xinx System
Generator

In this section are shown the results obtainedurnySET inverted pendulum hardware model
made with Matlab Simulink using the Xilinx Systeneri&rator blocks. These results will be
compared with our software model and the actual 8@W@&rted pendulum. As was done in
software results section, the Simulink hardware ehad encoders will be tested separately
because it is better for analyzing their results.

Therefore, in Figure IV.19, are shown the resuitsich are the cart (upper subplot) and the
angular (middle subplot) position, obtained by bardware model description in Simulink

(blue line) when it has as input voltage the sigtdwn at the lower subplot of Figure 1V.19.

It is also shown the cart and angular positiontfa software model (black line) and the
actual pendulum (red line) for comparing results.

As seen in Figure 1V.19, the simulation lasts fob $econds, just before the Balance
controller takes the control to the end; becaudarger simulation only will confuse the
reader. Remember that the input voltage signalchvis a training data, from this time to the
end is given by the balance controller that acldetree inverted position for the actual
pendulum but cannot achieve this for our model bseaf small differences. Thereby, the
response of our both models (hardware and softvistejally different from real, at least for
angular position that is not a constant value of(iaverted position), see Figure 111.11 as
instance. Next testing section will show a simulatior whole time because a feedback loop
between SCT pendulum model and controller block &uist and the input voltage signal
will be suitable to our model outputs.

Figure V. 19: Cart & Angular position for Hard. & Soft. model &al pendulum & input voltage
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4. HARDWARE DESCRIPTION OF THE MODEL

Analyzing the results we conclude that the hardwael is more similar to the real
pendulum than the software model, at least in génerms, because in regard to cart
position it is perhaps a bit less adjusted to #a data than the software model (its swings
have greater amplitude) but with regard to the &rguosition can be seen an improvement
respect software model, but fails to fit perfectifythe software model fell short in their
amplitudes the hardware model is long. It can bensas at 8 second of simulation the
pendulum is almost in inverted position, one seceadier than the real signal; by contrast
the software angular position never achieves thertad position (x). Note that the
differences between the angular position of thé peadulum and the software model from
the sixth second in Figure IV.19 seem to be vergdabut in fact they are not, because the
real pendulum makes a loop at 6.5 second and tjle ahour software model is close to do
the loop at this time, and finally it makes thegan its next chance (at 7.5 second).

This analysis could mislead the reader becausapsssible that the hardware realization of
the model gives better results than the softway@damentation because of the quantization
effect, which is the difference between the actadle and quantized digital value due either
to rounding or truncation (i.e. the loss of accyraca value due to the fixed-point notation).
Furthermore, there are other differences betweensoftware and hardware model of the
SCT inverted pendulum, e.g.. the integrator blockkse sine/cosine blocks and the
exponential blocks. Thereby, our hardware modejuige different to our software model,

but these differences, by chance, get our hardmae! closer to real pendulum. It could be
the other way around and these differences cowe maoved our hardware model away
from the real pendulum, but fortunately it did haippen.

Next step is to analyze the results given by oudWware model for encoders. In Figure 1V.20
these results are shown after a simulation of émeonds because this duration is enough for
seeing the response of this hardware block.

position

position real - position sensor hard

angle

5]

angle real - angle sensor hard
o

-4

Figure IV. 20: Cart (' subplot) & angular (3 subplot) position encoder for hardware model (&d)
real data (blue) & their differences'{Bubplot for cart position and’4ubplot for angular position)
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Four subplots are shown in this Figure 1V.20, tist fgraph or subplot is the comparison

between the output of the cart position encoder t#edreal data measured; the second
subplot shows the difference between them for shgule error produced in our hardware

model for the cart position encoder; the third &marth subplot shows the comparison and

difference, respectively, between the output ofahgular position encoder and the real data
measured.

The hardware model for encoders block is entiratisgactory because, as is shown in Figure
IV.20, both encoders have a response almost eguhttideal, as can be seen in the graphs
that show the difference between the outputs ofémsors and the actual measurements.

