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Absiract

The double inverted pendulum on a cart (DTPC) system represents a challenging
problem in control, This system consists of two jointed links, the first one is attached
to a small motorized cart with a revolute joint. The links are allowed to move freely
relative to the earl and relative to each other. The cart is driven over a linear rail by
means of an Ac servomotor, whosc torque represents the inpul of the system. System
oulputs, which are the angular displacements of the links and the cart position, are
measured using optical encoders. The function of comtral system in DIFC is to
stabilize both links in their vertical position, while tracing a desired position of the
catt along the rail, in addition to reject disturbances that may act on the system. The
controller 1s designed and simulated using MATLAB® and Simulink: In order to meet
the hard real time requirements of such a system, the controller is implemented on a
desktop computer equipped with DAQ using xI'C target technigue with gither lacal or
global hosl-lo-target connections. With the developed DIPC system and its [exible
control platform, several experiments are performed, where robust tracking and
disturbance rejection state feedback controllers with extended observers are desioned
and applicd practically to the cart alope, single and double inverted pendulum
systems. Furthermore, self erection controller for the single inverted pendulum is
demonstrated and applicd. Being an under-actuated mechanical system. inherently
open loop unstable, with high nonlinear dynamics, the DIPC system is considered as

an exeellent test-bed for a wide runge of classical and madern contral techniques.
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Chapter One

The Double Inverted Pendulum:

An Overview




1.1 Introduction

The double inverted pendulum on a carl (DIPC) represcnts a challenging problem in
control. This system consists of two jointed links; the [irst one is attached to a small cart
with & revolute joint. The links are allowed to move freely relative to the cart and relative
lo each other. The cart is driven aver a linear rail by means of an elcctrical motor, whase
torque represents the only input to the system. The main ohjective of the DIPC systei is to
stabilize both links vertically upward, while tracking a desired position of the cart along the
rail. Futhermore robustness and disturbance rejection are to be achieved. Being an under-
actuated mechanical system, inherently open-loop unstable, with high nonlinear dynamics,
and with some states that are not directly measurable, double inverted pendulum system is
considered as an cxcellent test-hed for a wide range of classical and modem control

technigues.

The applications of the double inverted pendulum ranges widely from robotics to hurman
beings motion and space rocket guidunce systems, Originally inverted pendulum syslems
were used ta illustrate the ideas of linear control theories, but the inherent nonlinear naturs
of such systems helped them to maintain their usefulness along the vears, and they are now

used to illustrate several ideas emerping in the ficld of modern nonlinear control.

1.2 Recognition of the need

As an educational tool, inverted pendulum systems are used for testing various controllers
and control techniques including:
- State feed back control.
- Root locus and frequency domain techniques.
= Optimal control methods,
Digital control methods.
Intelligent control techniques.

- Nonlinear control methads,




Such control methods can be tested and compared via a set of performance specilications
including:

- Stabilization control.

- Position tracking.

- Disturbance rejection.

- Rubustmess,
Sampling frequency and computational and transport time delays cffocts on stability and

Tesponse are relevant issues that can be demonstrated and tested.

Furthermore, the DIPC system will be an interactive area [or testing and practical
application of many other technological disciplines including:

- Sensors and actuators,

- Signal processing,

- Systems interfacing.

- Embedded systems.

-  Nebwork communications.

All of that makes he double mveried pendulum system a valuable addition to the control

lahoratary in this university.

1.3 Literature review

Daouhle inverted pendulum was always an interesting and challenging field of study, thus
there are many researches and papers that take the DIPC as the core of their studics using a

wide variety of designs, software packages and control technigues.

This project is based on a graduation project titled “Design of a Computer Controlled
Double Inverted Pendulum Apparatus™ conducted al the Palestine Palytechnic University
in 2006. Students then managed W build the mechanical structure of the DIPC, interface the
angle encoders usad in the system to a data acquisition card and pet their readings by an

xPC target application [2].
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1.4 Double inverted pendulum design process

As a mechatronic system, the most convenient way to be followed during the desipn and
implementation of the DIPC is the concurrent design approach. This approach consists of a

sequence of stages, which are;

1.4.1 Conceptual design and functional specifications

The DIPC gystem consists of two jointed links (rods) attached to a small motorized carl
with a revolute joint. These links are allowed to move freely relative to the cart and relative

to each other. The cart moves linearly over a linear track by means of a robe and pulley

arrangement, as shown in Fig, 1.1,

joini2

pullcy

O

Gy

System outputs, which are the angular displacement between the two links (8., the angle

Figure 1.1The doubla inverted pendulum on cart system,

between first link and the cart (€, ), and the cart pasition along the track (x), arc measured

Sl om0 o i i L N B b

using three optical angular encoders placed at system’s juints (two encoders are placed at
joints 1 and 2 in Fig. 1.1, while the third one reads the angular displacement of motor’s
shall). The input of the system is the torque generated by an AC servomortor coupled
directly to the pulley’s shaft. The role of the control part is to determine the valuc of the




driving torque required for balancing the pendulum vertically while tracking a desired
position of the cart along the rail. and to compensate far disturbances that may act on the
systetn. This controller is implemented using a standard PC hardware equipped with data
acquisition cards and a real-time operating system. Int order to get accurate und reliable
data, signal conditioning, filtering and isclation circuits between the DAQ. sensors and the

gctuator are usead.

1.4.2 Mathematical model

The nexl slep in the design process is mathematical modeling. which includes a set of
dillerential equations that describe system’s behavior. This model will not only give a
better understanding of the system, but also it will be used for two major purposcs, which
are:

I- Controller design.

2- Simulation process.
The detailed mathematical model and its derivation procedure will be discussed in Chapter

Two of this report.

1.4.3 Controller design

Based on the mathematical modcl a closed loop control system is designed. That controller
must he able to stabilize the two links in the upright vertical position, while tracking a
desired position of the cart along the rail. Furthermore, the contraller should be able to
reject, or to compensate for, the disturbances that may act either on the cart or on each of
the two links. The performance of the entire system is then simulated and tested virlually,
thus any malfunction in the system performance is handled before applying the contraller
to the real system.

Mare details about control theories and techniques that are applicable to the DIPC system
will be introduced later in this chapter, while a detailed controller design for single and

Lin




douhle inverted pendulum systems with simulation and experimental results are

demonstrated in Chapters Five and Six of this report.

1.4.4 Sensors and actunators

Based on the basic understanding of the system, its performance. control svstem design
and its requirements, sensors and actuators needed for the system are precisely selectad.
For the zensors they arc sclected to meet resolution, accuracy and noisc immunity
requirements. While the selection criteria of the actuator, which is the driving motor, are

based on its inertia. power, speed and torque limits, in addition lo ke control accuracy.

1.4.5 Hardware-in-the-loop simulation

Hardware-in-the-loop simulation involves interfacing the physical plant together with its
sensors and actuators to the simulation environment where the controller runs. In other
words, the control loop that muns on a PC does not emiploy a mathematical mode! of the
piant and its sensors and actuators but the plant itsell. In this step of the design process, all
of the signals of the sensors, the actuator and the interfacing circuits are tested, in addition
to the controller performance. This helps in predicting any malfunction in the previously

mentioned components or in the interconnection between themn.

1.4.6 System implementation

Since the main objective for developing the DIPC syslem is to use il as a control lesl-bed,
the flexibility with which changes in controller design are implemented is of significant
importance. Thus it is not desired to have a hardwired controller for the system, on the
contrary, it is intended to construct a flexible system, in terms of its control, where various
eontrollers can be implemented and tested as easy as possible. Furthermore. high real-time
control shilities are necessary for dealing with such rapid dynamic system. To meet these

requirements, a flexible solution for real-time control implementation is used, as discussed

in Chapter Four of this report.




1.5 DIPC elementary components

The DIPC system represents the integration of four basic subsystems, which are, the
mechanical, electrical, computer and control, which are the four basie disciplines that make

up mechatronics, as shown m Fig. 1.2.

Control
Systems

Mechatronics I

\ Efecirical
Systrms

Figure 1.2 Mechatronics bagic dizciplines.

1.5.1 Mechanical part

The mechanical part of the DIPC involves the design of several mechanical companents
that make up the physical structurc of the system. Each component is studied, designed and
analyzed in terms of strength, geometry, durability and material properties. Thus, these
commonents will operate in the system without failure or defect. Furthermore, issues related

to control system design are taken into consideration.

Figure 1.3 shows the basic mechanical components of the DIPC system, which are:
1) The basc plate: which is the base on which the system is assembled, this part must
be heavy cnough and mede of a high damping capacity material (such as gray cast
iron}; in order o be able to absorb and eliminate the vibrations generated by the

driving motor and the motion of Lhe syslem.
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3)

4)

The linear rail (track); along which the cart moves during system operation, this parl

should be rigid enough 10 handle the sysiem motion without any failure or
distortion,

Cart and carriage: which are the paris that slide along the rail and carry the two
links (the Lwo compound pendulums). An important point to be taken mto account.
during the design of these components is to have a minimal friction with the rail, as

will be explained later.

DIPC(

Ewcoders _,.-"‘.

: ‘4'41(' f’jﬁiﬂ:lr'

Figure 1.3 Double mverted pendulum on cart,

The two inverted pendulums (the two links): these links rotate frecly relative to the
cart and relative lo each other by means of revolate joints.
Pulley and rope arrangement: The carl 1s driven on a rail (track) through a novel
cable transmission connected to a pulley. Such arrangement has (wo major
ddvantages:

» There is no hacklash in the system, simee no gears ars nssd.

*  The cart weight is low as the motor is not mounted on it
On the other hand, the sysiem needs a cable such that no elongation occurs under
loading. Another point to be taken in consideration is the fact that no slippage
between the robe and the pulleys is permitted during operation: therefore specially-

designed helical pulleys are used, as shown in Fig. 1.4,
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For all of the previously mentioned components, two essential requirements should be
satisfied:
=  Frction cocfficicnt between the moving parts should be at the minimum
possible value.
*  Very high [riction between the rope and the pulleys; so as to prevent any
slippage.
Meeting these specifications is important (o ensure that minimal incrtia and friction forces

will be encountered by the driving motor; therefore this motor will be able to deal with the

guick motion reversals during the operation of the system.

Figure 1.4 Helical pulley used for power irmnsition from the motar to the cart,

1.5.2 Electrical part

I'he electrical part in the DIPC includes sensors, actuators, and the interfacing circuits that
connect those sensors and actuators with the controller. In maore details the electrical part
includes:
1) The driving motor;
Since the operation of the system requires quick changes in the direction of the cart
velocity and acceleration, which is necessary to stabilize the pendulums vertically and
generate the required inertial forces during self erecting process. It is important for the
driving motor used in such a system to have:

*  The ability 1o generate enough torque independently of the speed value

*  Low rotor inertia.

»  Simple and precise control.

Therelore a low inertia AC servo motor with a driver 15 chosen Lo be used in this system.




2} Displacement sensors:
Designing a real time closed-loop feedback control svstem is essential to stabilize the DIPC
sysiem. Such a control system requires measyuring some variables that specifv the stale of
the system, These measurements are:

*  The lincar displaccment of the cart.

