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1. Introduction

In this manual you will find the following sectian®iodelling and control problems,
identification, PID control and Rule-based contkvhen you use the manual for the first
time, you can start experiments from the Pendulumt©! Window. However, before
exploring the examples, you need to know if theéespsmodel is compatible with reality.
The default parameters are stored in the modet bahnot be guaranteed that they are
well identified. It is recommended to pass throtlghidentification procedure.

In this manual you find the model of the cart-pgnodh system. It contains several
dedicated blocks added to obtain the best compatiith the real laboratory system. The
model is equipped with the set of default paramedéres. The parameters can be divided
into three groups: constant (not to be identifieBll identified and poorly identified. For
example, in every produced set the pendulum andatiere identical. Their masses are
thus assumed to be constant parameters. A diffeesatis with the moment of inertia of
the rotating pendulum. It is slightly differentdifferent sets. The reason is simple: the
pendulum is assembled by the user in his laboraodyso small differences in dimensions
of the assembled set may occur. Unfortunately,reasystem there usually is a group of
poorly identified parameters, characterised by camtbehaviour. In the pendulum-cart
system, parameters related to the cart frictioormeto this group.

The identification procedures generate experimentdbtain friction parameters to
be used in thé&riction block of the model. We must note that the cactitsh function vs.
cart velocity is an approximation of the real fioct force. It is not sufficient to identify it
once. It must be verified and usually tuned by aigmxciting the simulation model and the
real system. Verification and tuning is an obliggtstep at the end of identification. If time
responses of the model and the real system are tasach other, as far as shape and
amplitude of signals are concerned, then we cast iimwur modelling.

The Pendulum-Cart System consists of:

* Pentium or AMD based personal computer equippel RitDAC4/PCI 1/O board,
e pendulum and cart mechanical unit,

* power interface,

» control software

1.1. Hardware requirements
The following basic configuration of your PC is uagd:
« RTDACA4/PClIc data acquisition board for controllilg system. The board contains
FPGA equipped with dedicated logic design;
e pendulum and cart set-up;
» power interface and wiring allowing electrical cections to the pendulum set.

1.2. Software requirements

For development of the project and automatic bogdf the real-time program it is
required that the following software is properlgtaled on the PC:
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e MS Windows 2000/XP.

* MATLAB version 6.5, MATLAB 7(R14 SP2/SP3), R2006a/R2007a/b, R2008a/b
and R2009a with Simulink, RTW and RTWT toolboxest(imcluded),

* Real Time Workshop to generate the code.

* Real Time Windows Target toolbox.

e 32 bit compiler MS Visual C++ if Matlab 6.5 vergits used.

MS Visual C++ compiler is requested for Matlab 6.5If Matlab 7 or above is
used the built-in Open Watcom compiler is applied.

» Device drivers to handle communication with the RA2H/PClc data acquisition
board. The Pendulum toolbox includes specializéceds for the Pendulum-Cart
System,

1.3. Hardware installation
Hardware installation is describedAssemling and Installatiojn manual.

1.4. Software installation

One must insert the installation CD and proceeq syestep following displayed
commands.
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2. System description

One of the simplest problems in robotics is tHatamtrolling the position of a
single link using a steering force applied at thd.d?ole-balancing systems are impressive
demonstration models of missile stabilisation peotd. The crane used at shipping ports is
an another example of nonlinear electromechanysiéms having a complex dynamic
behaviour and creating challenging control probleMsthematically both are just a
pendulum in stable or unstable position.

The pendulum-cart setup consists of a pole mousreal cart in such a way that the
pole can swing free only in the vertical planee™art is driven by a DC flat motor. To
swing and to balance the pole the cart is pushel adnd forth on a rail of limited length.

a)

DC - flat motor
— control force

/

— belt

start pendulum

stor

b)
i cart

DC flat motor
& position sensor

Y~ control /\")\/
yv \— measurements

Power supply
& interface = — o
”1 control algorithms

T A

Fig. 2.1 a) The pendulum-cart setup, b) pemdutontrol system.
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The vertical stationary positions of the pendulwpright and down) are
equilibrium positions when no force is being apgliln the upright position a small
deviation from it results in an unstable motionn&mlly the pendulum control problem is
to bring the pole to one of the equilibrium posisoPreferably to do so as fast as possible,
with few oscillations, and without letting the aegind velocity become too large. After the
desired position is reached, we would like to kieppsystem in this state despite of
random perturbations. Manual control of the cafemystem is possible only for simple
tasks e.g. for moving the cart from one place e@v#il to another. For more complicated
tasks (like stabilisation of the pole in the uppesition) a feedback control system must be
implemented (Fig. 2.1).

The purpose of the inverted pendulum contrablgm is to apply a sequence of
forces of constrained magnitude to the cart suahttie pole starts to swing with an
increasing amplitude and the cart does not ovethdends of the rail. The pole is swung
up to achieve a vicinity of its upright positionn€® this has been accomplish, the
controller is maintaining the pole vertical andisging the cart back to the centre of the
rail. Therefore two independent control algorithains implemented for this purpose:

SWINGING ALGORITHM, AND STABILISING ALGORITHM.

Only one of two control algorithms is active in eaontrol zone. These zones are shown
in Fig. 2.2.

/_ upright stable position

stabilisation zone

swinging zone

H >
0 - midle of the rai

Fig. 2.2 Activity zones of two control algorithms

The swinging control algorithm is a heuristic pbased on energy rules. The
algorithm steers the pole up increasing its tatargy. There is a trade-off between two
tasks: to swing the pendulum to the upright posiaad to centre the cart on the rail. Due
to the presence of disturbances and parametertaimtass a robust behaviour is more
important than the optimal character of contrahtgtgy. The switching moments are
calculated according to a simple rule. The charatie feature of control is its “bang-
bang” character. Swinging up the pole may resutiverdriving the upper unstable
equilibrium point. To achieve a “soft” landing inet vicinity of the upright position
(“stabilising zone” in Fig. 2.2 ) a routine calldte “soft landing arbiter” checks whether
the kinetic energy of pole minus energy loss duieit¢tion forces is sufficient to rise up the
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centre of gravity of the pole to its upright pasiti If the condition is satisfied then control
Is set to zero. Now the "bang-bang" character afrobis finished. After the pole has
entered the stabilisation zone the system carehéet] as linear. The control is switched to
the stabilising algorithm. Due to the limited lemgtf the rail a routine called “length
control” is introduced to reinforce centring ofetbart and prevent overrunning the edges
of the rail. The rule is very simple. When the fiosi given by the parameter "length” is
reached, then the maximal force is applied to #resteering it back away from this
position.
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3. Computer control

A block diagram of a computer-controlled procesgiven in Fig. 3.1.

Ll

u control
Tron algorithm

Process

A 4
%
v

4\

ENCODER

Fig. 3.1 Computer controlled process.

The system contains six blocks: the processs@se{ENCODER), FPGA logic
and PWM generator, control algorithm, and a clddie operation of the converters and
of the control algorithm is controlled by teeftwareclock. The time between successive
conversions of the signal to the digital form ilexdhithe sampling period Q). The clock

supplies a pulse everyyBeconds, and the PWM converter sends a signaétoaimputer

every time an timer event arrives. The control athon computes the value of control
variable and sends it as number to the FPGA Idgis.assumed that the FPGA holds the
signal constant over the sampling period. Perisdmapling is normally used. It is possible
to use different sampling periods.

An application of the general digital control gstschema for pendulum control
Is given in a block diagram form in Fig. 3.2. Tmmgeess states are measured: the cart
positionx; and the pendulum angke. Process states are measured as continuousssignal
and digitalized by optical encoders (sensar§S. The reference input (desired value of
the cart positiox,®) can be generated in a digital form using an rddgposition generator.
The software timer is used to supply interruptsitie@ system: Théasic clock activates
periodic sampling of optical decoders outputschyanises the computation of controller
outputs (1) and periodic PWM generation.

The pendulum-cart system is controlled in real-tiifige term "real-time" is often used but
seldom defined. One possible definition is [3]:

"Real-time is the operating mode of a computetesgsn which the programs for
the processing of data arriving from the outsideparmanently ready, so that their results
will be available within predetermined periodsiafé¢; the arrival times of the data can be
randomly distributed or be already determined ddpgnon the different applications."
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deg basic clock ﬁ

v
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Fig. 3.2 Digital control of the pendulum-cart systéasic block diagram).

Through the board the PC reads the position of aad the angle of pendulum in a
digitalized form and also controls the DC motore®ensors attached to the pendulum-cart
setup, in combination with appropriate FPGA blodetect the angle of the pendulum and

the position of the cart. The pendulum-cart setiiises two optical encoders as angle and
position detectors (Fig. 3.3).

angle
encoder

position
encoder

DC - FLAT
MOTOR

pendulum \’

Fig. 3.3 Mechanical part and sensors of pendulurhsedup
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The first one is installed on the pendulum axig #econd on the DC motor axis. An
optical encoder basically consists of a light seufar emitting light, a light-receiving
device, and a rotary code disk with slits (Fig.)3.4

infrared infrared output

source & / receivers

rotation

impulses

4—— code disk —>

T time

time

v

Fig. 3.4 Sensor of the position

The rotary disc is placed between the light sowed the light-receiving device. The
optical encoder obtains the number of pulses ptapw@i to the angle of rotation of the
disk. Accumulated output pulses of the encoder gmneevalue of the rotation position of
the disk by using a counter. The pendulum-carfseses incremental encoders. illustrates
the principle of determining the direction of ratat for an incremental optical encoder.
The light beams emitted by two light sources (A 8)@o through two rings of slits on the
disc. The slits have a phase difference, so tletlictric outputs of the receivers (A and
B) are rectangular waves with some phase differefbe sign of the phase difference
allows determining the direction of rotation.