It is true that the second subplot shows the sawersely proportional behavior that the cart
position encoder shows in the software model. hatural that it should be so, because it
proves that the software and hardware model shgiuel very similar results as long as the
bocks of Simulink are replaced by the System Geoefaocks that are equivalent. This
happens in the model of the encoders but not sleeirglobal model where, as stated above,
there are certain blocks that are not exactly ejent and they introduce some small errors.
For example: the integrator blocks, which use &erbht algorithm for integration that the
integrator blocks of Simulink library (c.f. sectighl.l. Integrators); or the sine/cosine and
exponential blocks, which use LUTs that introducmak errors compared to the
Matlab/Simulink math functions (c.f. sections 4.1.8ine/Cosine block and 4.1.7.
Exponential block).

However this small error in the position of thetahue to a very small delay between the data
measured and the real data is not a concern bet@nlsag the order of magnitude of this
error it is around 16m, thereby, it is not problematic and could be igubr

Before concluding this analysis of the hardwareodec model, note that the size of the
difference signal between the real and the hardemaceder model for the cart position is in
the order of magnitude of TOm and it seems to be an error, because it is oner @fl
magnitude higher than the same result for the swéwencoder model (remember Figure
11.20), which is 1 m of order of magnitude, but it is not.

The explanation is that the cart position signéktaas data to test this hardware encoder
model is one order of magnitude higher than the masition data taken to test the software
encoder model (see Figure 11.20 where the cartipossignal is between -0.6¢and 0.05).
Another proof to test that this hardware encodedehavorks perfectly is found comparing
the difference signal from the software model fog angular position encoder (see Figure
[1.19) and the difference signal from the hardwareoder model in Figure IV.20, where
both maximum values of these signals are lessQ¥ammin absolute value.

4. 5. Testing the hardware model using offline FPGAa-the-Loop
simulation or HILDE

In this section our hardware model is tested usittagdware-in-the-Loop Development
Environment (HILDE), which means that the Designdein Test (DUT), which is our
hardware model of the STC inverted pendulum, islemented in a real FPGA but the test
environment is virtual (Matlab Simulink in our cas€or doing this test it is necessary an
interface that establishes the connection betwseDUT and the controllers implemented in
Simulink, which is the simulator that computes tkst environment and where all data
transfers (including the clock signal) are con&dlby this simulator allowing the functional
verification of the DUT.
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Using this FPGA-in-the-Loop simulation, which isH&.DE simulation where the hardware
model is implemented, in this case in a Xilinx ¥xtll pro FPGA included in the RAPTOR
motherboard, it is tested the functionality of DT but it is not tested its timing behaviour
because this virtual environment does not workeal time, because of it, this simulation is
called offline. The final step is going to be an online FPGAkKe-toop simulation for
verifying the timing behaviour of the DUT, but &etmoment the objective of this test is to
verify the functionality of our STC inverted pendoi hardware model implemented in a
FPGA working with the controllers in Simulink.

The first test consists on verifying that our haagevmodel of the pendulum system works
correctly with the Balance controller. The res@ts shown in Figure 1V.21, where is seen
how the pendulum is balanced in inverted position ook at the graph above of Figure
IV.21 where is plotted the angular position, andvhihe cart is forced to move four

centimetres to left direction (red line in middlégplot of Figure IV.21) at the first second of
the simulation. The response to this impulse of BUT is shown by the black line (cart

position) in middle subplot and the blue line (alagposition) in above subplot of Figure

IV.21. We can see how the Balance controller adsdte equilibrium for this new position

of the cart (four centimetres to left of initialgpbon) through its output voltage signal, which
is the input of our hardware pendulum model, showsubplot below of Figure 1V.21.