* The angular displacement of the first link relative to the cart.

*  The angular displacement of the second link relative to the first one.

Fo have an accurate and real-time contrpl system, the sensors need to be relatively
noiseless with a fast response, so that the information roecived from the sensors accurately
reflects the state of the system. Thus optical eacoders arc chosen since Lhey satisfy all the
above requiremnents, in addition to the following advantages:

= High accuracy.

* High resolution.

*  Digital oulpul.

1) Interfacing etreuits:
The environment in which the DIPC system works is noisy due to the power lines, and
the magnetic felds penerated by the molor. Therelore signal conditioning and filtering
circuits are of essential importance W make the sensor’s output reliable and accessible

by the computer.

Another function for the interfacing circuitz is protecting DAQ cards from high
voltages and high corrent demand (over lnading), when being connected to the sensor
and the motor driver. To achieve this protection, two types of isolation circuils are
used:

*  Digital isolation between the DAQ and encoders’ ourputs, using ept-couplers.

*  Analog isolation between the DA(Q) and the motor driver, using a special

capacirive isolation amplifier.
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Further discussion and details about the ¢lectrical components, interfacing circuits and

technical issues are demonstrated in Chaprer Three.

1.5.3 Computer and information system

As a mechatronic application. computer and information system are essential parts of the
DIPC system. These parts include, in addifion to the PC hardware used for controller
implementation, a set of software packapes that is used to design, simulate, and control the

cntire svstem.

1.5.3.1 Computer part

With DIPC system, compulters are used for two major purposes:

L. Design, analyze, and simulate the mechanical and control parts of the system.

2. Runming the real-time controller,
To achieve the first requirement, a sct of software packages is used. MaTLAB and Simulink
provide a wide varicty of functions, numerical algorithms, and toolboxes that help
significantly not only w design and simulate the control svstom, bul also to build
executable real-time applications. For the purposes of mechanical design and analysis.
sofiware packages such as CATIA and ANSYS are very helpful to create a three
dimensional mechanical models, specify the constraints for cach parl. define the relations

bilween different parts, in addition to apply loads to the system and study their effects.

The second requirement of the computer part, which is controlling the DIPC system at real-

time, is achicved using xPC targel technigue, which is introduced in the following

subseotion.




1.5.3.2 xPC target

The £PC tarpel technigue is 4 solution for protolyping, lesting and deploying real-time
systems, using slandard PC hardware and 8 penpherals such as DAQ cards. This
technique comes as a part of MATLAB sofiware provided by MathWorks Company. In
particulate xPC' target is a toolbox within MATI.AR’s Simulink.

In xPC target technigque two PCs are nsed; host and tarpet. With the host PC, ane can
design the controller, simulate it, and download it to the target PC. The target PC, which is
connected 1o the controlled plant, is just used to run control funclions in real lUme and

maonitor the controlled application.

xPC target technique is considered as an excellent solution for educational and rapid
prototyping purposes due to the following facts:

* (Changes and modifications in controller design are casily introduced to the host 'C,
and the modified controller 18 downloaded (o the larget PC almost with no effort.
Online tuning of some parameters is also possible.

*  Hard real-time reguirements can be satislied since the targel PC processor is fully
dedicated for running the controller.

= Host and target PCs can be connected serially, through network or even through the
intermnet. Furthermore the target PC can operate alone without any connection with
the host.

* xPC target technigue supports a wide range of DAQ cards and 10 boards, which
gives the designer a high level of flexibility to choose the suitable hardware.

All of that make xPC tarpet technique an allraclive solution (or implementing control
functions for the TIPC system, and other rapid prototyping and hardware-in-the-loop

simulation purposes,

12




1.5.4 Control system

Inverted pendulum systems, in general, are used in control laboratorics as test-beds lor
vanous control theories, including the classical lincar control theories, and can be extended

10 mtelligent and nonlinear control [iclds.

A5 staled ecarlier, inverted pendulum syslems present a number of complications and
challenges in terms of their control, due to the fact that they are under-actuated mechanical
systems, inherently open-loop unstahle, with highly-nonlincar dynamics, These underlying

complications make for a control problem which is both interesting and challenping.

Any controller applied to an inverted pendulum system must guarantee {irst the closed-loop
slability al the unstable invenead position. Second. the cart position should track a desired
inpul while keeping both mds verlically slable. Third. disturhance rejection and robusiness
are also o be achieved. The possibility for a controller to satisfy these requirements varics
according to the control strategy behind it. Here is a brief deseription of the main control

techniques that may be used in the case of inverted pendulum systems:

1) State [eedback control

In control engineering, a slale spave represenlation is a mathematical model of a
physical system as a set of input, output and state variahles related by first-order
differential equations. The state space representation (also known as the "time-domain
approach") provides a convenient and compact way 1o modcl and analyze systems with
multiple inpuls and cutputs. Unlike the frequeney domain approach, the use of the state
space representation is nol limited to time-invariant syétems with lincar components

and zero mmial conditions.

For MIMO (multi-input multi-output} systems, pole placement can be performed
mathematically using a statc-space rcprescntation of the open-loop sysiem and

calculating a leedback malrix assigning poles in the desired posilions in order Lo

13
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achieve the desired system response, as shown in Fig. 1.5, In complex systems this may

require computer-aided ealculation-capabilities, and can not always ensure robustness.

Figure 1.5 State feed back control,

2) PID controllers

The so~called PID controller is prohably the most-used feedback control design, since it
is the simplest one. "PID" is an abbreviation for Proportionsl-Inteeral-Dervabve,
referring to the three terms operating on the crror signal 1o produce a conlrol signal.

The desired closed lvop dynamics 1s obtained by adjusting the three parameters K, K;
and Kn. as in Fig. 1.6, bazed on the linear gystem transfer function, its roof locus and
other frequency domain techniques [6]. Stability can often be ensured using only the
proportional term. The integral term used to meet the steady state requirements, while

the derivative term is used to improve the transient response.

¥

CL)

Gl M ki

Figure 1.6 PID eontroller.
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3) Adaptive control

Adaptive confrol uses an on-lme identilication of the process parametsrs and
maodification of controller gains: thereby oblaining robust performance. This method of
control was firstly applied in (he aerospace industry in the 19508, and has found
particular success in that fisld. Adaptive control is differeat from robust control in the
sense that it does not need a prion informarion about the bounds of the unceriain or

lme-varying parameters as it the case in robust control

4) Non-lincar centrol

Processes in reality like inverted pendilum, robots and space crafis typically have
strong non-linear dynamics. In control theory it is sometimes possible to linearize such
classes of systems and apply linear technigues, but in many cases is desirable to expand
the sight heyond linear theories, permitting the control of nunlinear systems, These
normally take advantage of results based on Lyapunov's theory [4]. Differential
geometry has been widely used as a tool for generalizing well-known linear control
concepts to the non-lincar case, as well as showing the subtleties that make it a morc

challenging problem [16].

3) Intelligent control

All control techniques that use various Al (artificial intelligence) compuling approaches
like neural networks, Bayesian probability, fuzzy lopic, machine learning, and genetic
algorithms can be put into the class of inlelligenl control. New control techniques are
created continuously as new models of intellipemt behavior arc created;, and

computational methods are developed te support them.

5.1) Fuzzy logic control
Fuzzy Logic is hasically a multi-valued logic that allows intermediate values to be

defined hetween the conventional crisp values like ves/no, true/false, etc, in contrast

to classical or digital logic, which operates on discrete values of either 0 or | (true

or false).
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With [uzzy logic intuitive linguistic notions can be formulated mathematically, and
processed by computers. In this way problem solutions can be east in terms that
human operators can understand, so thal heir experience can be used in the design
of the controller. This makes it easier to mechanize fasks thal are already

successfully performed by humans.

Since fuczy logic contral is hased on the designer’s experience rather than a
mathematical model, this control method is very useful when dealing with highly
nonlinear processcs and the very complex ones, where no simple mathematical
madel can he obtained. Furthermore, the resulting controller will be less sensitive to

parameter fluctuations, and it will nol be dedicated to a specific operating regions.

) Optimal control

Optimal control 1s a particular control technique in which the control signal is selected
in such 4 way to optimize a certain constraints as vost, performance ete. Two opitnal
control design methods have been widely used in industrial applications, as they proved
their ability to guarantec closed-loop stabilily [16]. These are Model Predictive Control
(MPC) and Lincar-Quadratic-Gaussian control (LQG), The first can more explicitly
take into account constraints on the sipnals in the system, which is an important feature

in many indusirial processes. Together with PID controllers, MPC systems are the most

widely used control technigue in process control,




1.6 Conclusions

Based on the previous discussion, it is clear thal the DIPC can be considered as a typical
mechatronic system, since it represents the interuction hetween the basic disciplines from
which mechatronics is constructed, which are mechanical, electrical, computer and control

disciplines, as shown in Fig. 1.7.

Aerzmical Desiqie

/— of System Components

- Qutowatie Contool
MATL 1B <L Simuling

(41 d

- _ACTRators
0 Reree motor

- Dodefinyg and Siwulfation
M3Ic3D
-Real Time Interfacing
X Target

- FeEnsors
Oprical Ewcoders

Figure 1.7 DIPC systcm as a mecharronic system.
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Chapter Two

Mathematical Modeling




W

2.1 Introduction

Mathematical modeling of the DIPC system tends to represent all important features of the
system and describe its behavior in terms of differential equations, The needed model
accuracy (closeness to the actual system) depends on the purpose, Generally a simplified
model 15 needed to study the main characteristics of the svatem, while a detailed model is

needed for precise simulation and prediction studies.

In general, there are two main purposes for modcling 4 physical system:

» Develop a mathematical model in order to predict the dynamic hehavior of the
system as accurately as possible. Using numerical solution methods, such & madel
serves as a ool for extensive evaluation of system behavior without actually using
or building the real system.

* Develop models to gain insight into the behavior of the dynamic svetem
qualitatively instead of exact response prediction, ie knowledge of stability
margins, controllability, ohservability, and the sensitivity of response (o parameter
changes, such a model needs not 1o contain all of the details of the aclual system,
but only the most essential fealures so as to provide the needed insight from an

engineering stand point,

Therefore two models will be derived for the inverted pendulum system, a simple and

lincar one for controller design and analysis purposes. and a nonlinear modeal for testing

and simulating the dynamic system response as accurately as possible.

In the case of inverted pendulum systems (both single and double). the [ollowing
assumprions are used in deriving their mathematical models;

I. The friction af the lwe revalule joints is neglected.

2. The center of gravity of each link is located at the link’s axis of symmetry.

3. The angle between the rope (which drives the cart dlong the slider) and the x-axis s

very small and considered to be nogligible.
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In order lo ublain the mathematical model of the system, Lagrange's approach is used 1o
derive the basic differential equations that govern system’s dynamies. The main [ormula

andl a brief description of this method are presented in the following subsection.