The following point should be noted when using anrémental encoder. After each
experiment or power switching one should move the © the centre of the rail before
starting the next experiment. This operation willagantee setting zero values of the
position.

The control signal flows from the computer throutgjie PWM generator of the data
acquisition board. PWM generates the control sifpraihe DC flat motor.
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4. Algorithms of control — general remarks

The pendulum-cart system can illustrate severalptexnand nontrivial problems of
control theory. The following characterisation ssential for this system:

 four state variables and one control variable

» the dynamics is described by one ordinary diffea¢equation (ode) of the
fourth order or by four ordinary differential eqiaoets of the first order.

 there is an infinite number of equilibrium points the uncontrolled system;
there is also an infinite number of equilibrium misifor the system with linear
feedback.

* the system is non-linear

 the control is bounded

 the length of the rail is limited and the cart piosi is bounded

For our practicals we choose three equilibriummtsoi
» The first point is stable - the cart at a pointseldo the left end of the rail and the
pendulum in its down position
» The second point is also stable - the cart at atptose to the right end of the
rail and the pendulum in its down position
» The third point is unstable - the cart at the eepfrthe rail and the pendulum
in its upright position.

There are two essential components of virtually eogtroller: a mechanism for
knowledge representation and a mechanism for deemsiaking. With conventional
controllers knowledge is represented by a mathealatodel (such as a set of differential
equations) and decision-making is based on opttrarsa
When the system is complex or less precisely knibdwacomes difficult to characterise the
knowledge adequately with conventional means. Oust iind alternative ways to encode
the available knowledge about the system. It canlren the development of intelligent
controllers. However, one can also build a conalgbrithm without any model. This is
called a ,black box” technique.

The closed-loop responses with different contrsli@e more or less sensitive to variation
of parameters of the model. For example, the tiptaval controller requires a very
accurately identified model. The LQ and PID coné® are less sensitive. In most cases,
however, precise identification of dynamics of thboratory model is essential for the
generation of an appropriate control algorithm.

Three common problems of pendulum control are pitesein Fig. 4.1:

crane control (C)
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swing-up control (SU) and self érécﬁng coh(SE)
Fig. 4.1 Control problems

A human or a computer may operate as a contrédlleuman operator may be fairly
successful in the (C) problem, but completely failthe next two problems. The SU and
SE require a fast operating controller. Only a cotapcan manage such fast and complex
tasks.

In this section the brief review of computer cohaigorithms is given. The detailed
description of the rule-based controller is giverséction 8.

The following control algorithms can be introduced

* rule-based (SU)

 LQ (C and SE)

* PID (C)

o fuzzy(C)

» time-optimal (SU and C)

Remark. The user can take advantage of the fléyilwf the structure to create his own
algorithms. He is only limited to a number of injowitput signals defined in a given LQ,
PID or Fuzzy structure.

4.1. Rule-based control

The simple swinging up formula has the form:

u = signiy(x;|-72/2)]
The variables are defined in section 7. It resulthe normalisedl value of the control u.
The control value is proportionally decreased leyghrameteMax. taken from the range
[0, 1]. To avoid rotation of the pole the total egyeof the pole is calculated in each
numerical step. If this energy is sufficient toestéhe pole to its upright position then the
control is set to zero. If the parameteris greater then 0 then the compensation of static
friction is introduced:

U =Ucomputed *+ Signlcomputed) Ts
Then the limit of the cart position is checked.tlie cart reaches this limit then the

maximum value of control (e.g1) is generated with the sign opposite to the sigoart
position.
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4.2. LQ control

The linear-quadratic controller has the form:
u=- (K1&1+KpeptK3e3tK4£4)
where:
& = desired position of the cartmeasured position of the cart,
& = desired angel of the penduluhmeasured angel of the pendulum,
& = desired velocity of the cartobserved velocity of the cart,
& = desired angular velocity of the penduldrobserved angular velocity of the
pendulum.
K1....K4 are positive constants.
The optimal feedback gain vectdr= [Ky,... K4] is calculated to minimize the quadratic
cost function.

4.3. PID control

The PID controller has the form:
n
u=K & (k) +K; Y& (k) +Kgle (k) - &(k - D)
k=0

where:
& = desired position of the cart - measured positibtie cart
Kp is gain coefficient
Ki is integration gain

Kqis derivative gain
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5. Pendulum Control Window

The Pendulum-Crane system is an “open” type. Thamméaat a user can design and
solve any pendulum control problem on the baseresegnted hardware and software.
Software includes device drivers compatible with RITWIlathWorks toolbox. It is
assumed that a user is familiarised with MATLAB waelspecially with RTWT toolbox.
Therefore we do not include the detailed descripbibiinis tool.

The user has a rapid access to all basic functibted®endulum-Cart System from the
Pendulum Control Window. It includes: identification, drivers, simulatiomodel and
application example.
In the Matlab Command Window type

pl

and thePendulum Control Window shown in Fig. 5.1 appears:

Z1p1_Main =] x|

Eile Edit Miew Simulation Format Tools Help

Pendulum 1
Device Drivers

Fig. 5.1Pendulum Control Window
The respective buttons in the TOOLS column perforenftfiowing tasks:

Reset Encoders - set two measurement encoders to zero.

Remember to reset encoders bringing the cart to thleft end of the rail.

Identification - opens the window from which you can perform gysigentification.

The main driver is located in tH&'WT Device Driver column. The driver is a software go-
between for the real time MATLAB environment and BiE-DAC/PCI acquisition board.
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This driver serves to control and measure signdisk @e Pendulum 1Device Drivers
button and the driver window opens (Fig. 5.2).

Pendulum 1
Device drivers

Control CartPos

P CartPosInput
CartPoS p

' > L
CartVel P{CartVel
Reset # o State +—p»
11 > - F’tendPos P|PendPos
0 —p—o/u_' Angle | 0 endvel »|Pendvel

CartPos

<]
A4

Pendulum

Reset -
Normal d Cart-Pendulum Sensors Alfa Normalization Control and States
Encoders (Experiment)

System

Fig. 5.2 Pendulum System Dedicated Driver

The proper driver is included in ti@art-Pendulum System block. TheSensors block
calculates velocities of the pendulum and cart. fidrd block normalises the pendulum
angle. The driver has two inputs: PWM - DC motortoorandReset Encoders. There are
4 outputs of the driveCart Position, Cart Velocity, Pendulum Position and Pendulum
Velocity.

To build your own application you can copy this érvo a new model.

Do not make any changes inside the original drivefThey can be done only
inside its copy!!!

The simulation model of the system is located in $maulation Model & Controllers
column. Click thePendulum Smulation Model button and the model window opens (Fig.
5.3)
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Inverted Penduluml
Swing-up and PID Crane Demo Model

PendPos
PendVel
> CartPos
CartVel
> I CiriMode o
EE—
> ,—| Pendulum
Control and States
| State » P Error  Control »
P |CartPos N
P |Cartvel Controller Swing-up
Alfa Normalization » | »
E I CtriMode > | »inp
Algorithm Selector out
Control
CartPos
Dynamics
P |Error Control > Penalty
Controller PID —
Switch
L, L]
>
K*u L
Matrix CartRef_Pos 24V

Gain
enerer =l
Ref.Cart.Pos. n E force
»
force
S

Fig. 5.3 Demo simulation model

This model is ready to simulate the swing-up tasterPID control in the crane mode.
Dynamics of the pendulum-cart system is includeth@Dynamics block. The details of
the Dynamics block you can find in section 9.

Swing, Upright and Down Sabilisation button opens the Simulink model to perform real-
time execution.

TheFuzzy Controller button allows to perform simulation and real-tinxperiment using
fuzzy controller.

Pendulum-Cart System - User’'s Manual 15



6. Starting and stopping procedures

Remember do not work in a directory belonging to MATLABPath.
MATLAB protects its own directories and you are notpermitted to build a
model there.

The Pendulum-cart system works in the RTWT mode. Dubis fact before starting the
first demo in the real-time mode you have to chiégkhur MATLAB configuration and
compiler installation is properly defined.

Build and run an example of real-time application. Real-time Windows
Target includes the model rtvdp.mdl.

In the MATLAB Command Window, type
rtvdp
Next, build and run the real-time model.

For details refer to the Real-Time Windows Targehelp, section Installation
and Configuration.

6.1. Starting procedure

If the system is properly mounted and wired to i@ power supply we are ready to start
demos. There are the default settings in the mo@®l. can apply the demo using these
settings. How to change values of the settings belldescribed in section 8. The demo
swings up the pendulum, stabilise it in the uprigbsition and keeps the cart in the centre
of the rail. After several seconds the pendulumsgdewn and the algorithm of down
stabilisation begins. These two actions are repdateder.