Figure IV. 21: HILDE outputs for our hardware model of STC invdrgeendulum with Balance
controller

Analyzing these results we can assert that our medponse is correct. The cart position
achieves the target position, after one second tlamdngular position too. It is true that an
oscillation appears in both outputs but this betawvis normal using the real pendulum;
thereby, if it is an error is produced by the colér and not by our hardware model.
Regarding the timing behaviour, which needs morantlone second to achieve the
equilibrium, it is not important in this test besauit is not real time: remember that in offline
FPGA-in-the-Loop simulation the time is controlleg the simulator for adapting the DUT
implemented into the FPGA, which always works fadtean Matlab, to the Simulink
environment where is placed the Balance controller.
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4. HARDWARE DESCRIPTION OF THE MODEL

The second test consists on verifying that our\ward pendulum model responds fine with
the Swing Up controller. This means that the ouymltage signal of this controller, which is

the input of our hardware model, gets growing atagé for the pendulum swings through
cart movements from right to left.

The results are shown in Figure IV.22 where wessshow the output voltage signal of the
Swing Up controller (black line at the graph belmwFigure IV.22) forces the cart to move
from right to left (see middle subplot) and thiswvement causes an increasing amplitude of
the angular position that achieves the objectivg éven more as is shown in subplot above
of Figure IV.22. Remember that when both contrellare working together a supervisor
block changes between them when some conditionsairefied, as instance: the angular
position is close to # or the angular velocity is low enough. But rememibe behaviour
and design of controllers is not our objective.

Angular position

Angle [rad]

Time [=]

Carto pozition

Cart position [m]

Tine [s]

Swing Up Controller signal

Yoltage [V]
=

5 E 7 8 9 10
Time [=]

Figure IV. 22: HILDE outputs for our hardware model of STC invdrgeendulum with Swing Up
controller

As is shown in subplot above of Figure IV.22 thguwar position of pendulum increases its
value reaching the inverted position just before firurth second of this simulation. From
this time to the end of simulation the angle of gendulum still increasing its amplitude,
even doing four loops at 4.2, 5.1, 7.6 and 8.5 m#soThereby, we can assert that the
response of our hardware model of SCT penduluran®ct and this test has been a success.
The last test using HILDE simulation will be the shamportant test done so far, it consists
on testing our STC inverted pendulum model withhbaantrollers working together. If this
test obtains good results it will mean that our eiad a good substitute for real pendulum.
The results are shown in Figure 1V.23, which shéous different graphs that are listed from

top to bottom: angular position, cart position, 8gviUp controller voltage signal and
Balance controller voltage signal.
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Figure IV. 23: HILDE outputs for our hardware model of STC invdrfgendulum with both
controllers

The first positive thing to note is that our pendgnlmodel is balanced in inverted position by
the controllers as we expected. This is seen iratiggilar position subplot of Figure 1V.23,
where from 5.5 seconds to the end its value.is -

Unfortunately, the behaviour of our pendulum magghg both controllers is different as we
expected, particularly, when the Balance contrdidees the lead (from 5.5 seconds to the
end of the simulation). As is shown in the cartipms subplot of Figure V.23, the
oscillations of the cart from 5.5 seconds of thrawation are too large, more than ten times
compares to the real pendulum oscillations (seerif)/.24 from eighth second).

This behaviour is due to the Balance Controllenaigwhich is different to the signal shown
in Figure 1IV.21. The explanation is that the firsiLDE test (Balance Controller test alone)
and the last HILDE test (with both controllers) aesting different situations, the first one
consists on testing how the Balance Controllereaas the equilibrium when the pendulum
is in the inverted position and, suddenly, the arhoved 4 cm to the left; meanwhile, the
other one consists on testing how the Balance Glgtrachieves the equilibrium starting
from a swing up situation, which is not the invdrfosition.

On the other hand, the signal provided by the SwiipgController in the test with both
controllers, which results are shown in Figure B/.2orresponds with the signal supplied by
this controller when we tested the Swing Up Coterodlone (c.f. Figure 1V.22 until 5.5
seconds). This behaviour is the same that we eagettecause in this case, unlike the
Balance case, both tests start from the sameisitu@the pendulum rest position) and make
the same goal that is to swing up the pendulum.