2.1.1 Lagrange's approach

Lagrange's approach is used lo denve the nonlinear eguations that describe the motion of

the system at each of its principal coardinates. The hasic formula of Lagrange’s equation is:

d| el | &8I &U
il @
Where:
- T: the total kinetic enargy of the system,
- 1I; the total potential cnergy of the system.
- Q. Forres and torques that act in cach coordinale imcluding the non-
conservative forees due to Coulomb fiiction and viscous damping.
= 4 ...gn: the generalized coordinates that describe system’s motion.
Where a sel of (n) generalized coondinates are needed to describe the motion of

un n-degree-nf-freedom system.

In the upcoming sections this equation will be used to derive the mathematical models for
the single and double inverted pendulum systems respectively. These models will be used

later in Chapter Five of this report for controller design and simulation purposes,
2.2 Mathematical model for the single inverted pendulum
In this section a nonlincar medel for the single inverted pendulum is derived. This model

includes the effcer of friction foree between the cart and the rail. The elfect of disturbances

acting on the svstem is also included.
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2.2.1 Nonlineur model

I'he muthernatical model of the svstem consists of two second-order nonlinesr differential
equations, these equations arc derived using Lagrange’s approach explained earlier. Based
on Fig. 2.1, the total kinetic and polential energies of the svstem can be found as [ollows:
L2
il
=S

yl‘l—:——?{j}(ml W La
AR
|
Jp,rp M |;'PF‘//
|

F ke i i,
i Fa AT SR e |:" )
Tm-'chj =l L /‘I
Fii
Figure 2.1 Singlz inverted pendulum on & cant svstem,
Where: M: Mass ol the Cart, my: Mass of the link,
Ti: Mass moment of inertia of the link. }y: Dhistance to cermer of mass of the link.
J¢t Muss moment of inertiz of the pulleys.  d: the mator viscous demping cocfficient,
ra: Rading of the pulley. L, Input torgus from the motor.
Figz Friction foree. Fyi; Disturbance foree acting sl the vart.

Fyi Disturhance force acting at the hink.

The total kinetic energy of the system is the sum of those energies for each of the system
cumponents, 1.8, Kinetic energy for the motor and pulleys, in addition to that for the cart
and the link,

T T 'F'Tr P e +TII__._._I. +I—.‘|nl I {EHE}
piley

= marar

In more details:

Trmg |

1 5 i El
Pl = Mt - I L (2:3)
2 2 2z 2

Where:

1. is the equivalent mass moment of inertia for the motor and pulleys.

¢ : 1s the angular displacement of the motor.
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1he angular displacement of the moltor (@, ) can be related to the displacement of the cant
5y the radivs of the pulley, as follaws:

= 5 g (24)

v r,

The kinetic energy of the link (the invented compound pendulum) is due 1o its center of
gravity tangential and angular welocities, That tanpgential velocity consists of two

components, horizontal and vertical, as follows:

x,=lsinf +x - X, =6 cosb +x (2-5)
¥, =1, cosf, = Jy =10, 5inf, (2-6)

Substituting Eqs. (2-4) to (2-6) into Eq. (2-3), vields:

w3 -
7= é-; t—j:v%.ﬂdfl +éJ,E§,2 +%m1 [(.F:é] cost +3 | +(16sin6 ) | (2-7)
The total potential encrgy (U) of the system 15 only due to the link center of mass elevation

change, thus (UJ) 1s given by:

L =m gy, = mgl cosdf (2-8)

Applying Lagrange’s equation for each generilized coordinate, x and & | yields:

1) In x direction:

The Lagranga's equation in x-direction is given as follows:

d [' ar] ar el
-y ata ey =

= 2-4
dt ox  Gx L (&9

ox

Where:
=) 5
%=:r—!,f + Mx ml(x' !Ilﬁlcusﬁl)

g il i bl L haianl il e b R L B AR o Bl b fe Bk




T - :
o, =r—"'——2x -‘F'_,w it A I

L] -

Applying Eq. (2-9) and simplifying it yields:

M +m,+%1]:&'+(mlftuusﬂ-’,]ﬂﬂ -t m.l sin @, =r—“—%f e PN o B B
\ ¥ g 'p

2 In &, direction:

The Lagrange’s equation in ), direction 15 given as follows:

d[ﬂ?‘] ar A

—_—| — e —— =

di\ @6, | 86, &b, Oa

Where:
ar. : i3
5—&=Jﬁl+m,{_.ﬂlcma +1,76,)
ﬂ-‘—mlfrfﬁi'lsinﬁl
a6,
5 =—m [ zsing

Qa-‘ =f 421, cosf,

Applyving Eqg. (2-11) and simplifying it vields:

(myl, cos8, )& + (o 0? =7, )6 — m,gl, sin 6, =F ;L cosé.

(2-10)

(2-11)

(2-12)

Fquations (2-10) and (2-12) that describe the single inverled pendulum can be wrillen in a

more compact matrix form:

6

| m.] cosé, mtE g, |2 0] g

,-"!{-- ] i T ; _"f";
o W [0 e o

M +m1+/f/r_. midieosé Mg (= | 0 ]. m L0 sin g,
v ¥ Ve B siné, + =
' —m el

(2-13)

The [retion furce cun be evaluated based on Fig. 2.2, Firstly the normal force acting on the

ruil due te the syslem operation 15 found as follows:
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Figure 2,2 Single inveried pendulum frction force.

N —(ﬂ-f +r.l1..)g +;ﬂrml 55315'] 'I"ﬂnml G{}Sﬂj =0

Where: N is the nomal force.

w15 the tangeniial aceeleration of the link's center of mass,

a, is the normal acceleration of the link's center ol mass.
Substituting the values ol a, and a, yields:

N =(M +m)g —m/ sinéd —m 10 costi
The friction force consists of two compeonents, static and dynamic:

"Fin'.- :F_I'.'ﬁrfN *E(‘: ] +-‘l‘!d.-m.'.--'h‘" I:S'g" l:.'i' )

Where;
The unit impulse function & (x) Ly 2=0
1o uniL Impuise TICTION X |=4
¢ 0 5%0
1 %50
The sign function Sen (%) =
e sign function Sgn (2) {—l Sl

24

(2-14)

(2-15)

(2-18)

(2-17)

(2-1%)
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2.2.2 Linearized model

i order lo obtain the lincar model for the single inverted pendulum svstem, an operating
point 15 to be selected first. This point is chosen to represent the upper vertival pasition, in
other words x4 and their derivatives are assumed to be very small (approximately zero),

Thus it eould be assumed that!
S
- sinf] =8,
- All the higher orders of#,and 6, are approximately zero.
The dry [nction is ignorad,
Hased on Eq. (2-13) the resulting linearized model that describes the system in the

operaling region is:
'- J d _ T
Mim+—  ml  x ’--; ofts1 10 o 1 |2 T &
s AN NI DT
m.d, m 4 |- Lo o LA | R UJ |
(2-19)
Defining the matrices:
= Muss matrix:
-'A"+n'1,+'~'r : mf
M= .n'/:.: i (2-20)
ml m]Ef k2
= Damping matrix:
4
D, ={r (2-21)
Ln 0
- Quasi stiffness matnx:
E=F o (2-22)
L —m,gL_J
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- Input matrix:

e
B- % (2-23)
L D o
Disturbance matrix:
i
B, =g L;J (2-24)

Regarding these matnices, il could be noted that:

- The mass malrix 1s symmetnc, regular and posilive delinite matrix.

- The system has a dynamic couplmg 1n the mass matrix only, while there is no static
coupling in the quasi stiffness matnix.

- The guasi stiffness matrix (K) is a destabilizing matrix, since il tends 10 take the system

away from its operating point.

Using the previous matrices. Eq. (2-19) could be expressed as:
M¥ +D X +KXx =BT +B,f, (2-25)

Where: x =[x &]

To yield the state-space representation lor the linear system, four states are neaded 1o
describe the svstem. These are chosen to bex, x. £, and Eﬁ . The input to the system is the
motor torque (T). As the system is equipped with the necessary sensors, the four states
(x.6,,x ,uudﬁi.lj are the measurable oulputs of lhe 5-}'.'5I.r:|:|11. Based om the previous

discussion, the state-space model of the system is expresacd as follows:

x| D L fi=lf o .. o 1.
- | T i = M G B i e £y
] |-M'K -M"D, | % | M7B| |M'B,

(2-26)

L. Bothx and ¢, wre direetly measured, while the other twe siates (velocities) arz estimated using backwird
rumercal differentiation, ax shown in Chapler S
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System parameters are delined in Table 2.1',

Tahte (2-1): Single inverted pendulum parameters

Symbol Description Value Units
M Mass of the cart 1.45 Kg
mo | Mass of rodl 0.145 Kg
I Eadiug ol the pullay 00z m
[ - Distance to conter of mass of nod] B.k62 m
g, Moment el inertia of the 2 pulleye 155%107 | KRagm'
i J, Mass moment of inerta of the link about its C.0.G 20013 Kgm*
d i Damping ceefficient of the motor and bearings SEX10° | Nmsiad

Substituting the values given in Table 2.1 into matrices (2-20) Lo (2-24), then in Eq. (2-26)
yields;

i1 [o o 1 0« 0 0 0

g1 10 i

Jn 0 0 1jfg] | o G 0 0 17,

£ | [0 064 085 0|5 || 207 06 032 |f,

4] [0 481 393 ol[d | [-137.8] |-275 €711 (2-27)
k. ;_ é,_r & f;.l—_!

=Lz & % 8]

-

- Paramieters values shown in Table 2.1 are basad on calculations and tests perfurmicl in [2]
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2.3 Mathematical model for the double inverted pendulum

In this section a nonlinear model for the double inverted pendulum on a cart is derived.
This model includes the effect of frction [orce between the cart and rail, in addition to the
effect of disturbances acting at the cart and each of the twa links,

21.3.1 Nonlinear model

The mathematical model for the double inverted pendulum congists of 2 set of three
second-order nonlinear ordinary differential equations, these eguations are derived using
Lagrange’s approach discussed earlier in this chapter. The DIPC system is represented
graphically in Fig. 2.3, where the friction force and the disturbances acting on the system
are meluded, so as to be modeled and counted for during controller design and simulation.
Based on Fig. 2.3, the total kinetic energy (T) of the DIPC system, as il is lhe case for the
single inverted pendulum, 35 the sum ol those conergics for each of the system components,

i.¢. kinetic energy ol the motor, pulleys, in addition 1o that for the cart and the two links:

T =8 i i, Y s

(2-28)
In mare datails:
T =%_n§j§ + % Mx 7 4 %.11&“ + lzm]v;w,, +%Jzézz +% m¥ (2-29)

Where:
J o igthe equivalent mass moment of inertia for the motor, and pulleys.