In the Pendulum Control Window clicwing, Upright and Down Sabilisation button and
the model shown in Fig. 6.1 opens.

Build the model and after success perform the Yahg steps:

e Bring the cart to the left end of the rail. The pelndh has to hang down motionless.

* Double click theReset Encoders switch.

* Bring back the cart to the centre of the rail alnckcS mulation/Connect to target
menu option and next clicRart real-time code.
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Inverted Pendulum
Swing-up and PID Crane Demo Model

PendPos
PendVel

» CartPos
CartVel

PendPos P PendPos Ctitde
L : Anglelnput Pendulum

b
L

A Pendvel Pendvel Control and States
Reset State §\+ Error  Control
CartPos P CartPos
1 —’—Q o A

- CartPosInput
0 FqtEgs Cartvel CartVel Controller |
- Swing-up q N
In)
Nomal Reset Cart-Pendulum Sensors Alfa Normalization JUL e P! Inp
Encoders lqorith out
System Algorithm catr ! Contrl
Selector
Angle Penalty
Error Control »
CartPos _l
Controller -
Pendulum PID Switch
Measurement
Matrix Pendulum
Gain CartRef
Generator
Ref.Cart.Pos.

Fig. 6.1 Swing-up and PID crane demo model forgregment in real time

To stop experiment click th@mulation/SopReal TimeCode menu option.

Fig. 6.2 presents a typical control experimerea time. One can notice two modes of
operation. The pendulum is swung-up and after i$ &&gbilized in the upright position.
The cart moves back and forth on the rail. Findllg maintained in the middle of the rail.
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kv

MATLAE &,1

D2EHE +BR |92 hES & r S PendPos

Swing-u

PendVel

PendPos

Aogleinput
Pendiil
Reset
1 » CartPos [—
CartRosinput
PRy g Cartvel [ L S
Hormal EReS:t . Cart-Fendulum Sensors
nooders System
Pogle
CartPos |:|
Fendulum
Measurementsy
4 ;
o atrize
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4
Ref.Cart.Fos.
Initilizing ime offset: 0
il start J e Bl = | |J ALMATLAR | Blbarca 1 ” Pendulum ... HWindows Co...l ﬂbarca_lf[nv...l 16:12

Fig. 6.2 The real time experiment window

There are two algorithms operating in this de@antroller Swing-up andController PID.
They are periodically selected in time Algorithm Selector.

REMARK

The practical may be stopped any time by pressiagati Emergency Switch. It is useful
in the case of unexpected behaviour of the system.
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7. Prototyping an Own Controller in RTWT Environmen  t

In this section the method of building your own toher is described. ThReal Time
Windows Target (RTWT) toolbox is used. How to use tRendulum software is shown in
sections 6 and 11. Here we introduce the reader tbhgroceed in the RTWT
environment.

Only correct configuration of the MATLAB, Simulink, RTW, RTWT and C
compiler guaranties the proper operation of the sytem.

To build the system that operates in the real-timeéethe user has to:
» create a Simulink model of the control system wiuchsists of th€art-Pendulum
System block and other blocks chosen from the Simulibkary,
* build the executable file under RTWT (see the poprgpnus in Fig. 7.1)

E! P1_ExpDemo

File Edit Wiew Simulation Format | Tools Help

=101 x|

DsEH& %=

Data explorer, ..
Simulink debugger. ..

Look-up table editar..
Data class designer. ..
Model discretizer. ..

Real-Time Workshop
External mode contral panel. ..

Fixed-Paink settings...
Linzar analvsis...

S| @ T ®

Pendulum 1
0 and PID Crane Demo Model
|

Cptions. ..
EBuild Model

—

Build Subsystenm, ..
Generate S-Funckion. .

hd

Pendros P FendPos —
e I Angleinput
Pendwizl = Pendifal
Fesat State =@ | Error Contral
1 » cartPos J| Cartros i
| CartFosinput Controller
i} Cartwel e Cartuial Swing-up
Fezat L
Nomal e e CartPendulum Senzors Alfa Nomalization |‘| Mkd—
Systam - Cirltiod
Algarithrm
Selectorz
Je{ Error Sontrol ——
Controller
FID
wlo. Tl*l—‘

Fig. 7.1 Creating the executable file under RTWT

e start the real-time code to run from tBewlation/Connect to target and the
Smulation/Sart real-time code pull-down menus.
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7.1. Creating a model

The simplest way to create a Simulink model forgeadulum system is to use one of the
models included in thdPendulum Control Window as a template. For example, the
P1 ExpDemo can be saved as theySystem.mdl Simulink diagram. TheMySystem
Simulink model is shown in Fig. 7.2 .

E!Myﬁystem - _I— _ID il

Fil= Edit Wiew Simulation  Format  Tools  Help

Dl£n§|%ﬁ|ﬂg|i?lhtemal v“@lﬁ”H{r@

Pendulum 1
My New Model
Pendros e PendPos
P Angle Input
Panduizl I Fendviel
Fezat . N -
1 W Cartos | CartRos v Caontro
| CAr P05 Input
. Cartvel | CArtuiel Contrallar
Fesat L
Nomnzl Encoders  Pendulum Device Oriver Sensors Alfa Nommalizaton

H

PendPaos -

L

Fanduizl -__

L

- CArtPos -

L

Zartvel =

Ll

Pendulurm
Control and States
[Expenment)
Ready |1DDOII.'O | | |C|dE.-5 p

Fig. 7.2 TheMySystem Simulink model

Now, you can modify the model. You have absoluteedlom to develop your own
controller. Remember, don’t delete thendulum Device Driver block. This is necessary to
support the data communication with the PCI I/Ortoa

Though it is not obligatory, we recommend you tovéethe scope. You need a scope to
watch how the system runs. Other blocks in the awndire not necessary for a new
project.

Creating your own model on the basis of the oldma ensures that all internal options
of the model are set properly. These options areined) to proceed with compiling and

linking in a proper way. To put theendulum Device Driver into the real-time code a

special makefile is required. This file is includedhePendulum Toolbox software.

You can use the most of the blocks from the Sinkulibrary. However, some of them
cannot be used (sd&athWorks references manual for details).

The scope block properties are important for appatprdata acquisition and watching
how the system runs. Tlgeope block properties are defined in the Scope propentyglow
(see Fig. 7.3). This window opens after the selaatibthe Scope/Properties tab. You can
gather measurement data to tatlab Workspace marking theSave data to workspace
checkbox. The data is placed undé&riable name. The variable format can be set as
structure or matrixThe defaultSampling Decimation parameter valués set to 1. This
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means that each measured point is plotted and s&feeh we choose thBecimation
parameter value equal to 5 or 10. A good choiagetcenough points to describe the signal
behaviour and to save the computer memory.

J 'Pendulum Control and State = |EI|£| J ‘Pendulum Control and State _IEIIH

General | [rata hish:nr_l,ll Tip: t right clicking on axes Generall [rata hiztary | Tip: try right clicking on axes

fes [~ Limit data points o last: I L0000

Murnber of axes: I ] [~ floating scope
Time range:; I 10 [+ Save data to workspace
Tick labels: Il:u:uttnm axiz only 'I Wariable name: I F1_Data

Forrnat: ISlructure with time j

Sampling
D ecimation j |1

(] | Cancell Help | Apply | Ok | Eancell Help | Apply |

Fig. 7.3 Setting the parameters of Swepe block

When the Simulink model is ready, click theols/External Mode Control Panel option
and click theSgnal Triggering button. The window given in Fig. 7.4 opens. SelEt
Scope, setSource as manual, sdduration equal to the number of samples you intend to
collect, and finally close the window.

—lE(x]
Signal zelection
Block Path
Fendulum Control and Sta  HySysten-Pendulum Control and States (Expe v Select al
Clear all |
* an
1 off
Trigger zignal |
4| | LI—I Go to block |
Trigger
Sourze: Imanual 'I Mode: Innrmal 'I Trigger signal Fart: |1 Element:l any
Diuiration: I 12000 Delay: I ] I ﬂ
" Am when connect to target Directior: Irising VI Lewvel: I 0.4 Hizld-aff; I 0
Hevertl Help | Apply | Cloze |

Fig. 7.4External Sgnal & Triggering window

7.2. Code generation and build process
Once a model of the system has been created the foodhe real-time mode can be
generated, compiled, linked and downloaded intddhget processor.
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The code is generated by the use of Target Languag®i&r (TLC) (see description of
the Smulink Target Language). The makefile is used to build and download objges to
the target hardware automatically.

First, you have to specify the simulation parangetef your Simulink model in the
Smulation parameters dialog box (Fig. 7.5). Thé&eal-Time Workshop and Solver tabs

contain critical parameters.