106



4. HARDWARE DESCRIPTION OF THE MODEL
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Figure IV. 24: Angular (top subplot) and cart (middle subplot)ifios signals of the real pendulum
and controllers signal (bottom subplot) taken fiiva real system

The last comparison in this analysis is betweerrgkalts obtained by the real SCT inverted
pendulum (Figure 1V.24) using these controllers #mel results obtained by our hardware
pendulum model (Figure 1V.23).

The first point to note is the different input sagthat the controllers supply to the pendulum
in both cases. This signal should be the sameabus shown in Figure V.24, for the real
pendulum it is an 80% of the input signal suppledthe Swing Up Controller to our
hardware model. The cart movement has smaller lasoil than in Figure 1V.23 in
consequence of this smaller signal, and thereleyathplitudes of the pendulum swings are
smaller too. This is the reason why the angulaitiposof our hardware model achieves the —
n value at fourth second (c.f. Figure 1V.23) and téal pendulum has to wait until the sixth
second (c.f. Figure IV.24).

The second point to emphasize is the moment cwhiieh between controllers, i.e. when the
pendulum is balanced in inverted position. In teal pendulum this moment occurs at the
sixth second of test whereas the hardware modekwaeh the balanced position at 5.5
seconds. This is explained also by the differeritage signal supplied by the Swing Up
Controller in each case. As a curiosity to empleasimt the hardware model makes two
loops (at 4.2 and 5.1 seconds in Figure 1V.23) bseaf the excessive force that is supplied
to the cart, and the reason why we know thatanigxcessive force is because the pendulum
does not meet the controllers conditions for doihg switch between them. It can be
checked looking the Balance Controller signal ie tigure 1V.23 at this period of time
(from 4 to 5.5 seconds).
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The last point to note is the differences betwden liehaviour of the real SCT inverted
pendulum and our hardware pendulum model when #gt@nBe Controller takes the lead. As
we stated previously, the cart movements are teatilarger in our model response (Figure
IV.23) than the same oscillations of the cart i@ teal pendulum, which are shown in Figure
IV.24. The first idea that comes to mind is to hdlke different input voltage signal
responsible for this behaviour, but comparing tb#age levels from both input signals we
can give the same explanation of the Swing Up @detrsignal, where the signal for the
real pendulum is an 80% of the input signal supplg the Swing Up Controller to our
hardware model.

However, there are some differences between thggals the input signal from our
hardware model (Figure 1V.23) is more compact ttian other, which is more noisy (i.e.
there are more peaks above and below the meam gidghal); and the input signal from our
hardware model spends a quarter of second to igalihe pendulum (from 5.5 to 5.75
seconds in Figure IV.23) supplying the maximum agét (10V) at the beginning and after
the minimum voltage (0V) to the cart, while thialstization period in the real SCT inverted
pendulum is really fast (at 6.1 seconds in Figit@24).

The explanations for these differences betweenrghaé SCT inverted pendulum and our
hardware pendulum model can be summarized in twedts. the first one is well known at
this point of the master thesis, our hardware maalbit different from the real pendulum,;
and the second one needs to be demonstrated vatheairiest, the timing behaviour of these
hardware model tests (HILDE) is not real time amel tesults obtained by the real pendulum,
which are shown in Figure 1V.24, are in real tinmel aperhaps, this can be the cause of the
guarter of second spent by our hardware modebtulgte the pendulum in the HILDE test.

Digging deeper into the causes of the differenads/éen our hardware model and the real
pendulum, we want to analyze it from the beginnihg:first point that can be problematic is
the linear simplification applied to the mechanipalt of our system when we modelled it
(c.f. section 2.2. Modelling Power Driver Controll&otor AC, Timing Belt and Spindle),
because perhaps the error committed by this lin@ton can not be ignored; next
problematic point is that some parameter valuesowf non linear model, which was
successfully obtained in chapter 2. Modelling temgulum could not have been adjusted
100% to the real values and, obviously, this gererdifferences between the non linear
model and the real pendulum; and the final probtenpoint is that does not exist a directly
equivalence of every Simulink block in the Xilinys$em Generator library, and, therefore,
some small errors are generated when the softwadelns converted into a hardware model
(e.g. integrator blocks, sine/cosine blocks andaeptial blocks).