&, i is the angular displacement of the mator,
The angular displacement of the motor (£, ) is related to the displacement of the cart by the

rudius of the pulley, as shown in Eq. (2-4) and repeated again here:

i =

o (2-30)

x
e




Ip,l‘p M =
o : =
2. i e ()

Fiie

Figure 2.3 Douhle inverted penduium system,

Where: M Mess of the Can. my; Mass of the linkT.
my: Mass ol the link 2, Jy: Mass moment ol inertia o the link 1.
Jz¢ Mass moment of inertia of the link2, ly: Listonee 1o center of mass of the linkl.
Iy Diistance o center of mass of the link2, 1o Mass moment ofinsnia of the pulleys,
rp: Radius of the pulley. T Input torque from the motor,
F:..: Friction force, d: the motor viscons damping coefTicienl

Fe: Disturbance foree acting &t the carl. Fyo: Disturhance force acting at the firet link,
Faa: Distorbenee force acting at the second link,

The kinetic energy of each link is a result of the tangential and angular velocities of its
center of mass, That tangential velogity consists of two components, horizontal and

vertical, as follows

- For the first link:
x, =hsinf +x — % =8 cosf, +x (2-31)
v, =1, cosé, - =058 (2-32)
- For the second link:
x, =x+Lsinf +Lsinf, = i =i+L6 cosd +18,cosé, (2-33)
v, =L, cost, + 1, cosd, — j, ==L, sin6, +1,0,sn0, ) (2-34)

Substituting Bqs. (2-30) to (2-34) in Eg. (2-29) vields:

r=rm+Llereligriliozelm [lx 16,050 +(1,0,sin0 ]]
2 oy 2 2 2
A P
+ 2 (e L6, cos, 11,6, cos8,f + (1,6, 58, +1,6 'a)’] 2.35
EmI x+ LG cosf + 1.6 cosh, | +|LEsinb +[8 sind, (2-35)
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The total potential energy (U7) in the system is a resull for center of mass elevation change
for each of the two links, thus (U) 15 given by

U=mgy, +m.gv, =mgl cosb, + mlg[l.i cosé, +1, cosf, | (2-38)

Applying Lagrange’s equalion for each of the three peneralized coordinales x . @ and &,,
yields:

1) In x direction:

T S W T 1 1 P ey [ T —

The Lagrange’s equation in x direction is given as follows;

A T L
Where:

aT | 1 - e . :

E=;‘|,{_;_mj(x+flﬁl cost, )+ my {5+ 1,6, cos b, + 1,6} cas, )

et

o

I
el —0
o
R A
a, =:—E1 _"r:_:'.-'.":' o PR PR [P

Applyving Eq. (2-37) and simplilying it yields:

{M +m, +m, +7;3]f t(ml, +m, 1, JeosB6, +(m,d, cos, )i, =67 (m 1, +m.L,)sin 6,

; . d :
_'H;mzf: sin ¢, =fr/’/:1 _?_:: & _F_p.-ir g T PR S (2-38)

2)In &, direction:

The Lagrange's cquation in ¢, direction is given as follows:

d|éT| 6T &b
({.- ) Gl =0, (2-39)

Sent el S
d\ 28, | a6 &g
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Where:

%=J.d’, [+ 16, cos6, § cost), + (16 sing, J, sing)

+mll(.'r+.-£1£:'| cosd, +18, GQ'S-E’E)L[ cosd +[L,£;'l sin 6, - L&, sin E?E).L sin E,J
or L ey 3
gﬂ. = ?ﬂ,[— [:c +16, msﬂ,},ﬂ, sind, ' sin@, msﬁl]

+m, i—(i: - .T,JE:', cosd, + EEE;'E Cos HI._)L, 4. sin 0, +(E19: sinf, + 18, sind, )F.!é, cnsE]J
ol : £
-ﬁ% - —{m]!lgsm @ +m,l,gsind )
v

Q-:i. = fmzl‘! E0G r:lil * fd.‘!LI Qs ﬂl

Applying Fq. (2-39) and simplifying it yiclds:
(m ] v m,L, ) cosOF 4 (m,-’f ~md +J:)§, —(nhL-,iE cos(d. —ﬁ':})é"'i
+(m,L 1, sin(8, —6,))8 ~(m,], +m,L, )gsing =f,,L, cos@ +£,,1, cosh, (2-40)

3) In 0, direction:

The Lagrange™s equation in #, direction is given as follows:

R B e (2-41)
di|\ 00,) @8, ab, :
Where:
=T, [+ 1,6, 038, < 1,8, cos8, Jy cost, + (L6, sinfh, + 1,6, sin, V. sing,
Ci7q

;’;— =m, [—(i +L.0, 0030, +1,8, cos 8, )6, sin @, +(L 8, sing, +1,4, 5in8, }.6, cos ag]
]

i —m, I, g sin g,
X
Qg =1L, cosd,

Applying Eq. (2-41) and simplilving it vields:
(mdy 0058, )% +(myLidy cos(6, ~6,))8, + (mod] 4.7, )8, —(m,L 1, sin(0, - 0,)) 6"
—m.l,gsing =f,.L, cost,

(2-42)




Equations (2-38), (2-40) and (2-42) that describe the double inverted pendulum on a cart

Synamics can be wrilten in & more compact form as follows:

rH+-m]+m2+y, (myd; +m L, )eos 8, m,I, cos8, Mo ;yt

¥ i T
{m,l,+m2L,)wsi5’., miti+m,L}+d,  m,Ll,cos(8 —6,) é <l 0 |x
| m,l, cos@, m, L1, cos(t) ~0,) myli=J, &, 0

0 8 (ml +mL,)sinB,  —@im,l,sin, 0

|0 v Oim Ll sin(6 ~8) | + ~(ml,+m.L)gsing |+
0 Bm,L],sin@ —6,) 0 ‘ ~m,l,@ sind,

{] % 1] L

0F. = | 0 | T.+|0 Locosh Lcos8 |[fos

,_oJ 0 0 0 Lyeosd, || S,

(2-43)

= order to evaluate the friction foree, the normal force is to be firstly found. Based on Fig.
14

N =M rm-my ) g —(m], "'mi’r'llﬁi"*?lél ~ml, sin86, —(ml +m.L )6 cosd,
—m{, cos £,07 (2-44)

Figure 2.4 Double inverted pendulum friction force.
Whire: N normal foree, &) (hetnngential secaleration, 5,0 the normal acceleration
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1he Inction force consists of two compenents, static friction and dynamic friction as shown

m Fig. 2.5, These components can be expressed as follows:
Fow =00 N %3 (%) + 0 N *Spn () (2 -45)

Where ﬂ'(x' )and Sgn(x ) are given in Eqs. (2 -17) and (2 -18) respectively.
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Flpure 2.5 Stanc and dvmamic frictinn.

1.3.2 Linear model

In order to obtain the linear model for the DIPC, an operating point is o be selected first.
This point is chosen 1o represent the upright vertical position, in other words x, & | @, and
their dervatives are assumed to be small (approximately zero). Thus it could be assumed
Lhal:

- cusd, =1 und cosd, =1.

- s8in#, =F and siné, =4..

- All of the orders of 6,,4,, 6, and #, higher than | arc cqual to 0.

- The effect of the nonlinear coulomb damping (friction) is ipnored.
Based on Eq.(2.43) the resulting linearized model that describes the system in the operating

region 1s;
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HJ’”‘["”"E"';T/: (m 0, +m, L) myl; | _yx
i7" X 7
(m i, =m,L,) mii+mI+J,  mll ||8 [+ 0
m,1, m. L, m i+, || 8, 0
0 0 0 X [%,, A T
0 —(mf,+m.L)g 0 8= 0 [T, +0 L L
0 0 -mte | 6 | 0 06 L
Defining the matricas:
Mass marrix:
| M + 0ty + iy + jr"' (it + iyl ) m,
P
M= (md, + 0, L) mil+mli+J  mLlL
i, m Ll muly +1,
Damping matrix;
7 0 0
’F’
b= & ¢ 0
0 0 0
Quasi stillness matnx:
0 a 4]
K=0 —(ml+mL}g 0
0 \ —m.l,g

[npul matrix:

(2 -46)

(2 -47)

(2-48)

(2 -49)



ol -
aae

(2-51)

From the previous matrices, ane could note:

The mass malrix is symmetrical, regular and positive definite matrix.

The svstem has dvoamic coupling only in the mass matrix while there is no static
coupling in the stiffness matrix.

The stiffness matriz (K) is a destabilizing matrix, since it tends to take the svstem away

from its operating region.

LUsing the matrices defined by Eqs. (2-47) to (2-51), Eq. (2-46) can be expressed as:

My +D_¥ 4 Kx =BT +B,f, (2-32)
Where:
x=[x 0 a4

To vield the state-space representation for the linear svstem, six states are nesded. These
are chosen to be x,0,,0,.%, ¢, and ¢,. The input to the system is the motar torque (Ty).

As the system is equipped with the necessary sensors. the six states are the measurable
outputs of the system'. Based on the previous discussion, the state-space model of the

DIPC svstem is expressed as follows:

'x_‘u L, x_uT+n";f
X |-M7%k -M'D, ||#| |M'B| [M'B, |

s

System parametars are defined in Table 2.2,

(2.53)

' As in the casc of SIPC, Bathx -¢ and &, arc directly measured, while the other three states { the velocitics)
are-egtimated using beckwand numerical differsmtiation, &s shown in Chaprer Six.




Substituling the values given in Table 2.2 in matrices (2 -47) o (2 -51}, then in Eq. (2 -53),

vields:

X

k=3

By b O

i S

Table (2-2). DIPC parameicns

Symbal Description Value Units
M Mass of the cart L.45 Kz
[ m Mass of rod 033 Ko
i, Mass of rod2 1.132 K
L Length of rod] 2,335 m
Ty RRadius of the pulley 0.02 m
! Length of center of mass of rad! 0.2276 m
ol Length of center of mass of rod2 0,125 m
J, Moment of inertia of the 2 pulleys 1L5sx 10" Kg’
b Momert of inertia of inkl about its C.0O.G 0.0436 Kgm'
J, Moment of inertia of link2 about is CO.G | 698X 107 Kem'
g Gravitational constant 981 s

0 0 0 U - 0 T
0 0 0 0 1 0|8 0
0 0 0 D 0 1|8 g 0
0 -0.67 —-025 -065 0 0| = 22.3
0 183 -45 832 0 0| @ | |-287
0 =326 691 22 0 0|8 |-759
i A

0 0 0

0 0 0

A 9 5 i

045 025 0.18 fas

-0.57 467 -327 Sus

-1.52 —10.34 11078

L7

- . = aAT
y=lyx 6 6 % § é, |
=
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Chapter Three

Electrical Components and Interfacing
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3.1 lntroduction

A3 & mechatronic system, clectrical part is an cssential component of the DIPC. This part
=cludes the sensors and the actuator used in the sysiem. in addition to the interfacing
Sircuits necessary to conncet those sensors and aclualors with the controller, which is
mmplemented using a desktop PC.