=1 ]

J Simulation Parameters: MySystem

=10 %]

Solverl “Wiarkspace /0 | Diagnosticsl Advancedl Real-Time Workzhop | Solver | Waorkspace /0 | Diagnosticsl Advancedl Real -Time Workshopl
Cat IT ; i i J BLild Simulation time
ategorny: | Target configuration hd |
Start tirne: I 0o Stap time: I 9333
Configuration - "
) alver options
Systemn target file: | thin,the Blowse...l p -
; Type: IFmed-step j IodeE [Dormand-Prince] j
Template makefile: I pendulum_win_we.tmf
el et I pr— Fixed step size: I 0.m tode: ISingIeTasking 'I
[T Generate code only Stateflow options... |
Output options
IF!efine autpLt j Fefine factar: I 1
Ok | Cancel | Help | Apply | 0] 4 | Cancel | Help | Lpply |

Fig. 7.5 Real-Time Workshop tags of tBenulation parameters menu option

The system target file name iswin.tlc. It manages the code generation process. The
penduluml win_vc.tmf template makefile is responsible for C code germratsing the

Visual C/C++ compiler.

The Solver tab allows you to set the simulation parametergefs parameters and options
are available in the window. Thexed-step size editable text box is set to 0.01 (this is the
sampling period in seconds).

The Fixed-stepsolver is obligatory for real-time applications.If you use an
arbitrary block from the discrete Simulink library or a block from the
drivers’ library remember that different sampling p eriods must have a

common divider.

If the Matlab 7 or above version is used a thirdypeompiler is not requested. The built-in

Open Watcom compiler is used to creating real-&xecutable code for RTWT.

The Configuration parameters page for MATLAB 7 is shown in Fig. 7.6. Notice that
rtwin.tmf template makefile is used. This file is default émeRTWT building process.
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ﬂ Configuration Parameters: Tank3_Relay,/Configuration il

Select — T arget selection
- Solver Swztem target file: |l Brawse... |
- [ ata Import/E sport
- 0 ptimization Language: C LI
&~ Diagnostics Description; Real-Time ‘Windows Target
# Sample Time
D ata Integrity — Documentation
Convemlon [~ Generate HTML report
i Connectivity
Compatibiliy [™ | Launch report after, code generation completes
“-Model Referencing -
- Hardware Implementation [ B4ld process
- Model Referencing TLC options: |
= H??ET ime Workshap Make command: |make_ltw
- Comments
Symbols Template makefile: |rtwin. trnf
Custom Code
i+ Debug . |
E et Time Window, [~ Generate code only Ewild

’TI Cancel | Help | Apply |
Fig. 7.6 Configuration parameters page for MATLAB ver. 7 and above

The Sart time has to be set to 0. The solver method has to betsdl In our example the
fifth-order integration method ode5 is chosen. Th&op time field defines the length of
the experiment. This value may be set to a largen Egperiment can be terminated by
pressing thé&top real-time code button.

If all the parameters are set properly you cart tharreal-time executable building
process. For this purpose pressBagd push button on the Real Time Workshop page
(Fig. 7.5), or simply “CRTL + B”. Successful comgitan and linking processes generate
the following message:

Model MyModel.rtd successfully created

## Quccessful completion of Real-Time Workshop build procedure for model: MyModel

Otherwise, an error message is displayed in the N6 Command Window.
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8. Model and parameters

8.1. Mathematical model

Consider the system depicted in Fig. 8.1.

Ll \\i
rail center)<v |

X
2 mg
l mass center

Fig. 8.1. Pendulum on a cart system

A pendulum rotates in a vertical plane around as cated on a cart. The cart can move
along a horizontal rail, lying in the plane of rida. The state of the system is a vecter
col(X1, X2, X3, X4) Wherex; is the cart positions, is the angle between the upward direction
and the pendulum, measured counterclockwise=(0 for the upright position of the
pendulum)xs is the cart velocity, ang, is the pendulum angular velocity. A control force
F, parallel to the rail, is applied to the cartislproduced by a DC flat motor controlled by
a pulse width modulation (PWM) voltage signal and F = p;u+ p,x3. The system

controlu takes values in the intervat(.5, 0.5]. The total mass of the pendulum and sart i
denoted bym. | is the distance from the axis of rotation of tlegulum to the center of
mass of the systend.,is the moment of inertia of the pendulum with rege its axis on

the cart. The cart friction is compound of two farcehe static friction compensated
outside the model and the viscous friction propoii to the cart velocityf.x3. There is

also a friction torque in the angular motion of gendulum, proportional to the angular
velocity, f X,. The state equations are as follows

X1=X3,
X2:X4

o = agWy (X, U) + W, (X)Ccosx,
d(x)

‘) = Wy (X,U) COSXy +asWo (X)
) d(x)

(7.1)
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|u(t)] < Umax (7.2)

where
Wi (X, U) = kgU = X2 SinX, — koXg (7.3)
Wo(X) = gsinxy —KgXg (7.4)
d(x) =b-cos x, (7.5)
a1=\:ﬂ—p, a2=:ll—', b:a1a2=$ (7.6)
=Pl gy =TteTPa o (7.7)
ml ml mi

All parameters of the original model are given irblEal.

8.2. Calculation of the inertia moment

The figure depicted below is used to illustrate glattons of the inertia moment.

lp

4 rrbs
Iy rnpw Hrp

A
\4

A
A4

ICO

A
v

Fig. 8.2 View of the pendulum

We use the following notation

Myw - mass of the load [kqg],

M - mass of the pole [kg],

lp - length of the pole [m],

lpo - distance between centre of the pole madshe pendulum rotation
axis [m],
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lowo - distance between centre of the load mass and tiufaen rotation

axis [m],

I - length of load [m],

lco - distance between centre of the load mass angetheulum rotation
axis [m],

rp - radius of the pole [m],

re - radius of the load [m]

me - equivalent mass of the cart, pulleys and DCrroto

Moment of inertia of pendulum related to the pendulotation axis:

| 2

Jp:im 2+im r2+m I2+1—12mpslﬁ+%m ool oo

2
12 pw'c 4 pw'c pw' co rp-l_m

pw
J can be expressed By.

J=Jp-1%(m +m)
The distance from the centre of mass to the axistafion equals

| _Ipomps+l

Me + Mps + Mpyy

pwo Mpw

Table 1. Parameters of the original model

Name Description Unit
m Equivalent mass of cart and pendulum 0.872 [kg]
I distance from axis of rotation to center of massystem 0.011 [m]
fe dynamic cart friction coefficient 0.5 [Ns/m]
fs static friction of the cart 1.203 [N]
fp rotational friction coefficient 6.650107° [Nms/rad]
Jp moment of inertia of pendulum with respect to aisotation 0.00292 [kgrfi
g Gravity 9.81 [m/$]
P control force to PWM signal ratio 9.4 [N]
P2 control force to cart velocity ratio -0.548 [Ns/m]
Umax maximum value of PWM signal 0.5
me Equivalent cart mass 0.768 [kg]
m,s | pole mass 0.038 [kg]
m,, |load mass 0.014 [kg]
R rail length 1.8 [m]
lp length of pole 0.5[m]
l,, |distance between centre of pole mass and rotakisn 0.107[m]

I length of load 0.03 [m]
lwo | distance between centre of load mass and rotakisn 0.354 [m]
T pendulum period 1.17 [s]

J moment of inertia related to the mass centre 0.00282 [kdi’]
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8.3. The simulation model in Simulink

The simulation model of the real pendulum-cart esystis presented in Fig. 8.3. The
Dynamics block is taken from Fig. 5.3 (Simulation model).
;EI

Cart Position

Saps

—_
( :) > /""" Pendulum angle

=
Dynamics

Cart velocity

PENDULUM-CART SYSTEM > |:ll

Pendulum velocity

v

Fig. 8.3 Pendulum-cart model

o DYNAMICS of
» Fcos(u[2]) PENDULUM-CART SYSTEM

Ii‘ & models of
@ Friction X computer sampling and encoders quantization
P(in10ut1 N
=
+ : +
N i o
>
4 2
* * Cart_vel °
XY Graph . M -—>|

A4

A\ 4

P+ /s
> 3 1/s
|
D |
g *cos(u[2])* (-mi*u[4]*u[4]*sin(u[2])) + mi*g*sin(u[2])-fp*u[4]
v V
> 1/(3+mi**sin(u[2])*sin(u[2])) v
Cart Position
& Pendul_um Angle
| a(miru[4]Ful4]*sinu[2]) )+Fcosul2]) (Mmirg*sinu[2])fo*ul4]) T— Sta‘es@ hold in sample
o o l l Quantization
uantization of Pendulum Angle
of Cart Position z}— 1;5— introduced by ¢
J_LL‘ introduced by encoder encoder

Control hold Normalized control N v )
in sample cart position @ @pendulum velocity
Control_Newton @Sampled control cart velocity@ @pendulum angle

Fig. 8.4 Interior of th&ynamics block

Pendulum-Cart System - User’'s Manual 27



The cart-pendulum dynamics is modelled in the mé&ddeck Dynamics. The unmasked
block Dynamics is given in Fig. 8.4. It contains several specalidblocks from the
SIMULINK library like: Dead zone and Saturation, and theFriction block dedicated for
pendulum-cart system.

Two memory blocks are introduced to avoid the gatinen of algebraic loops.
There are threBead zone blocks to make the model sensitive to small vabfeselocities
and control.

Notice, that the fifth order Runge Kutta integratimethod with the constant step 0.01 [s]
Is used.