On the other hand, after finishing the HILDE tests can compare them with the Xilinx
System Generator test. The first point to emphasizibe differences between both input
voltage signals, which is supplied by the contrslldecause the input voltage signal of the
Xilinx System Generator test, which is shown inufg 1V. 19 and it is supplied by the
Swing Up controller, is around a 30% lower than Hane input signal supplied by the
Swing Up controller in the HILDE test, which is stioin Figure IV. 22. This can explain the
different behaviour of the cart and the angulaitposin both tests, as is normal the cart and
angular position of HILDE test have higher values. (higher cart oscillations and thereby
higher angle oscillations) than in System Generiatsir

Now the question is why these input signals arfeift if the controllers and the hardware
model are the same in both tests, the answer 5 #asinput voltage signal of the System
Generator test is the training data taken from mpeement with the real pendulum,
meanwhile, the input voltage signal of the HiLDEsttés supplied online to our hardware
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pendulum model by the controllers. Therefore, thetillers generate different input signals
because of the small differences between the haedmadel and the real pendulum, and,
obviously, we can not compare this test directly.

Storing the output voltage signal, which is geredtaby the controllers in the final HILDE
test, in the Matlab Workspace and using it as impltage signal for our pendulum model in
a new Xilinx System Generator test, we can concthdethere is no difference between our
model behaviour at the HILDE and Xilinx System Gaer tests. The results of the new
Xilinx System Generator test are exactly the samaé the results of the HILDE test, which
are shown in Figure V.23, and it means that oufTl{Ue. our hardware model of the SCT
inverted pendulum) has passed the functional eatifin test.

Next section consists on testing our hardware madghg online FPGA-in-the-Loop
simulation in real time because it is the finalifieation for our DUT. Furthermore, we want
to test if the quarter of second that our hardwaoglel spends to stabilize the pendulum in
the HILDE test is because of it is not real tim&dAve will use this final test to verify the
compatibility between the Augmented Reality tecbggl and our hardware model
implemented in the RAPTOR motherboard in real time.

4.6. Testing the hardware model using online FPGAMaithe-Loop
simulation or HILDEGART and through Augmented Reality

In this section our hardware model is tested usarg online environment called
HILDEGART, which is a Hardware-in-the-Loop Developmt Environment for Generic
Active Realtime Testing. This means that the tastrenment is in the hardware architecture
(not in software as HILDE), therefore, the DUT arr dhardware model of the STC inverted
pendulum, which is implemented in a real FPGA withiRAPTOR module, is tested in real
time with the controllers implemented in other ré&&GA within a different RAPTOR
module as is shown in Figure 1V.18. This type dttallows us to check the real time
behaviour of our DUT using the Graphical User lfatee (GUI) contained at HILDEGART.
And this test is also used to check the compaliybbletween our hardware model and the
Augmented Reality in real time.

As we stated in introduction section, the term Aegited Reality is a technology that
provides a direct or indirect view where there sral and virtual elements mixed. In our
case, a virtual image of a pendulum is going toeapmt the screen inside the real image
taken by the webcam.

It is an interesting concept for us because thdware pendulum model is implemented in a
chip; therefore, the “magic” view of an inverteddabalanced pendulum will replace the

boring output graphs (cart and angular positiofe Tdea is to show at the screen a virtual
image of a pendulum, which will move in real tireethe same way that the hardware model
will indicate.