Ia DIPC syslem, and ax stated in earlier chaplers, it is desired to establish a closed-loop
control system that is able to stabilize the two links in the upright vertical position while
tacking a desired position of the cart along the trock. To achieve thal, sensors are used to
measure the outputs of the system (i.e. cart position, the angle belween the first link and the
cart, and the angle between the two links), and feed them back to the controller which is a
desktop computer working under xPC targel environment, as will he discussed later, The
controller role is 0 generate the swlable acluating signal, and send it to the servomotor
dover, which in tumn commands the motor to generate the desired torque value. To conneet
these sensors and the actuator to the controller, two data acquisition cards are used with
=xlernal conditioning and filtering circuits. Figure 3-1 shows the basic conneclions belween
the electrical components. Each of these components will be discussed in the upcoming
sections,

1.2 AC servomator and driver

Servomotors are used in closed-loop control systems in three modes ol control, position
velocity, and torque control modes, In DIPC system a high-performance AC servomolor is
used to mect the requirements of smooth rotation down to stall with {ull control of torgue.
and fast acceleralivns and decelerations, and accurate torque control ability, The servo
driver is connected 10 a PC based controller thal generates a voltage sipnal related to the
amount ol lorque to be generated by the motor. An incremental optical encoder is
mecorporated within the servomotor. This provides the servomotor's position and velocity
feedback signals, which are used by the controller.
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Figure 3.1 Schematic diagram shows the clectricul part of the DIPC,

In fact, the concept of the loop within a loop is applied in DIPC system, where the
servomotor driver is considered as the inner loop of the contrel svstem, which is
responsible to generate the required torgue value wecording to the voltage command
generated by the outer loop, The inmer loop is selected to be much faster than the outer
leop. so as to get the required torque instantaneously. Figure 2.3 shows the inner/outer loap
relationship.

Inner loop controller Servo DIPC
State feedback {servo amplifieror [ ]  Motor
controller tdrivar)
Quter loop | Cuent
feedback
lMeadback

Figure 3.2 The losp-within-a-loop controller,
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Usually servomotors have small-diameter and high-resistance rotors, The fonmer provides
low inertia for [ast starts, stops, and reversals, while the later provides a nearly linear

speed-torque relationship for accurate control.

3.2.1 Servomuotor and driver specification

A three phase AC servo motor, provided by Panasonic company, is used in the DIPC
system 1o drive the cart linearly along the linear track by heing directly coupled to a rope-

pulley mechanism, This motor is provided with Panasonic Minas A-series Driver [1]. the
main components of the driver and the motor are illustrared in Figs. 3.3 and 3 4.

Motar cable

nooder

Frama

Mounting bolt halas (4)
Flanga

Figure 3.3 AC Servo Motar Componenis.

This AC scrvomolor meets the requirements of low inertia, high lorgue at low speed, and
accurate control. The Ac servomaotor used with the developed DIPC has the following
specifications.
Motor model: MSMAQO4ZA |E.

*  Driver model: MSDAD43A2A26,

* The rated power of the motor is 400 watl, with 3000 rpm as a rated speed, thus the

rated torque will be:
Traed = Rated Power / Rated Speed
=400/ 314.6=1.273 Nm.
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Figure 3.4 Components ol the dever,

Fetor conmactian
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Muotor rated voltage is 200 volt, three phases. Thus a three phase transformer should
be used. Altematively, the motor is connected directly to a repular single phase
instead of three,

The encoder provided with this model is an incremental encoder that generates
2500 pulse per revolution as a maximum value.

Allowable radial and thrust loads on the shall of the motor during operation is:
Radial load = 245 N.

Thrust load = 98 N.
Over load protection over time: The motor provides a protection against over load,

thus it can run while over loaded for a specified interval of time depending an the
overloading value, as shown in the Fig. 3.5,
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Figure 3.5 Overload pretection, time hmiting characteriatics,

Based on this figure, the maximum long period working torque is 115% of the rated
torque, and as the applied torque increases the allowable working lime decreases.
Mina's driver provides a limiting of the instantaneous torque generated by the motor,
this limit iz set by the parameter (Pr3E) as will be shown later.

3.2.2 AC servo maotor connection

Figure 3.6 shows the conncctions between the main power supply, the driver and the

servomotor. Other components are conmected as follows;
L]

Encoder cable is connected to the CN SIG connector “shown in Fig.3-4”, and it
should be at least 30 cm from the main power lines.

CN SER conmector is connected to the RS232C of the PC. go that the PANATERM
software could be used,

CN T connector is used for controller connections, as will be shown later.
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00VAC

Install a non-fuse breaker or lenkage breaker. The latter
sheuld be a special one inended for inverters. e, with &
counlermessure egainst higher harmonics,

Tastall & nogse filter withowt fail,
Install & surge absorber 1o the mugnetic contacter coil,
Tnstall gn AC reactor,

Connest batween L1 and r, and hetoeen L3 and L

Don't remove the short her connecting between Bl and BZ.
Remove this only when an external resistor 15 connzered.
Lnsure matching in color between the motor wires end
terminals (L 'V and W),

Den't shord circuit or ground, Don't coonest o the main
POWer.

Connect to the groundme system of the fazility.

Never fail fo connect between the drivers protective esarth
terminal and control bosrd’s protective earth terminal (PE) in
arder to avoid electrie shocks.

No mmitiple connections to 2 single earth  temmyinal
- permissible, There are two earth terminals.

- BT 1 T2

-]

Figure 3.6 Schematic diagram shows the eonnections of the main
cipzuit of Minas- A series AU servomotor deiver

3,2.3 Additional Components

Additional compoenents could be used with the mator and its driver; such components
imprave mator performance, provide protection, and increase the flexibility. These

components include:

1. Communication cable

Special cable (R8232C) can be used 10 connecl the motor driver with PC. Such a
connection enables the user to set motor parameters and monitor the response of motor

using graphical interface,
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Figure 3.7 RS232C used to sonnect the driver with PC,

1. Load reactor and Noise filter

Reactors have been used for many years to solve problems in variable speed drive
msiallations. About ten years ago the use of line reactors started to become more common
= they helped ta solve typical problems on the input (line side) of variable frequency
dnves (VFD) and SCR (Thyristor) conlrollers which include the driver type
IMSDAD43AZA26) [1]. Resclors are often used as low cost substitutes for 131 isolation
wanstarmers. The typical problems that line reactors solve are drive nuisance tripping.
voltage notch reduction (for SCR controllers) and harmonie attenuation. Load reactors are
usually called "line reactors" because they were always used on the "line side” or input of a
variable speed drive. Attempts to use "line reactors” on the output side of a drive tended to
fail. because line reactors typically overheated due to the harmonic content of the outpul

waveform [5].

In DIPC system, the need to line reactor and nuise filter appear due to the noise effects on
the reclilier thal supplies the encoder of motor, the input voltage of encoder was very noisy,
which significantly affects encoder’s readings. With the Noise flter, the readings were
improved, but still nced a special mterfacing circuit, whick are discussed later in this

chapter.
The benefits of using line reactors and noise Gliers can be summarized as lollows:

» Attcnuation of line harmonics.

« Extended swilching component life (transistors, SCRS).
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= Extended motor life,

*  Reduced motor operating temperature (20 to 40 degrees ),
» Reduced audible motor noise (3 1o 5 db).

»  Minimized power disturbances,

» Filtered electrical noisc (pulsed distortion and line notching).

+  Waveform improvemenl.

3.2.4 Operalion at torque control mode

One of the advantages of Minas A-series driver is that its abilily to provide three modes of
control; position control, veloeity control, and torque control modes. in addition to hyhrid
modes of control, velocity and torque for example. In the case of DIPC. lorque control
mode is used during system operation, where the torque value generated by the motor is
determined aceording (o a2 voltage command applied to the motor. This control mode i
achieved using external circuit connected to the CN UF connector, Table 3.1 shows the
main connections in the torque contrul mods, The basic parameters used in this mode of
control are demonstrated in Table 3.2. While Fig. 3.8 shows the basic connection for torque

control mode.
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Figure 3.8 CN I'F conrection of the Minas-A divar in torgue sontrol mode.
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Table 3.1 CN IT main conmections in orgue coniro] mode,

Teminal TCNLF Pin ) :
Deseripaon and Connectivn
ame Number
G . Cennected w the positive terminal of the external power
supply {12-24 volt)
Connected to the negative terminal of the sxtemal power
CIOM- 41
supply (12-24 volt}
Afier satting all parameters, close ifs conmection to COM-
Servoon 24
engbles the mator.
Alarm cloar 3 Closing the connection with COM- efcars the alerms,
Torgue input 14 Amalog lomue command input
GND 15 Groand terminal T Analog orgue command.
Tonque manitar
41 Outpuis an-anglog voltage related o the acmal tomuce.
euput
Outpuls an analog voltage related to the motor spead. The
Speedd momiler
43 relation betwesn the speed and owput voltage iz sat by the
output
paramerer (Pri 7],
| GND 7 Ground terminal for both cutput pins 42 and 43,
=3 § CW over travel inhibilor,
| CCWT g CUW aver travel inhibilor
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Table 3.2 Perameters used intorque contrel mode.

Parameter T
i Deseription
Number
Priz Rl this pacameter to (2}, to select the toryue contml maode,

T Sut this parameters @ (1), in order 1o enable the CW and CCW over travel inhibis.
One can select'set-up the relationship bstween the voltage to be fed-out to the specd
moniter signal ouwput (SPM: CN IF Pin 43) and the actoal velacity or
commanded velocity of tha mator.

. Relalianship batween aulput voliage
Value | SPM signal lavel and velocity
0 6V [ AT rimin
Prl7 - :
- ; "6V /187 rimin
2 Actual motor velocity 6y | 750 rimin
| 3 6Y [ 3000 rimin
—_— et
i 1.6 / 3000 rimin
b 6% [ 47 rimin
B L . B\ /187 rimin
7 Commanded velocity &Y | 750 rimin
B 8v / 3000 v/min
. g 1.5V / 3000 fmin.
g Set this parameter to (0), so that the torque monitor signal ermiral (IM: ON I'F Pin
&2} outpurs & volt per rated lergque.
Prid | Specifies the number of the Encoder's output pulses per turn {1-2500).
Prag Defines the veleeity limit {in rpm) at torgue sontrol mode.
P58 Specifics the acceleration tima (in 2 me/1000 rpmy},
Pra® Specifies the deccleration time (in 2 ms/1000 rpm).
Pr5A Specifies the S-shaped acceleration'decsleration time (n 2 ma ).
Set-up the relationship between the motor torque and the voltuge applied to the
Br5C torgue command input (TROR: UN UF pin 14).
» The unit of this parameter is (0. 1TV 100%5].
» The default value of 30 cerresponds o 3V rared lorgue
Used o inver the polarity of the torque command input signal, the
defaull 15 [0,
g | Value | Directien of motor torque
¥ CCW torgus with (+) commands
1 C\W torgue with {+) commands

| PrSE Sets the maximum instantaneous torque as a percentage of the rated

| tOrquE.

The Minas A-series driver provides some operation inhibitors, to equip the user with more

control ability and enhanced safety features, In torque control mode, which 15 the mode of
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werest in DIPC systen, over travel inhibit is of significant importance to secure the sysiem
S over travel dangers, the basic properties of this feature and how to use il is explained

= e following subsection,

Owver travel inhibit
For linear motion and other similar motions, over traveling of the work may cause
mechanical damages. To avoid this, it is necessary to provide 2 limit switches at each end

= that traveling over the limit switch position can be inhibited, as indicated in the Fig. 3.9,

CW direginn Work GGW draction
e L} ! Driver
Barvh )
mobor L‘-'l!t Limit
swich swich
CCWL
WL

Fig 3.9 CW and CCW over iravel mhibic

The limit switch that is used Lo limit the motion in the CCW direction must be connegted
setween the COM- and CCWL (CN IF pins 9 and 41) in normally closed situation, and the
ome used for CW directinon must be connected between the COM- and CCWL (CN V'F pins

® and 41) in normally closed situation Loo.