In this model theDynamics block is additionally equipped with the model o&th
computer sampling and the model @drt Position & Pendulum angle quantization. The
interiors of the quantization blocks are given ig.RB.5. In the real pendulum-cart system
two state variables: the pendulum angle and casttipn are measured. There are two
encoders mounted on the pendulum and motor shBfifh encoders have identical
resolution 4096 increments per one revolution. &hgle of the pendulum is measured
with the resolution equal to 0.001534 radvé@®96) and the cart position with the
resolution of 0.038 mm (one revolution of the nma@acoder corresponds to 0.235 m of
the cart travel. While the cart travels from ond e the rail to the other end the encoder
makes four full revolutions. The computer samploggiod has also a significant influence
on the measured and control signals. The samplanpg is fixed to 0.01 s. There are
several reasons to choose this value. The samplargpd 0.01 s means the control
frequency 100 Hz. It is sufficient for the systenthwthe natural frequency about 1 Hz.
Further diminishing of the sampling period is netammended. It must be a trade off
between sampling and quantization. Quantizatiodeifthed by a construction of sensing
devices — the encoders.

I '

?’i Quantizer ?Ji Quantizer
v
Unit Delay ;— _:5 Unit Delay '1_ out_1
aut 2 Sum - + —>®
out_2
Fain ain
Quantization 5.7053e-5 m Quantization 0.001534 rad
of Cart Position of Pendulum Angle
introduced by encoder introduced by encoder

Fig. 8.5 Quantization blocks
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The sample hold andquantization blocks are added to make modelling compatible tiéh
real system conditions.

The cart frictionT. in the model is a non-linear function of the caglocity xs,
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9. ldentification

To start identification clickdentification button in thePendulum Main Window. The
window shown in Fig. 9.1 opens.

The pendulum parameters are stored impthearameters.m file. This file is located in the
M directory of Penduluml Toolbox. You can modifystfile during the identification
process. This file contains all necessary calcutatior the simulation model. You can call
this file typingpl parameters command in Matlab Command Window or you can diek
buttonDisplay parameters.

=] P1_ldentification

Identification

Fig. 9.1Pendulum identification window

To get important information about identificatioropess click on thelelp button.

9.1. Checking measurement signals

Set the cart in the centre of the rail and setpgmedulum motionless. Start MATLAB and
typepl _test command. The window in Fig. 9.2 opens.

Next move the cart to the left approximately 10 ¢mthe opened window click th@et
Position button and read a cart position. This position niigshegative. Move the cart to
the right from the centre of the rail approximat&ly cm and click agaiGet Position.
Read the next cart position. The position mustdmtpe.

Swing by hand the pendulum to the left and clg#t Position. The position must be
positive. Next swing the pendulum to the right atidk Get Position. The position must
be negative. In this way you can check measurirgatjon of the encoders.
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2 Pendulum1 tesk =100l

tove the cart and pendulum, click Get Pozitions for curent values

Cart pozition: 0.00
Pendulum angle: 0.00
Get Positions Cloze

Fig. 9.2 Encoders check window

If measurements are correct clickose button.

9.2. Control magnitude identification

Mount the dynamometer to the cart as is showngn %B.

Fig. 9.3 Mounting the dynamometer

Click the Control Magnitude button (see Fig. 9.4) and set the control valueWwiM duty
cycle. Then observe the static force on the dynaetenscale. Write down results of this
experiment. Repeat this step several times changem§WM duty cycle.
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-} Control magnitude identification

Fig. 9.4 PWM duty cycle setting

Finally you can calculate static force vs. contrsing (for examplepolyfit function.

9.3. Minimum force needed to move the cart

We must know the minimum forcg, needed to move the cart. To run the
identification procedure clickiry to move the cart button in thd dentification window.

Make sure that the control power button is pressetigive the positive answer in the
active dialog window. Next Fig. 9.5 appears.

Set the cart at the left side and press OK. Therighgn starts.

4 Ty to move the cart

Fig. 9.5Information about cart motion

When the window (see Fig. 9.5) is active the aarhoving automatically form the left to
the right side. The control force is slowly incredso detect the cart movement. Finally the
cart achieves the right side of the rail. When gea Fig. 9.6 set the cart by hand at the
right side and cliclOK.

Ty to move the cart

i)

=

Fig. 9.6 Cart location

The experiment runs and the cart motion in the eppdlirection is observed.
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<} Ty to move the cart

Fig. 9.7 Information about cart motion

When the procedure is finished the plot is dispdaffgg. 9.8). Bars in the figure shows the
forces required to move the cart at different tarétions on the rail.

Cart movement: Left to Right
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Fig. 9.8 Minimal force detection

In this case the medium value of the control sigR&VM duty cycle) is equal to 0.127.
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9.4. Identification of the pendulum friction

Fix the cart at the left side of the rail using #peing as shown in Fig. 9.9.

Fig. 9.9 Fixing the cart

When the cart is fixed click tHeendulum friction button placed in thidentification
window.

E1P1_tdentPF

Pendulum friction identification

Build madel
for data
acquisition

Fig. 9.10 Friction identification window

Click Build model for data acquisition button. Make sure that your current working
directory is not one of directories in the MATLABRa

Next raise the pendulum tox1t/9 (20 degrees up from the stable down position).
If you click on theCheck Angle button you see the current value of the pendulnghea
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<) Angle setting =] B3
Set angle az 2.78 £ a ¢3.48

Current Angle 314

Check Angle | Cloge |

Fig. 9.11 Angle checking window

Click theClose button to continue identification. Then cho®@sa acquisition button to
gather data. The pendulum is oscillating and degdaing gathered. These data will be
used to calculate friction coefficients. FinallyodseData analysis to perform the
following tasks:

» calculation of the mean value of the pendulum pEEfio

» calculation of the pendulum friction (damping) do=ént,

Angle [rad]
33

3.25
/ X A1
32 A

L D A

315 1—— ) X 7 7%

S

0 50 100 150 200 250
Time [s]

Fig. 9.12 Damped oscillations of the pendulum

The damping coefficient is calculated on the basiscal maximum value8,, andA,:

e —h

for =3, e
where :
fo - dumping coefficient [Kin*/s]
Jp - moment of inertia of pendulum [kg?]
n - number of local maximums upper thealue,
T - pendulum period [s],
A,A, - local maximum values, after 1 oscillation antddscillations respectively
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The plot of the most important data is automatycaleated (see Fig. 9.13).
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Fig. 9.13 Pendulum data plot

Finally, the results of data analysis are displayettie Matlab Command Window:

Pendulum friction identification results:
Pendulum period = 1.177
Pendulum friction coefficient = 0.0227

9.4.1. Test of encoder quality

The detected amplitudes of oscillations are showfig. 8.12. Due to a finite accuracy of
the measuring device (encoder) the collected lo@adimum values are only distinguished
after few oscillations. The encoder has the acquodd096 [bits] per & [rad]. The
minimum resolution thus is:

Ag =—2" = 0.00153398[rad]
409¢€

9.5. Display parameters

Edit thepl parameters,m file to store identified values. Next choose bigplay
parameters button to calculate and display parameters reddoethe Simulink model.

If you call thepl parameters.m file from Matlab Command Window than all variabkee
loaded to the workspace.
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10. Rule-based controller

The material presented in this chapter consisteofparts. The first corresponds to
simulation of rule-based control. The second cpwasds to practicals.

One can ask if it is possible that a human beingssxrve as a controller for the
system? The answer is positive if a control al¢onitis not too complex. Even such a
control task as pole balancing by hand in its unetapright position can be satisfactorily
done by a human being. Unfortunately we are na tbbalance the pendulum by pushing
back and forth the cart. We simply fail and do regépond quickly enough to keep the
pendulum in the unstable equilibrium point. Howewar experiments are not useless. We
can gather knowledge about control algorithm, we @ao build a reference model of the
controller and simulate its behaviour. We can aderstime and frequency responses of the
system, generate additional characteristics suclpadsntial or kinetics energy of the
system etc. This information and our reasoning mesylt in a number of rules finally
formed in an algorithm of control.

The rule-based control does not correspond to dnguality criteria as time-
optimal, quadratic etc. It is rather a policy thahieves the control goal and is robust and
insensitive to parameter changes and disturbaihteke pendulum-cart system when the
control goal is defined as “swing-up and upriglatoslization” we are considering the case
when a trade off between two control actions isceomed. Namely, centring the cart and
swinging-up the pendulum contradicts each otherswimg-up the pendulum the cart must
be put in motion. Control rules applied to the aantring may contradict raising-up the
pendulum. Despite such effects the control goaltbalse achieved finally. We can not
guess control rules they are obtained by reasopnmogess. Therefore the rule-based
approach is classified as an intelligent methodekVbonventional control algorithms falil
intelligent methods seem to be more promising Inisg complex control problems.

10.1. Simulation of rule-based control

Double click on the&dmulation Model & Controllers button in thePendulum Control
Window to open the rule-based control model.