The operation of the Augmented Reality consiststien pattern recognition in the image
taken by the webcam and including a virtual threeethsional model (marked as B in Figure
V.25 and 1V.26) associated with that pattern iedilde real image. In our case, this pattern is
a particular symbol printed on a card that is mdrke A in Figure 1V.25 and 1V.26.
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This is a real time application that the SCT departt has developed before we started this
master thesis; therefore, we only have taken hidkwad we have tested it in conjunction
with our hardware model of the SCT pendulum tofydhat it was compatible.

H I ( HEINZ NIXDORF INSTITUT
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Figure IV. 25: Picture of the PC screen that shows the virtuabenof the pendulum (B) at rest and
its associated pattern (A)
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Figure IV. 26: Picture of the PC screen that shows the virtuagamat the pendulum (B) moving and
its associated pattern (A)
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The results obtained in this HILDEGART test are swhat discouraging because our
pendulum model does not achieve the equilibriurthatinverted position, as we expected
based on the HILDE results. The problem is in tvéch between controllers because the
angular position of our pendulum model reachesrtherted position without problem, but it
can not be balanced. This problem can explain wihhe HiLDE test is needed a quarter of
second to stabilize the pendulum in the invertesitipm; thereby, we can dismiss the idea of
a timing behaviour problem because of no real tiRrebably, the causes of this problem in
the controllers switch is because of our paramdsattification process and it will be further
explained in next section. However, there are spostive aspects to emphasize in the
results obtained in this test:

- The first one is that the Augmented Reality isyfdbmpatible with our hardware
model and even could say that these two applicateme the perfect partner,
because both together will be a virtual replacenamtihe real pendulum.

- The second one is that the Swing Up Controller wqkrfectly, it has a similar
response to the HILDE test and the pendulum reatifeesarget angle without
problem.

- The third one is that even though the Balance ©tatrhas not been put into
operation in this test, there is no reason to belibat it does not have a similar
behaviour to the HILDE test (c.f. Figure 1V.21),sed on the behaviour of the
Swing Up Controller at this test.

- And the final one is that our hardware model of 8@&T inverted pendulum can
be successfully used for testing the controllepassely in real time and through
Augmented Reality.

4.7. Final analysis and possible improvements in olrPGA-based
model.

Analysing all the results obtained we can asset titie fundamental improvement must be
focus on the characterization of the SCT inverteddoallum, specifically, on the parameters
identification process of our non linear grey boadal for the pendulum.

Due to the way we have done the parameters ideatidn process, where the final results
have been obtained focusing on the swing up regpohsur model (c.f. 4. Testing with real

Swing Up Controller signal in the second chapté&he final parameters found do not work
as we expected when the Balance Controller take$etid and it provides its noisy voltage
signal to our model. This problem could be obseimdeigure 11.42 from the ninth second of

the simulation, when the switch between controltasurs (c.f. Figure 11.40), and the result
for the cart position moves away from the resulasuged more thanem

Furthermore, as we have demonstrated with the testgy chirp signals, when the input
signal used as training data in order to identiy inodel parameters has high frequencies the
fitting process do not work very well (remember g 11.38 and 11.39 where the results for
low frequency variation with time are better thanlhigh).
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Thereby, we propose, as improvement, to do a neanpeters identification process focus
on the balance response of our model, but withongeftting the swing up. Furthermore, this
new process will not be as laborious as that danthis master thesis because the starting
point can be the test using controller signalsramihg data and the exponential friction
model used in [14].

The last advice for this new parameters identiicaprocess is to select carefully and in the
smallest possible number tfree parameters, because as we has demonstrated reglecti
many degrees of freedom avoids to obtain a suiteddelt of identification (remember the
test using chirp input signal 1.c and 1.d).

We believe that improving the fitting of our SCvarted pendulum model, especially in the
balance response, the problem in the switch betweatrollers detected in the HILDE test

and corroborated in the HILDEGART test will be sdvand the pendulum could be

balanced as we expected. Moreover, the future @saogn be easily included in our project
because the only thing we have to do is to seh¢eparameter values into the Matlab script
where the model constants are defined.