It should be noted that the parameter Pr04 “over travel inhibit” must be set o *0” in order
to enable this feature, otherwise the over travel inhibit is disabled and the system will not

stop even if it passes over the limil switch
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13 Sensars

== order to build a clased loop control system for the DIPC. sensors are used 1o read the
we=puts of the system and feed them back i the contrnller, The sensars usad in this project

ot moremental optical encoders.

23,1 Optical encoders

A= encoder iz a device that converts linear or rotary displacement into digital or pulse
= gnals, The most popular type of encoders is the optical one, which consists of a rotating
Sk, a light source, and a photo detector (light sensor). The disk, which is mounted on the
sotating shafl, has pallerns of opague and transparent seclors coded into the disk as shown

= Fig.3.10. As the disk rotates, these paitemns interrupt the lighlt emilted onlo the photo
setactor, generating a digital or pulse signal output [11].

it oy Dizh

Tigure 3.10 basic operation of cnzoder

There are two general types of encoders, absolute and incremental encoders.

» Absolute Encoders; An absolute encoder generates a unique word pattem for every
position of the shaft, The tracks of the absolute encoder disk, generally four to six,
are usually coded to penerate binary code, binary-coded decimal (BCD), or gray
code oulputs. Absoclute encoders are most commenly used in applications where the

device will be inactive for long periods of time, there is risk of power down, or the
starting position is unknown.
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= Ineremental Encoders: An incremental encoder generates a pulse, as opposed to
an entire digital word, for cach incremental step. Although the incremental encoder
does not oulpul absvlute position, it does provide more resalution at a lower price.
An incremental encoder with a single code track, referred to as a tachomeler
cncoder, generales a pulse signal whose frequency indicates the velocity of
displacement. However, the outpur of the single-channel encoder does nol indicate
direction. To determine direction, a two-channel, or guadrature, encoder with twa

detectors and two code tracks should be used.

Quadrature cacoders are the mosl common type of incremental encoders. This type
generates two output channels (A and B) to sense posilion and direction, using two
code tracks with sectors positioned 90° out of phase as shown in Fig. 3,11, the two

output channels of the quadrature encoder indicate both position and direction of
rotation. If A leads B, the disk is rotaling i a clockwise direction, otherwise, the
disk [s rotating in 2 counter-clockwise direction, Therefore, by monitoring the
number of pulses and the relative phase shift between sipnals A and B. one can
track both the position and direction of rotation,

rECENECEAECE R TR g
0 - T
Cuseds Troeke an Divk

HEE LML LTL chansta
SR Chatnel B
i

Figure 3. 11 Rotary enveder output phases.

The third putput of guadrature encoder is phasc Z, this output gives an indication
that one complete cycle (360%) is passed, therefore it could be usad 1o determine the

home position of the encoder.

As slated earlier, three optical encoders are used in the DIPC system. these encoders are
located art the joint between the two links, ar the eart-link1 joinl, and the third is provided

with the servomotor as shown in Fig.3.1.
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3.4 Data Acquisition Cards (DAQ)

Two data acquisition cards arc used, one is supplied by National Instruments, while the
other by Measurements Computer.

241 N1 6024E

This product is classified as peneral purpose data acquisition card. The function of this
DAQ in DIPC is 1o send analog signal from the computer o the servomotor driver o
generate the required torque signal, in addition to receive other analog and digital
commands discussed later. Table 3.3 shows lhe specilications of the NI6024E card [9].

Figure 3.12 National Instruments Data Acquisition Card series.

Tahle 3.3 Specifications of the Uata Acquisition Card.

| DAQ familv NI 6024E PC1
Analogue Input
Channels 8 differential or 16 single ended
Ioput Resolutivn 12 hils
Ioput Kange 0,03 o <10V
' Analogne Oulpul
Channels 2 nut[lﬁ_tq
Outpar Resolution 12 hits
| Output Kange £ 10V
. Cuarrent Dirive SEA max




2.4.1.1 DAQ Connections

Table 3.4 summarizes the pins that are used with the N16024E DAQ. These terminals are
wed for cending the contrel signal, ie. torgue command. receiving feedback signals
m=oresenting the motor’s actual velocity and the penerated torque, in addition to receive the
Setal switching commands s explained in Chapter Six of this report.

Table 3.4 DAQ pins that sre used within DIFC system,

DAQ Pins Description
Pin 22 Analogue output
Pin 55 GND

Pin 6] Analop mpuat
Piin &7 GND

Pin 52 Digital input
Fun 18 Digital GHD

To protect the DAQ card from high voltsge input and high current loads, an analog
weolation eircuit is used to isolate the servemotor driver form the DAQ card poris as

shown in Fig. 3.19, The function of this circuit is discussed in details in section 3.6.1.

342 PCI-QUADDS

BIPC system 15 sensitive to noise interferemce, and error may occur while reading the
position from sensors. So, in electrical design, special and robust equipment must be
selected, PCI-QUADO4 provides accurate readings from the encoders since it has special
counters, and filiering circuits.

The PCI-QUADO04 is a PCI plug-in board that provides inputs and decoding for up to four
quadraturc incremental cncoders. It can be also used as a high speed pulse counter for
general counting applications.
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Figure 3,13 PCIOUADOS

The PCI-QUADO4 provides inputs for three basic signals, phase A, phase B, and Index.
lising these signals, the controller can determine system position (counts). veloeity
(counts per sceond). and the direction of rotation. Table 3.5 summarizes the basic input
specifications of the PCI-QUADO4 DA [10].

Table 3.5 PCI-OUADM specilicalions,

| Receiver typs SNTSALSITS quad differentinl receiver

Fach channel consists of Phase A input, Phase B input and Index |
input; each input has a switch (jumper) used o select among as
single-ended or differential input modes.

Diffetential

= Phase A, Phase I and Index (+) inputs ar wser conneclor romled Lo
() inpues of differentia) receiver.

= Phase A. Phase B and Index (-) inputs al wser connector routed 1o
the (=) inpwts of differeatial reveiver.

Connection confipuration

Single - ended

= Phase A, Phase B and Index {~} inpuls sl user connector routed to
(' Vinputs of differential receiver.

= Phase A, Phase B and Index (<) inputs at user conngctor routed to

Number of channels -

Commuon mode input 12 Y s

voltage ranae

Differential input voltage g P T
| eanog




The main differences belween the NI6U24E counters and those of the PCI-QUADO4 are

summarized in Table 3.6,

Tahle 3.6 Ditferences between PCI-QUADCY pnd NIAII4E counters.

PCI-QUADNM NIsO24E
| Number of counters | Suppurt four encaders Support only twe encuders
| input Have two modes, single-ended and | Single-cndod mode only
. differential.
| Inpul range =12 volt madimum at single-ended | -5.5 vell masimum
L g and differenlial inodes.
Diraction Specify the dircction automatically Lises the digital irputs o
E specify the direction
Moise filter Have moase [ilker Dor't have naise filter
Phasc Z Suppaort phase Z Nt supported
Isalation Not reguired (but psed for more | Needed (outpur the encoders is
protection ) 12 Vol
Resolution Can multiply the resolution by {izur The same resplution

15 Computer system

There are two computers used to control the DIPC system, one of them has the two DAQD
cards, as discussed in the previous section, in addition to a special network card to connect

between the two PCs. Mare information about the computer system are demonstrated in the

[ollowing chapler.

3.6 Signal conditioning and technical issues

Interfacing circuits are used 1o connect the data acquisitian cards IO porls with the three
optical encoders and the servomotor driver. Some of these circuits tend to provide
protection for these devices by isolating the high power sides from the low ones. Other
interfacing circuits arc used for signal conditioning and filtering in order to eliminate noise
affects, thus more reliable and more accurate data necessary for precise control system are

obtmned.
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3.6.1 Iselation methods

Signal isolation is used to separate sensor signals which can be e¢xposed to high voltages
from data acquisition card inputs Lhal operate al low voltage levels. The need and
importance of isolation circuits are summarized with the following points:

- Protecting equipment from transient vollages.

- Improving noise immunity.

- Eliminating earth looping,

- Inereasing commen-mode voltage rejection.

- Providing protection against bad connection.

Two main methods for isolation implemented are used in this project, which are:

- Optical isolation: which is used [or isolaling digital signals similar to these
senerated by optical encoders. With this method the original signal is applied to
the LED side, while the output is obtained from the phototransistor side, where
the light emitted by the LED represents the only connection hetween the two
sides. The main advantape of using of using optical isolation is its immunity Lo
glectrical and magnetic interferences, but on the other hand, transmission speed,
high-power dissipation, and LED wear are the main drawbacks that should be

taken into account when using optical isolation.

LED -;..:3;t :':':.":

Figure 3,14 Optical 1salator,

To uvercome the transition speed problem, special optical isolation chips, 6N137,
shown n Fig. 3.15, are used. This chip has a transition rate up to 10Mbd which is
suitable to isolate the high [reguency incremental encoders output from the DAQ
input ports.
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Figure 3,15 6N |37 Opt-coupler connections.

Sigure 3,16 shows a schematie for the entire digital isolation cireuil used to isolate the PCI-
Cruad04 inputs from encoder outputs, using the 6N137 apt-couplers.
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Figure 3.16 The interfacing circuit used to connect encoders with the PCI (uadb4 counters,




- Capacitive coupling: Capacitive isolation is based on an electric field that chanpes
based on the level of charpe on capacitor plates. This charge is defected across an
1splation barrier and is proportional {o the level of the measured sipnal. This method

15 used for analog isolation.

Figure 317 Capacilive jsolution,

One advantape of capacitive isolation 15 its immunity to magnetic noise. Compared
to optical isolation, capacitive isolation can support [aster data transmission rates
since no L.EDs are used. The main disadvantage of capacitive coupling is that it can
be susceptible to interfercnce from external electrical fields; since it involves the

use of electric ficlds for data transmmssion.
I'he isolation amplifier used to isolale the servomotor driver from the analog output

port of the DAQ is ISO124P, shown in Fig. 3.18. This device uses the capacilive
coupling method and thus it is well suited for analog isolation [12].
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Figure 3,18 [50]24p,
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The detailed interfacing circuit used for analog iselation is demonstrated in Fig, 3,19, This
cirenit provides a full isolation between the NIG024F analog output port at the compuler
side. and the torque command input port at the driver side. Thus protecting the DAQ from

overloading and misconnections.
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Figure 3,19 Connection between controller and drivér usad in torgue control,

3.6.2 Digital noise filter

The purpose of the digital noise filter is to remove any kind of noise that may alleet the
measurement sipnals. A part of this noise comes from the environment due to
clectromagnetic fields generated by the servomotor or by communications, Other sources
of noise are due to the motion or vibration of the motor. Quadrature cncoders face two
basic types of noise; noise spike and vibration.