There are generally three control policies:

e swinging-up the pendulum and centring the carh&rmiddle of the rall

» stabilizing the pendulum in its upright positiordastabilizing the cart in the middle of
the rall

* limiting the cart position
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Fig. 10.1 The swing-up controller

Consider the control problem of steering the p&ndecart system to a given target
setZ in R*with the use of admissible controls. In the problEswinging up the
pendulum to the upright position, the initial stage be any point iR* and:
Z =Z'={col(0,2i;,0,0): i = 0, +1, +2,...}.
Let us make some comments on the rule-based dlgorithe detailed rule base control
algorithm has thd...then...elseform. All the lines of the code are numbered frbno 18.
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If [x|-Stab.zone <0 no.1
then u=: Kix;+ Koo+ KaXz+ KgXy no.2
else if {0.50)° + 9.8IKMR[cosk,) —1] } > 0 no.3
thenu=:0 no.4
then u =: sign({ x| — 172)] no.5
if u>0 no.6
then u=:U [L+ Friction no.7
else u=:U [~ Friction no.8
if |u>1 no.9
then u=:signg) no.10
if x|-R/2<0 no.11
then u=: sign) no.12

Table 2 Rule-based control algorithm

If the pendulum is in a vicinity of its upright ptien inside a stabilization cone
(no.1l) then a linear controller is applied (N0.R)= Kix; + Koxo + Kaxg + Kyxy is the
feedback gain matrix obtained by solving an appadberLQR problem off-line. The
Simulink model of linear controller for the systésgiven in Fig. 10.2.

If the pendulum is outside the stabilization zooenfition no.1 not satisfied in the
Upper zone arbiter block) it must be swung up. The algorithm chedksainging up the
pendulum does not result in overriding the uppestaisle equilibrium point.

KA [ |4- Int
KA U[] |<-
K3 U3 |-q-

() i

Ot

G

Fig. 10.2 Linear pendulum-cart controller
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cosu[1]1 |Potential Energy

Fig. 10.3 Soft landing arbiter

To achieve a soft landing in the vicinity of therigpt position, the algorithm
checks whether the kinetic energy of the pendulumusenergy loss due to friction forces
Is sufficient to rise up the centre of gravity bétpendulum to its upright position. Look at
condition no.3 in thé&oft landing arbiter block (see Fig. 10.3). If the condition is sa#sfi
then the control is set to zero (no.4).

The swinging rule has a very simple form (no. bis I'bang-bang” with switching
moments related to the sign of the angular velaaity angle position, which points up, or
down.The Swinging controller model is presented in Fig. 10.4.

® B GhR) :EHZ
[*] absx1) iy

anng Umasx

Fig. 10.4 Swinging controller

There are also a number of effects difficult fordaling. For example, the effects
related to Coulomb friction of the cart. We canarporate these effects straight into the
control. If control is positive (n0.6) we can maké&more positive” by adding an amount of
control to overcome the Coulomb friction (no.7)m8arly, we make a negative control
“more negative” (n0.8). Th€oulomb Friction & Swinging Control Gain block perform
this action. Then the control is normalised to stayhe range [-1, +1] (n0.9 and no.10).
Usually the normalisation performed by tBaturation block is not active because the
maximal control value is reduced by tbeparameter. However usually we do not use the
maximal forceM generated by the DC motor. Thus in our disposahaxe the parameter
U to reduce this force proportionally, (<0 U < 1 ). This control signal is sampled and
multiplied byM inside theDynamics block. The real control magnitudé is equal to 12.8
N.
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We useUmax=0.2 so we use only 20% of the DC motor power. Weduce the
Coulomb friction compensation modelled by trection parameterKriction=0.05).

T : >

Sign Fain Outd
Sum Saturation

Fig. 10.5Coulomb Friction & Control Gain controller

Finally, theLimiter block is added to reinforced centring of the eaud preventing
it from overrunning the ends of the rail. The rnide@ery simple. If the range given by the
"rail limit" parameter in théimiter block is exceeded (no.11), then the opposite to the
direction of motion maximal steering force is apglto the cart (no.12).

The results of simulation are given in: Fig. 16=&). 10.7,
Fig. 10.8, Fig. 10.9 and Fig. 10.10
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Fig. 10.6 Simulated control
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Fig. 10.7 Simulated cart position
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Fig. 10.8 Simulated cart velocity
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Fig. 10.9 Simulated pendulum angle
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Fig. 10.10 Simulated pendulum angular velocity
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10.2. Real-time control experiment

If we perform the similar experiment at the sysi@enobtain the results shown in Fig.
10.11, Fig. 10.12, Fig. 10.13, Fig. 10.14 and E@15.
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Fig. 10.12 Real-time cart position
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70

Fig. 10.13 Real-time cart velocity
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Fig. 10.14 Real-time pendulum angle
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Fig. 10.15 Real-time pendulum angular velocity

We can tune the parameters of the model to obtaimodel corresponding more

accurately to real dynamics of the system.

46
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11. Fuzzy Controller for Pendulum-Cart System

Any controller comprises two essential componerds:mechanism for knowledge
representation and a mechanism for decision-maki¥gh conventional controllers a
mathematical model (such as a set of differentjalaéions or transfer function) represents
knowledge and decision-making is based on optinoisat

When the system is complex or less precisely kniblwacomes difficult to characterize
the knowledge adequately with conventional meanse @wust find alternative ways to
encode the available knowledge about the systerpartresult in the development of
intelligent controllers. To this group among othleetong fuzzy controllers.

The fuzzy controlleCrane Fuzzy Controller of section 3 are presented in the simulation
and real environments.

11.1. Fuzzy control

We assume that the reader is familiar with fimy set terminology. Nevertheless we
give a brief summary of definitions:

* A fuzzy set A, defined over someniverse of discourse, is a mapping that universe in
the interval [0, 1]. The process of creating thepming is calleduzzfication.

* A membership function is the curve that defines love a given statement is for a
given input value. The membership takes on theevafuzero for no membership and
one for full membership. Values in the range 0 tegdresent partial membership to the
given set.

* Thefuzzy set is defined in terms of a paik{£(x)} for all x in theuniverse of discourse.
The membership function denoted byu : F- [0, 1] represent partial or graded
membership to the given s&t For example the fuzzy set representing the fesns
depicted in Fig. 11.1.

H(F1)
1

Fig. 11.1 Fuzzy set representing the téash

Pendulum-Cart System - User’'s Manual 47



The curve in Fig. 11.1 defines the transition froohfast to fast.

* Alinguistic variable takes a linguistic term such as fast, slow, etc.

e LetAandB be fuzzy sets defined over tKauniverse of discourse. Then their
intersectionAnB, is defined in terms ofua(X) ands(X) astans (X) = min( La(x),
Ha(X) )

« LetAandB be fuzzy sets defined over tKauniverse of discourse. Then their union
AUB, is defined in terms ofua(X) andis(X) aspans (X) = max(ua(x), (X))

e Fuzzy reasoning is called thderence mechanism. Fuzzy rules take form:

If xaisAand/orgis B ... thenyzisZ

There are fuzzy relations over the Cartesian priodiutheuniver se of discourses of
antecedent and consequent variables. For exarhpleyleR: If x is A thenyisZ, is
represented as a fuzzy relation defined as:

HR(X, Y) = Min@a(X), ().

* Interpreting an “If ... then ...” rule involves: @uating the antecedent (involving
fuzzification) and applying the result to the consequempl(cation).

» Defuzzfication can be interpreted as obtaining a crisp singleevaf a possibility
distribution. The typical defuzzification formulathe form:

Mean Of Maximum = argmaxf(y))

The following steps in the design of a fuzzy coliéroare essential:

e Selection of input/output variables

» Scaling the variables (if necessary)

» Definition of membership functions for all variablefuzzification
* Development of the inference mechanism — fuzzysrule

» Selection of the defuzzification strategy

* Re-scaling the variables (if necessary).

The point of fuzzy logic is to map the input spdoethe output space, and the
primary mechanism for doing this is the inferengstam which consists of “if and if -
then” statements called rules. The “if” part ofderis called the antecedent, while the
“then” part of the rule is called the consequentfuzzy logic if the antecedent is true to
some degree, then the consequent is true to the dagree. Multiple rules can be active
for the same input value. It means that memberfsimptions overlap in parts each other. A
few rules can interpolate thumiverse of discourse.

In this section we discuss how to create and edityf inference systems by hand
using the Fuzzy Logic Toolbox. There are two methodl building a fuzzy controller:
interactive using the graphical tool and automasimg clustering and the adaptive neuro-
fuzzy mechanism. There are also two types of furdgrence system: Mamdani and
Sugeno. In this section we focus on the Mamdamirerfce system edited interactively by
hand. This approach makes possible in a direct twayinderstand consequences of
modifications being introduced into the inferencecimanism and membership functions.

The variables are ordered in the following wayt gasition, pendulum angle, cart
velocity and pendulum angular velocity.
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To start the simulation of fuzzy controller you rhssmply click on theFuzzy
controller button in thePendulum Control Window and next theSmulation button (see
Fig. 11.2). To start the real-time fuzzy experimelntk on theFuzzy experiment button.
One can also open the fuzzy editor to visualizeinference fuzzy system (using thazzy
editor button).

The Show FIS Message button lists all warnings that occur during a resae fuzzy
experiment. A typical warning is generated by thez{ toolbox if the current input or
output variable is outside the assumadverse of discourse. As far as simulation is
concerned warnings do not stop the simulation Tiney only slow down the execution of
simulation by writing messages in the MATLAB Comrdawindow. In the real-time
mode warnings do not stop the run of the systesy, #ne stored in the memory for further
analysis of errors. When the experiment is finislwedcan read the list of warnings double
clicking theShow FIS Message button.