Another possible improvement consists on modeltimg mechanic subsystem of the SCT
inverted pendulum, which consists of the Power &ri@ontroller, the Motor AC, the Timing
Belt and the Spindle block, using a non linear nh@gdé¢. 2.2. section). We believe that not
every problem is because of the parameters ideatiibn process, the simplification made at
this subsystem is also a cause of the differeneéwden our model and the real system.
Probably, modelling the mechanic subsystem usingralinear model can help to the new
parameters identification process, the drawbacdkas the number diree parameters in our
model will be increased.
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Concluding this master thesis we want to stressatiaough the FPGA-Based model of the
SCT inverted pendulum does not match exactly with real system the most of the goals
that were set at the beginning of this documenehmeen achieved.

We can assert that a realistic model of the SCé&ried pendulum has been found. Although
one subsystem (the mechanic subsystem) has beegilaedbih a simplified way, the rest (the
pendulum and the encoders) have been modelledlkstically and accurately as possible.

In fact, we want to emphasize that in contrastupapproach, the majority of the consulted
literature neglect the friction forces. We have sidared the Static and the Dynamic (or
Coulomb) friction forces, besides the usual Viscéngtion, for modelling the pendulum

block. Our initial friction model was changed whewe realized that it introduced

discontinuities that generated problems for solvihg differential equations. Then a
continuously differentiable friction model replacgde old and discontinuously model
obtaining a complete and rather accurate pendulumdeim which includes the Static,
Coulomb, Viscous and Stribeck friction.

Another important and remarkable point of this raastesis is the encoders model, which
has been modelled in a rather novel and partiomanner thinking in its final hardware

implementation (remember the hardware problem ef éhcoder model reported by J. J.
Incze et al. [23] explained in section 3.4.2. Ressaf Simulink software model of encoders).
In our opinion, this was one of the most realistiays to model an incremental rotary
encoder because the FSM represents perfectly the puossible states of the set
LED/photodiode that generates the TTL outputs: tnghs, when a transparent band is
between the LED and the photodiode and therebytitgut is on high level; or Darkness,
when a opaque band is between the set LED/photedind then the output is on low level.

Furthermore, this way of modelling the encoderdikanothers that spends a fix period of

time counting bands and then generating the trhiputses for the output signal (i.e. high

delay), generates the output signal in real tinmpat without delay, as the real encoders.
Note that because of the optical system insider¢la¢ encoders the speed of the output
generation is instantaneous (speed of light).

Ending the remarkable point of our encoder modead, want to emphasize its accuracy
because the difference between the real positidrtla position given by our model is tiny,
at least three orders of magnitude less, therabgrior is perfectly negligible.

Other interesting point of this master thesis & gome parts of our hardware model, which
are not in the Xilinx System Generator library (elie integrators, the absolute value, the
multiplier by sign or the saturation block), areausable and they can be used in future
applications of the SCT department. And for sute,marticular software or hardware model
of the encoders too.

We also want to emphasize the positive result nobthiusing the Augmented Reality with

our hardware model. Both applications are totalympatible and we have a virtual
replacement for the real pendulum due to this pegdartner.
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In this outlook section it is necessary to remduk disadvantages that we have encountered
during the realization of this master thesis. Thaimmproblem was the system
characterization, specifically, the parameterstifieation process, where was impossible for
us to find out the exact values of our model patanse After a great effort, we found an
acceptable parameter values that make our modemitds to the real pendulum, but it
cannot be a faithfully substitute.

The main differences between the real and our gandmodel are shown clearly when the
voltage signal provided as system input is giverihgyBalance Controller because this high
frequency and noisy signal moves our virtual caid different way that the real cart. As was
explained previously, it is because of the diffigudf the parameters identification process,
which was based on the swing up training data. grbblem is that due to these differences
the HILDE test has problems to balance our pendulmodel and final test, the
HILDEGART execution, cannot balance it.