» Nuoise Spike
Noise due to electrical and magnetic ficlds existing in the operating environment aftect
the oulpul signals of the encoder channels (A. B. and 7). To eliminate such effects,
complementary channels (A-, B-, and £-) arc goncrated by the encoder and used for
protection against noise, as shown in Fig. 3.20. In this case, the sume level of noisc is
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present on cach channel, By using dillerential amplificr, the noise will be subtracted
and a pure signal will be obtained.

Channel A l-w

T Noiss spike

Charmel A-

Figure 3.20 The use of complementary channels to elininate noise spikes.

To solve the noise problem, the AM26LS32 differential amplifier can be used as shown
in the Fig. 3.21. This circuit subtracts the noise signals superimposed on the original
signal generated by the encoder, thus a pure signal is obtained. Fortunately the PCI-
Quad0d DAQ provides built-in differential circuits that solve the noise problems.
eliminating the need for such a cireuit. More information about this amplifier, internal
circuits, techmical specifications and connections are available at [15].
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Figure 3,21 Differential amplificr connected with the encoder of servo motor.

In this project. the hardest environmental conditions, in terms ol noise, is faced by the
servomolor cricoder, due to the electromagnetic field generated by the motor. So it 15
neeessary to use the diflerential mode of the PCI_QUADO4 for this encoder. to get rid

of noise problems.




= Vibration
1 the encoder disk iz not rotating, but is vibrating back and forth enough to cause active
\ransitions on Channel A, then each movement will be incorrectly counted. The effect
of this dither motion is illustrated in Fig.3.22, As the encoder disk moves hack and
forth across A2, Chanmel B remains low bul the DAQ counter continues to increment

the count. resulting in an incorrect position readings.
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Figore 3,22 The vibration oceurred at the edge of A which counted as a valid state,

The PCI-QUADO4 has a special digitul noise filter which has the ability to handle
situations such as those deseribed earlicr; thus readings obtained from it are reliable and
sccurate enough to be used in the control systent.

Wwith National Instrument DAQ cards, the LS7184 filter is usually used to solve the
vibration problem. as shown in Fig. 3.23. Furthermore this filter can improve the resolution
of encader up 10 4 times by counting the edges instead of pulses. More details are available
al [14],
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Figure 23 Interfacing encoder to NT DACH using 157184,
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Chapter Four

Computer and Information System
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4.1 Introduction

In mechatronic systems computers, microcontrollers und software packages are ol
significant importance during different design phases up to the final implementation of the
system, which is especially true for the DIPC system. The availability of suitable software
wols facilitates testing different design configurations and iterating certain design. This
plays an important role in reducing the length of design cyele and can be considered as one
way for rapid prototyping. Software packages are needed in design, simulation, and testing
as well as managing the controller implementation. For the DIPC system. the controller
should be implemented with a flexible platform with high real-time ahilities required for
dealing with such rapid dynamic system. So that, a special purpose software tool (xPC
largel technology) is used, as discussed in the coming sections,

4.1 Software environment

In DIPC system, software packages are used for design, analysis, and simulation purpases
for both the mechanical and control parts of the system. MA1LAR and Simulink, provides a
wide variety of functions, and toolboxes that help not only fo design and simulate the
control system, hut also to build an exccutable real-time applications. For the purposes of
mechanical design and analysis, sofiware packages such as CATIA and ANSY'S are helpful
to create three dimensional mechanical models. specify the constraints for each part, defline
the relations between different parts, in addition to apply loads w the system and study

their ellects.

4.3 MAaTr.AR and Simulink

MATLAD is a high-performance language for technical computing, that integratcs
computation, visualization, and programming in an easy-to-use environmenl where
problems and solutions are expressed in familiar mathematical notation. MATLAB provides
many functions, numerical alporithms and toolboxes that help significanily to design the
desited contraller.
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Simulink is a software package for modeling, simulating, and analyzing dynamic systems.
It supports lincar and nonlinear systems, modeled in continuous time, sampled time, or a
hybrid of the two.

4.4 xPC target

The double inverted pendulum on a cart (DIPC) systems are usually used for educational
andl research purposes as test-beds for controllers and contral technigues. Such systems
have [usl dynamic hehavior, which implies that high real time control abilitics arc required;
limiting in tun the possihility of using ordinary PCs for implementing control functions.
On the other hand, the use of micmocontrollers will net be suitable, since the eaze with
which changes in control logic are applied is an importanl performance criterion in such

systems. Onc solution for such a case is the xI'C target lechmigue.

The xPC target is a solulion [or protolyping, lesting, and deploying real-time systems using
standard PC hardware and its peripheral such as DAQ cards, In this technique two PCs are
used, host and target. With the host PC, one can design the controller, simulate it, and
download it to the target PC. The target PC, which is connected to the controlled plank is
Just used to mun control functions in real-time and monitor the controlled application.

XxPC target technigue is considered as an excellent solution for educational and rapid

prototyping purposes due to the following facrs:
- Changes and modilications in controller desiyn are easily introduced Lo the host PC,
and the modified controller is downloaded to the targel PC almast with no effort.

Furthermore, online tuning ot some parameters is also possible.

- Hard real time requirements can be satisfied since the targel PC processor is fully
dedicated for nmning the controller.

- Host and target PCs can he connected serially, through netwaork or even through the

internet, In addition, the target PC can operate alone without any connection with

the host,




xPC target technique supports & wide mnge of DAQ cards and IO boards, which
gives the designer a high level of flexibility to choose the suitable hardware,

All of that make xPC target technique an attractive solution for implementing control

functions for the DIPC system, and other rapid prototyping and hardware-in-the-lcap

simulation purposes.

4.4.1 Rapid protofyping using xPC target technique

xPC target technique i3 a powerful tool for rapid prototyping processes. With the belp of
MATLAB, Simulink and xPC target technique, one can design, simulate and casily modity
the conptroller for target application, and run that controller in real Ume. The rapid

prototyping process using xPC larpet technique can be divided into the [ollowing sequence

of steps:

Design the control system: MATLAR and Simulink provide a wide variety of
finetions and toalboxes that preatly help the desiener throughout the desipn phascs.

Simulate the model: after the controller has been designed, or even during the
design process, il 1s pussible to simulate that controller and check its response; thus
any necessary mnprovements can be introduced before applying that controller to
the real application,

Create the target application: by combining the real Uime workshop, saPC Largel and
a C- compiler, an executable target application (control algorithm) 1s built, without
any need for writing low level language programs for realizing the real-time
controller,

Execute the larget application in real time: the tarpet PC is fully dedicated for
running control algorithm for the controlled plant, resulting with high real-time
abilities.

Monitor the target application: using xPC target scopes, it is possible to monitor the
running application either on host or largel PCs. Saving the sigmal data o a lile for

latcr usc is also possible,




6- Tune parameters: atter the controller has been built and downloaded to the tarpet
PC. xPC target techmigue permits an oaline modification of some controller’s
parameters, such as gain values, and sampling time, with no need for rebuilding that
controller.

4,42 Hardware and Software environment

in xPC target technique, two computers are used, host and target. Furthermore a senal or
network connection between those computers is necessary to huild the Simulink model,
monitor it, and control its operation. The hardware and software requirements for both host
and tarpel PCs are as follows:

1. Host PC requirements

e Hardware requirements

Any PC runs a Microsoft Windows platform supported by The MathWorks can be used
as the host PC. It must also contain a 3.5-inch foppy disk drive, and a free senal porl or
an Ethernel adapler cand as shown in Fig. 4.1.

s Software requirement
Table'4.3 summarizes the basic software requirements that should be satisfied by the
host PC to be used in xPC targe!l lechnique.

Tahle 4.3 Host PC reguirements
Software Deseription
Operaling system Microsoft Windows platform supported by The MathWork
MATLAB MATLAB Version 7.0.1
Simulink Simulink Version 6.1

Real-Time Workshop | Real-Time Workshop Version 6.1
C language compiler | Microsoft Visual C/C+ Professional Edition Versions 3.0,

6.0, 0r 7.0
Watcom C/CH Versions or 1 1.0
xPC Tarpet xPC Targel Version 2.6,1 )
Active X controls Includes the .dll fles o achieve the connection using

network.




2. Target PC requirements

¢ Hardware requirements
The xPC Target supports up to 64 target PCs with one host. A target PC can be almost
any PC with an Intel 386, 486, Pentium, or AMD K35 or K6/Athlon processor or any
industrial PC, including that it has:

= 1.5 inch Noppy drve.

= Tree serial port or a special Ethemet cand.

* The necessary /0 boards to commumicate with the controlled application,

*« Software requirements,
No operating system is required. All operations arc performed using the xPC target
kemnel, which can be thought of a5 a real-timc operating syvstem, booted from the target

boot disk. The xPC Targel kernel has no cffect on any operating system installed on the
target PC, which means (hat the target PC can be reused directly as a nommal PC aller

the control process ends.

Figure 4.1 summarizes the basic hardware and software components for both host and

target PCs.

PR i, i | i

Figure 4.1 x['C tarzet eomponenis.
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4.5 xPC target operating modes

2PC target technique provides three basic modes of operation: boot disk, DOS loader and
stand alone options.

4.5.1 Boot disk mode

In this mode the targel PC is booted from a floppy disk that contains the xPC target kernel,
while the target application. which is built in Simulink, is downloaded, controlled and
monitored direcily by the host PC. One major specification determined within the xPC
target kemel is the communication type betwesn the host and target PCs. xPC target
technique provides two ways of host-to-targel communication, which are serial and

network communication,

I- Serial connsction
The host and targel computers are connected dircetly with a serial cable using their RS-
| 232 ports. This cable is wired as a null modem link that can be up 1o 3 meters long and
' with a transler mle belween 1200 and 115200 baud Rate. Figure 4.2 shows the scrial
connection between the host and target 'Cs; while Fig. 4.3 illustrates the winng for the

cable used in serial communication tor a 9-pin DBY connector.

Target application

Figure 4.2 Senal connection.




DBY Femule D89 Feennke

Figure 4.3 hull Model Cable connection

2- Network conneclion

With the network communication, the host and target PCs can be connected through a local
area network (LAN), or even through internet. Tn this case both PCs need to have network
cards, Host PC has no limitations on the card type to be used, while the tarzet PC netwark
card should be xPC tarpet compatible. The following tables lists the network cards
compatible with the XxPC technique and the parameter needed (o be sclect in the xPC target
explorer to s¢i the network conncetion,

Tahle 4.1 Boards supparted by xPC torget

Baard Identification Sctup Farameter
SME 120881 Card mcludes both BMC RI45 connoctors | ME2000

| andl an SMC Jahel on the packaging.
Iniel Pro/L00S | Canl has gnly an R145 connsctor and an | TR2559

i Intel tabal on the back of the cand.

Table 4.2 Chips supporicd by xPC Lirget

Company Chip
Intel 182559
[ T82559FR
182550
AMD 79C97x family Bl
SMCY1CHX
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Communication cable can be crossover RJ45 or coaxial, The coaxial is better than RJ45
since il supports much longer distance. A host-lo-target connection using network TCP/IP
communication has the following advantages over serial RS-232 communication:

» Higher data throughput: Network communication using Ethernet can transfer data up to
100 Mbit/second instead of the maximum dats transfer rate of 115 kBaud with serial
communication,

« [.nnger distances berween host and target compuier: By using repeaters and gateways
the distance hetwesn the hast and target computers will not he restricted to the length of

the connecting cable. Communication over the Intemet is also possible.