11.1.1. How to run a simulation?

If we click theFuzzy controller button in thePendulum Control Window then the
window given in Fig. 11.2 opens.

-lolx|

File Edit Wwiew Simulation Format Tools Help

Fuzzy Editor

Fig. 11.2 Pendulum fuzzy control window

To perform simulation click the blu&@mulation button and model given in Fig. 11.3
opens.
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Fuzzy Controller
(Crane Mode)

|:| I PendPosError » |:|
»

»
>

Pend_Pos

>
P(PendPo:
g Pendulum
PendVel
—m— = Control and Errors
State > Y
P |CartPos >+
/ 1 "@ P|Cartvel
g -}@ Alfa Normalization

Dynamics

Matrix Controller PID Gain

! Fuzzy Logic control
|:|‘ ¢ I:: Galnl] Controller
3

CartRef_Pos

Generator

Ref. values

Remember to write in MATLAB Command Window:
fismat=readfis(‘controller’)

Fig. 11.3 Fuzzy simulation — thpd_fuzzy_sim.mdl crane controller model

Following the remark visible in the middle of thendow we type:
>>fismat = readfis(‘controller’);

at the MATLAB prompt. Thecontroller.fis file (the so called FIS Matrix) is loaded from

the disk to theFuzzy Logic Controller block. If you double click the block its mask with
thefismat name becomes visible (see Fig. 11.4).

i Fuzzy crane controller Ed

—FIS [mazk]
FIS

— Parameters
FIS I atri=:

fizrna

¥ 1] Eeyert Help Cloze

Fig. 11.4 Mask of th&uzzy crane controller block

The fuzzy controller is now available to be usedhaFuzzy logic controller block in a
Simulink diagram. We start simulation as we usupityceed.
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How to run the real-time experiment?

In the window given in Fig. 11.2 double click trediFuzzy Experiment button to
open the corresponding real-time model shown ig. FL.5.

Before starting experiment be sure that the harewanfiguration is correct and that the
Reset encoder action has been performed correctly.

Reset
Encoders

Normal

>
—p

Step
L

Fuzzy Controller

—~

i oo

v

PendPos ————P»|

A 4

lelnput
PendVel ————P»|
CartPos —————»|

A4

PendPos

Pendvel

CartPos

B

p
CartVel =

Cart-Pendulum
Systeml

Generator

Ref. values

Control
- ———|Error
1 >+ fuzzy-input

Sensors Al

Cartvel

Ifa Normalization

“u+pi

—P f(u)

\ 4

p  out

Pendulum
Control and States
(Experiment)

Penalty

Controller PID

A4

O

Fuzzy Logic
Controller

L

Fig. 11.5 Crane real-time controller

Pendulum
Control and States
(Experiment)1

To run the experiment successfully we do not neechange the default settings.
The parameter tuning is only required if the systesponds wrongly. To create the real-

time code of the given model build the model. Nektk the Smulation/connect to target
andSart real-time code options to start the experiment.
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11.2. Crane mode

The control problem is the following: steer thetdaom an initial position on the rail
to a given final position while dumping oscillat®f the pendulum which occurs due to
the cart motion.

TheFISEditor controller window is opened (Fig. 11.7). From this window ye@n
go farther to watch and modify the fuzzy crane caldr. We recommend you to use the
editor. However, you can see or design a fuzzyrotiat without the help of the editor.
This technique is presented alternatively in teistisn. Hence you can write:

>>a=readfis(‘controller’);

It results in storing in the MATLAB Workspace undbea variable thecontroller
fismatrix.

name: ‘controller’
type: 'mamdani’
andMethod: 'min’
orMethod: 'max’
defuzzMethod: ‘centroid'
impMethod: 'min’
aggMethod: 'max’
input: [1x4 struct]
output: [1x1 struct]
rule: [1x12 struct]

If you write:
» plotfis(a)

then the crane project is shown (given in Fig. LIY®u can see theontroller system with

4 inputs, 1 output, 12 rules. We incorporate amuingriable into the project by defining
rules corresponding to that variable. Otherwisevgable is left out. As one can notice
the third input variable i.e. the pendulum velodtyes not take part in building the fuzzy
rules (see the dashed line in the crane project).
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>

inputl (3)

controller

>

input2 (3)
(mamdani)

a

12 rules

input3 (3)

2

input4 (3)

System controller: 4 inputs, 1 outputs, 12 rules

Fig. 11.6 Crane project

If you write:

» showfis(a)

the following message appears:

CoNAWNE

10
11
12

13.
14.

15
16
17

18.
19.

20
21
22

23.
24.

Name controller
Type mamdani
Inputs/Outputs [4 1]
NuminputMFs  [33 3 3]
NumOutputMFs 3
NumRules 12
AndMethod min
OrMethod max
ImpMethod min

. AggMethod max

. DefuzzMethod  centroid
. InLabels inputl
input2

input3

: input4

. OutLabels outputl

. InRange [-5 5]

[-5 9]

[4 4]

: [-0.9 0.9]

. OutRange [-0.2 0.2]
. InMFLabels neg-cart
zer-cart
pos-cart

outputl (3)
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25.
26.
27.
28.
29.
30.
31.
32.

33
34

35.

36
37

38.
39.
40.
41.
42.
43.
44,
45,
46.
47.

48
49

50.
51.

52

53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

63
64

65.
66.

67

68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

67

68.
69.
70.

neg-pend
zer-pend
pos-pend
neg-pendvel
zer-pendvel
pos-pendvel
neg-cartvel
zer-cartvel

: pos-cartvel

. OutMFLabels  neg-control
zer-control

: pos-control

. INMFTypes trapmf

trimf

trapmf

trapmf

trimf

trapmf

trapmf

trimf

trapmf

trapmf

trimf

: trapmf

. OutMFTypes trapmf
trimf

trapmf

. INMFParams [-17.9 -17 -1.997 Q]
[-3.750 3.75 0]
[-0.0265 1.96 16.97 17.9]
[-5-5-1.997 0]
[-3.7503.75 0]
[01.997 5 5]
[-4-4 -2 0]
[-2020]

[0244]

[-0.9 -0.9 -0.5143 0]
[-0.5143 0 0.5143 0]
: [0 0.5143 0.9 0.9]
. OutMFParams  [-0.2-0.2 -0.15 0]
[-0.1500.15 0]
[00.150.2 0.2]

. Rule Antecedent [11 0 0]
[2200]

[3300]

[1200]

[3200]

[2100]
[2300]

[1300]

[3100]
[0001]

[0002]

[0003]

. Rule Consequent 1

2

3

1
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71.
72.
73.
74.
75.
76.
77.
78.
67. Rule Weig
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
67. Rule Connection 1
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

PRRPRRPRPRPRRPRPRPRPRPFIONPNNWRE®

RPRRRRPRRRRRRR

If you double click theontroller .fisfile you obtain a similar data collected in a more

compact form:
[System]
Name='controller'
Type="mamdani’
Version=2.0
Numlinputs=4
NumOutputs=1
NumRules=12
AndMethod="'min’'
OrMethod="max'
ImpMethod="min’
AggMethod="max’
DefuzzMethod='centroid'

[Inputl]

Name='"inputl’

Range=[-5 5]

NumMFs=3

MF1="neg-cart"'trapmf',[-17.9 -17 -1.997 0]
MF2="zer-cart":'trimf',[-3.75 0 3.75]
MF3="pos-cart"'trapmf',[-0.0265 1.96 16.97 17.9]

[Input2]
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Name='"input2'

Range=[-5 5]

NumMFs=3

MF1="neg-pend"'trapmf',[-5 -5 -1.9973544973545 0]
MF2="zer-pend"'trimf',[-3.75 0 3.75]
MF3="pos-pend":'trapmf',[0 1.9973544973545 5 5]

[Input3]

Name='"input3'

Range=[-4 4]

NumMFs=3
MF1="neg-pendvel":'trapmf',[-4 -4 -2 O]
MF2="zer-pendvel':'trimf',[-2 0 2]
MF3="pos-pendvel"'trapmf',[0 2 4 4]

[Input4]

Name='"input4'

Range=[-0.9 0.9]

NumMFs=3

MF1="neg-cartvel":'trapmf',[-0.9 -0.9 -0.5143 O]
MF2="zer-cartvel"'trimf'[-0.5143 0 0.5143]
MF3="pos-cartvel"'trapmf',[0 0.5143 0.9 0.9]

[Outputl]

Name='outputl’

Range=[-0.2 0.2]

NumMFs=3

MF1="neg-control"'trapmf',[-0.2 -0.2 -0.15 0]
MF2="zer-control":'trimf',[-0.15 0 0.15]
MF3="pos-control":'trapmf',[0 0.15 0.2 0.2]

[Rules]

1100,1():
2200,2(1):
3300,3(1):
1200,1(2):
3(1):
(1):
(1):
(1):
(1):
(1):
(1):
1):

WNEFEDNNWRE

eoNololololoNeNo)
WNPRPOOOOO
RPRRPRRRRRRERRRRER

OQOOFRRWWEN

3
2
2
1
3
0
0
0

Thus you obtain the entire description of tioatroller system. All names, shapes
of membership functions, rules, etc. are visibleniimerical forms. You can trace these
data in theFis Editor window (Fig. 11.7). You can edit membership fuocs or rules.
You can view rules or surface of the controller.
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=} FIS Editor: controller

Filz  Edit | Yiew

=10 x|

Rules  Chrl+5
Surface Chrl+a
Lt
ﬂ [ ——_] cortroller
inputs |
| =T (rmamdani)
inputs /
HoT. X |
FIS Mame: contraller FIS Type: rnarndani
And method I il j Current ‘Yanable
Or method I e j Name inputl
o T inpLt
Implication I — j #he iR
_ R ange [-5 8]
Aggregation I — j
D efuzzification I centroid j Help Cloze
Syetem "contraller; 4 inputs, 1 output, and 12 rules

Fig. 11.7 The=is Editor: Controller window

The membership functions are shown in Fig. 11.8 €an invoke these figures writing in

MATLAB Command Window:
plotmf(a,'input’,1)

This corresponds to the first input.