However, it should not detract from the work don¢his thesis because, although we cannot
find the exact hardware model for the SCT invepgeddulum, we:

- Have found (a bit different) an inverted penduluradal using a non linear grey
box model. This part was complicated because miadethe mechanical part of our system
requires mechatronics knowledges, specially, thevePoDriver Controller block. The
analytical model of the pendulum, which was obtdinsing differential equations, was,
perhaps, the easiest part although consideringrplete (i.e. not a simple viscous) friction
model turned it complicated. The model of the ercsdvas a little challenge because there
was not literature when it was developed and it foagtork in hardware. The calculation of
the model parameter required mechatronics and ghysiowledges but it was entertaining,
particularly, the experimental part for finding dbe values of the friction coefficients. And
finally, the hardest part of this master thesisase it required the great majority of effort,
the parameter identification, which is tricky as &t al. [19] said referring to a non-linear
model identification using a greybox model becatigesearch for a good fit using training
data tend to lead to a increasingly complex moddter months spending on this
identification parameters we can assert they wighd.r

- Have done a Matlab Simulink representation ofitiverted pendulum model. This
part was easy at the beginning because it cormistsanslating the mathematical language
into Simulink, but we had some problems, e.g. haw we represent differential equation or
how can we keep the angular position betwearasftl 2Zt. The hardest task was to design the
encoder models in Simulink because some algeboaipsl appeared in the early encoder
model schematics. We also were worried about the-@®ssing problem at the cart velocity
signal, which is the key parameter for selectingveen static and dynamic friction force and
these zero crossing produce many swapping betviseen tFinally it was not the cause of the
differences between the real pendulum and our soéwodel.

- Have converted the software model into a hardwaoeel. At the beginning we
thought that this step will be easy because it lshbe a simple replacement of the Simulink
blocks by Xilinx System Generator blocks, but asreaized some blocks were equivalents
but others needed engineering solutions to findtbetequivalence, including the encoder
blocks, which needed an m-file that described t8& Mehaviour instead of the StateFlow
Chart used in our software model. Another labori@as& was to define every wire and block
in our hardware model in fixed-point notation ticah represent its value without overflow
(i.e. can represent its maximum absolute value).
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- Have generated the bitstream and we have progrdntime FPGA with our
pendulum model. This point of the master thesis waxy quick due to the Xilinx System
Generator toolbox of Simulink, the V-MAGIC [25] s$ofare and the Xilinx ISE Project
Navigator. In few minutes we had the bitstream gateel and downloaded into the Xilinx
Virtex Il Pro FPGA of the pendulum module, which ptaced adjoining of Controllers
module in the RAPTOR 2000 motherboard. And, afternecting the pendulum module to
the digital 1/O interface of Controllers module r@pplication was ready to test.

- Finally, we have done several tests. This pantired a big effort because we had
to analyze many test results (as software as haedwmadels) to understand the operation of
our models and find out the causes that motivage thehaviours in order to improve their
results and reach our goals. We believe that gmenlylem found and decision taken has been
well argued and explained in this master thesisugh@ntation. And, thereby, the working
method and our line of reasoning throughout thisterahesis are clear enough.

Therefore, the FPGA-Based Model of an Inverted Bkmd for Hardware-in-the-Loop
Simulations has been developed. Although it is thet exact model of the SCT inverted
pendulum, the rest of the objectives have beenegeli It is an ideal tool (i.e. smaller,
cheaper and safer than a real test bench) fomgestntrollers separately in HiLDE or
HILDEGART, which can use the Augmented Reality with problem. And also it can be
very useful for the SCT department because thiseinaicthe inverted pendulum system can
be used for designing better controllers. Remertitarthe current controllers are based on a
standard and less accurate pendulum model (withimtibn). Perhaps, the future Balance
Controller will provide a better voltage signal (mout noise) that facilitates the
identification of the model parameters. Incideytatemember that future changes can be
easily included in our project setting the new pater values into the Matlab script where
the model constants are defined.
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