. . . : . .
neg-cart zer-cart pos-cart neg-pend zer-pend pos-pend|
/\ / 1 /A\ //
/N\ / A\ :
0.8F / \ / 1 0.8 / A\ i
2 / \ / 2 \ /
5 / \ / 5 // \ /
2 o6 / N/ 1 8 o6l / N/ R
y /
5 / \/ 5 / \/
] o) /
E ) X £ , X
= / /\ 5 / /N
g 0.4} / /N 1 g 0.4l / / .
g = / \ g e /N
g / \ 2 / / \
8 / ) \ g / / \
/ / \ / /
0.2 / Vs \ 1 0.2f / / 1
/ / \ / Y,
// \\ / /
/ / \ / //
0 0
04 03 02 0.1 0 0.1 0.2 0.3 0.4 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8
inputl input2
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Fig. 11.8 Membership functions

The last picture is obtained by the command:

plotmf(a,'output’,1).

0.6

Degree of membership

I
©

o
o

I
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I
N
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T
eg-control

T
zer-control

/\ /
} // \\ y/’/ i

T
pos-contral

-0.15 -0.05 0 0.05 0.1 0.15 0.2

outputl

We set them to be equally distributed in the urdgeof discourse. The rules are
given in Fig. 11.9. Théf...then inference mechanism is well visible in the verbtmen.
The index form of rules is an equivalent form o$cdgption. The index (1) in the first rule
means that the weight of this rule is set equdl.Tine index form: 2000, 7 (1) : 1 can be
explained as follows: the"2input membership function for the first input \abie and
none “0” input membership function for the secongut variableand none “0” input
membership function for third input varialded none “0” input membership function for
fourth input variable implies 7 output membershimdtion for the output variable. The
weight of this rule is set to one (1). The “andjimquantificator is defined as “:1”.
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-} Rule Editor: controller_166 - |EI Iil

File Edit Wiew Options

A [input] is neg-cart) and [input? is neg-pend) then [output] is neg-contral) (1) ;I
AF [iput iz zer-cart] and (input? iz zer-pend) then [output] iz zer-contral] (1]
If finput] is pog-cart] and [i iz pos-pend] then [output] iz pog-control] [1
i i ] i end] then [output] i tral] 1]
. IF [input] is pos-cart] and [input? is zer-pend) then [output] is poz-control) (1)
AF [input] is zer-cart) and (input2 iz neg-pend) then [output] iz neg-contral) 1]
LA linput] iz zer-cart] and (input? iz pos-pend)] then [output] is pos-caontral] (1]
. |F [ivput] iz neg-cart) and [input? iz poz-pend] then [output] i zer-contral] [1]
| IF [input] is pos-cart] and [input? is neg-pend] then [output] is zer-control] [1]
10 1f [inputd is neg-cartvel] then [output] is neg-contral) (1)
11, [ [inputd is zer-cartvel] then [output] iz zer-control] (1]

w0 00 T I L e —

12, If [inputd iz pos-cartwel] then [output] iz pos-contral] (1] LI
If and and and Then
input] is input? is Inputd is inputd iz output] iz

neg-pendwyel ;I neg-cartvel ;l
zer-pendyvel zer-cartvel zer-control

pos-cart az-pendvel oz-cartvel pos-cantral

none none

z T = 4]
[~ nat [ nat [T nat [ nat [~ nat
Connection Wweight:
o

&+ and I 1 Delete e Add rule Change nle |

FIS Mame: controller_1E6

Help | Cloze |

) Rule Editor: controller_166 _ o] x|

File Edit ‘iew Opkions

220020111

3300.301:1

1200.101):1

3200.301):1

2100111

2300,301:1

T300.2010:1

3100.201):1

ooot1, 1)1

oooz2 2011

oo03.30:1 j
If and and and Then

input] iz Inpute iz nput3 iz inputd iz output] is

zer-pendyel zer-cartvel zer-control
pog-pendvel pog-cartvel poz-control
hiahe riake e

[~ not [ not [ not [~ not [~ not
Connectian Wieight:
o
= and IT Delete ule Add nule Change rule | J J
Tranzlating to indexed format Help | Close |

Fig. 11.9 Rules for the fuzzy crane controller: VEERSE and INDEX forms
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0.05

outputl

Fig. 11.10 Fuzzy surface

Thecontrol vs. position andangle surface is given in Fig. 11.10.

11.2.1. Simulation: example

The example demonstrates how the cart-pendulunerayséin be used as a crane control
model. The control goal is to steer the cart framinitial position on the rail to a given
final position while dumping oscillations of thermilum. The oscillations occur due to
the cart motion.

Double click theSmulation button shown in Fig. 11.2. The model depicted ig. Ai1.3
opens.

Remember to write:
>>fismat=readfis(‘controller’);

at theMATLAB prompt. Check the desired position signal and il values of the state
variables.

The simulation results of the crane mode are giweRig. 11.11 and Fig. 11.12. Notice,
that the cart tracks the desired position squanesveignal while the pendulum motion is
dumped.
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Cart position and pendulum angle

100

time [s]

Fig. 11.11 Data stored during the simulation: the position (the red line), reference cart

position and pendulum angle (the signal at a smaihity of zero)

Control - simulation experiment

time [s]

Fig. 11.12 Simulation — the control signal
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11.2.2. Real-time experiment

After simulation we can go directly to the realinexperiment. Double click the
Fuzzy Experiment button shown in Fig. 11.2. The real-time model gpésee Fig. 11.5).
From that window you can start the real-time expent. The goal of the fuzzy controller
is to track the desired position signal generatgdhe Ref. values Simulink generator
block. Thecontroller.fis is the name of the fuzzy controller. In Fig. 11dr8 shown data
measured during the real time experiment. Theselaecart position signal following the
square wave desired position signal and the pendahgle — the signal in a vicinity of the
zero angleRemark. The angle of the pendulum hanging down is defiasdhe zero
value.

Cart position and pendulum angle

Fig. 11.13 Data stored during the real-time expenmthe cart position, reference cart
position and pendulum angle

The fuzzy controller is tracking the square wamal of the desired cart position. At the
beginning the pendulum is hanging down. Due tactré motion the pendulum starts to
swing. The fuzzy controller dumps oscillation o fpendulum. Notice, the similarities
between the simulation and real-time control signal
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Control - real-time experiment

100

time [s]

Fig. 11.14 Real-time experiment — the control signa
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12. How to fulfil the compilation settings page

In

Fig. 12.1 and Fig. 12.2 the differeédtmulation Parameters pages are shown. Having the
MATLAB version and the compiler version the uses i@ choose the appropriate
Smulation Parameters page version.

J simulation Parameters: MySystem — IEI Iil

SDl'\-'EIl kaspacela’ﬂl Diagnasticsl ﬂ.dvancedl Feal-Time ‘waork shop

Categony: I Target configuration j Build |
Configuration

System target file: I thwir. iz Brnwse...l

Template makefile: I pendulurn_win_ve. tf

Make command: I make

[T Generate code only Stateflow options. . |

Ok | Eancell Help | Apply |

Fig. 12.1Smulation parameters page for the MATLAB ver. 6.5 and Visual C++ coihapi

In the case when Matlab version 7.0.4 is used {enQVatcom compiler is applied. This
compiler is placed on Matlab installation CD anéhistalled automatically.
The appropriat€onfiguration Parameters page is shown in Fig. 12.2.
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Ll Configuration Parameters: P1_ExpDemofConfiguration

Select:

Salver
Drata Impart/E =part
Optirnization
[=)- Diagrostics
Sample Time
Drata Intedrity
Corrersion
Connechivity
Carnpatibility
todel Referencing
Hardware Implementation
todel Referencing
= Real-Time Waorkshop
Cormments
Symbols
Cusztomn Code
Debug

Real-Time Windows. .

Tarqet zelection

Systern target file:

Language: C

Description: Real-Time Windows Target

Docurmentation
[ Generate HTHML repart

Launch report after code generation completes

Build process

TLC options: |

kM ake command: |make_rlw

Template makefile: |rtwin.lmf

[] Generate code only

oK

I [ LCancel

I

Help

Apply

Fig. 12.2Configuration Parameters page for the MATLAB ver. 7 and above
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