4.5.2 DOS loader mode

[n this mode the target PC can be booted from devices other than a Ooppy disk, such as a
flash memory or a hard disk. while the target application is still downloaded from the host
PC either by serial or network communication. Unlike the boot floppy mode, DOS loader
moide neads DOS copy to be installed to the target PC boot device; in order to load and run
the xPC. target kemel.

4.5.3 Stand alone mode

This mode combines both the largel application and the xPC target kemnel on the target boot

device, which can be a [loppy disk, [lash memory or a hard disk. Thus both the application

and kemel [iles are booted together on the target I'C. eliminating any need for the

connection hetween the host and target PCs. The larget bouol device in this mode will

contain the following files:

- YOS files.

- ¥rtb: This file contains the xPC Target kemel.

- xpcboot.com: This file executes the Target application in addition to the *.uth filg,
which represents the real-time operating system.

- autpexec.bat: calls the xpchoot.com Lo boot the xPC Target kernel.
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4.6 xPC {argel procedures

Dunng the work with the DIPC system serial, network and intermet host-lo-largel
connections are successfully achieved. Monitoring the targel application using host and
target scopes and data logging are also performed according to the following prcedures:

4.6.1 Target hoat disk

The tarpet boot disk includes the xPC tarpet kemel specihc for either senal or network
communication. To create a target hoaot disk for the current xPC target environment, the
following procedure can be followed:
- In command window type:
xpcsetup
A dialog box as that in Fig. 4.4 opens, in this box the communication type between
the host and targel PCs can be specificd to be cither serial or TCHIP

communication. Selecling serial communication does nol need any additional

settings, While the TCP/TP needs the following parameters to he specified:

= TUPIP Tarpet Address

= TCP/IP Target port number

®  TCP/IP Target Gateway Address

= TCP/IP subnet mask
If the connection 1s performed between two networks as it the case in the internet,
set the TP and Gateway address which are taken [rom the administrator,
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Figure 4.4 xP'C Targel selup.

- ¢lick update then insert a formatted Noppy disk to create boot disk by clicking an "boot
disk" icon.

4.6.2 Running the model using network connection
In order to run and monitor the target application using netwark conneetion using the xPC

targel explorer, the following procedures should be followed:

1. Setting the IP address to the host PC.

1- Select control panel.

2

Double elick to Network connection.

3- Fnter to the propertics of network icon.
4- Enter to the internet protocol TCP/IP.

5- Choose "use the following TP address ™.
f- Sel 192.168.0.1 as a standard TP address,

1
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Figure 4.5 Setting 1P address.

1. Registering MATLARB'S active X controls

In order to make the host PC readv for communication with the targel by network
conneetion: aclive X controls are to be registerad first. This can be achieved as follows:

1- In MATLAB command window tvpe:
Xpe_repister_ocx
This [unction registers the Active X controllers that xPC Target Explorer requires.

2- Tvpe

Rehash toolbox
3- Close xPC Target Lxplorer.
4- Close MATLAB.
5- Restart MATLAB.
6-Restart xPC | arget Explorer.




4.6.3 Running the target npplication:

1- In MATLAB command window type:
xpcexplr
The xPC target explorer opens.

2- Select communication setting.

3~ Specify the connection method (serial or network). If the choice 1s through a
network., scleet the settings to be the same as those specified in the baot disk being
created.
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Connsciad

Figure 4.6 %PC tarpet explorer

4- Right click on the targetPC1 icon, sclect connect.
3- From Simulink window that contains the desired application to be downloaded on

the target PC, select Tools. Real-Time Workshop, and then select Build model, as
shown in Fig, 4.7,
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Figure 4.8 Target application propertics

6- From the xPC Target Explorer toolbar, click the start application button ¢ l. The
target application begins running on the target PC. and stops when it reaches the
stop time.

7-'l'o set the stop time, from Simulink go to configuration. choose solver , and set the
final time. To have an infinity running time, type "inf" thus the targel application

Tuns until stopping it by the user. clicking the “Stop Application™ button L=
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4.6.4 Monitoring target application

Monitoring the signals generated by the target application is possible by the use of host and
target scopes. as follows:
I- To add target scope or host scope. select xPC target toolbox from the Simulink
library. and then select "misc". From that list choose scope (xPC) as show in the
Fig4.9.
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Finure 4.9 Adding «PC scopes.

2- Choose the scope Lype to be host, target, or file.
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Figure 4.10 Selection of scops Ly pe.




3- From the scope properties choose the scope mode, which specifies the scope output
forms, like graphical redraw or numerical.

4- Target scopes will be ¢reated automatically at the target monitor, while host scopes
need to be started first, To start host scopes, (tom the xPC explorer select host scope
node, then selecl view scope, start it, as shown in Fig. 4.11, after that run the model,
then a graphical drawing will be displayed un the host PC monitor,
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Figure 4.11 Starting |lost scope.

With xPC explorer, it is possible to medify some parameters of the target application, such
as the stop time. gain values. signals amplitude and frequency, swilehing threshold, and
other parameters. An example that shows a signal gencrator response with different stop
time and frequency is exhibited in Fig. 4.12.

Ta




(a)

(0
Figure 4,12 Parameter tuning using xPC targe! eaplorer,

#) With 20 sec. stop time and 25Hz signal frequency,

b} With infinite stop time and 50Hz signal frequency,




4.6.5 Datn logging

xPC targct technique is used for implementing real-time control systems for experimental.
educational, and hardwarc-in-the-loop simulation purposes. This use requires in many
cases acquiting the experimental results and storing them for plofting, analysis, or laler use,
which is achieved using the data logeing, feature provided by xPC target technique. Data

logging is achieved using the fullowing procedure:
= from confliguration parameters. select Data Import/Export, check the baxes as
shown in the figure. and select the value of “Limit data points™, this valuc depend

on the target PC memory resources.
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Figure 4.13 Dala logging options

» In the Simulink model, put an “out” port at the desired signals.

»  Afler building the model, and linishing the running time. mark the boxes
representing the data to be acquired, as shown in Iig. 4.14. and then click *S2nd to
Matlab Warkspace™.
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Figure 4,14 sending the outputs and states 10 work space

Then data signals representing the running time, system’s states and outpuls are stored
as arrays in the work space, where they can be plotied, analyzed and saved.
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Chapter Five

Control System Design and

Simulation
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51 Introduction

wverted pendulum syslems. in general. are used in control lahorataries as test-beds for
vanous control theories, including the classical linear control theories, and can be extended
= the madern nonlinear figlds. The control problem of inverted pendulum systems can be
&ivided into two major branches: stabilization, and self erecling. The former deals with the
problem of making the cart track a desired position along the rail, while keeping the links
sable at their vertical position. Fusthermore such a controller should reject, within certain
Smits, disturbances acling on the cart or each of the two links. On the other hand, sell’
srecting problem tends Lo swing the links from their stable lower position up to the upright
vertical point. and then a switching mechanism is used to activate the stabilization

controller.

As stated carlier, inverted Pendulum systems present a number of complications and
challenges in terms ol their control, due to the following facts:

* Inverled pendulum systems are under-actuated mechanical svstems, which means
that the number of control inputs is less than that of the controlled outputs (and also
less than the number of degrees of freedom), thus some of the system outputs are
not directly affected by the input signal applied to the system.

* Inverted pendulum syslems are inherently open-loop unstable at the desirad
operaling poinl, which is the upper vertical position, duc to the destabilizing
naturally-generated gravitaticnal force.

* Such systems have hiph nonlinear dvnamics. These nonlinearitics appear in the
form of centrifugal and dry friction forces, and need to be handled by the linear
controller.

= External disturbances thal act on the system wre nol directly measurable,

= All of the states (outputs) are dynamically coupled. thus a chanpe in any state will
affect all other states,

= Some states in the system, i.¢, the velocitics, are not measured. These states should

be accurately estimated, considering the existing noise problems.
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Furthermore, from a practical point of view, when applying controllers to such syslems,
=ore limitations and constraints are faced, such as:

* Limited driving torque generated by the moter,

* Limited rail lenath, which means that motion bevond these limits is not possible.

* Limited motor bandwidth, which limils the reversal speed of the driving torque

generated by the molor.

These underlying complicalions make for a control problem which is both interesting and
challenging.

in the upcoming sections, control theory and strategies used for inverted pendulum systems
sontrol problem are demonstrated. Then these theories arc applicd to the single and double
swerled pendulum systenss respectively. Finally simulation results are demonstrated and
discussed.

5.2 Control strategy

In this section siate feedback control theories, including robust tracking and disturbance
sejection controller design, and extended ohserver for nonlinearities and disturbances
sstimation are discussed. These theories arc used to design a stabilization controller,
describad at the introduction of this chapter, for both single and double inverted pendulum

system,
5.2.1 State-space representation

In control engineering. a stale space representation is a mathematical model of a physical
system as a set of imput, outpul and state variables related by first-order differential
cquations. To ahsiract from the number of inputs, outputs and states, the variables are
expressed as vectors and the differential and algebraic equations are writien in matrix form.
The stale space representation (also known as the "time-domain approach”) provides a
convenient and compact way to model and analyze systems with multiple inputs and
outputs, Unlike the frequency domain approach, the use of the state space representation is
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2ot limited to time-invariant systems with lincar components and zero initial conditions.
“State space” refers o Lhe space whose axes are the stats variables.

To obtain the state-space representation [or any system, the state variables of that svstem,
= inputs, outputs, in addition to the state and output equations are to be determined. The

senerul linear time invariant state space model that is used through out this chapter is:

£ =Ax +Bu+B,F,

¥ =Cx +Du o=
Where:
x eR™ » The stale vector.
ueR™ : The input vector, where n, equals 1 for the inverted pendulum
systems.
relR™ : The oulput vector.
F,er™ : The disturbances vector.

A n, xn, :Thesystem matrix.

B n,*n, :Theinput matrix.

B,  n_xn, : The disturbance matrix.

€ n_xn, : The putput mulrix.

D n,xm : The feed-forward matrix. In the case of single and double inverted

pendulum systems, this matrix is a zero matrix, since all the transfer
functions relating the outputs to the input are strictly proper rational

functions.
5.2.2 Robust tracking and disturbance rejection controller

The problem in this section is to design a state feedback controller that is able to track a
desired reference input of the carl posilion. while keeping the links balanced in their
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vertical position, even with the presence, to some extent, of disturbances and changes in
slant parameters, The function of such a controller is divided into two main parts:

- Regulation: this part tends to keep lhe links stabilized al their inverted position,
which is the desired operating point around which the system is linearized. This
requires overcoming the effects of disturbances and nonzern initial conditions.

2- Cart position trucking: which deals with the problem of making the carl trucks a
desired reference signal, This function is also divided into two branches;

a. Asymptotic (Stepoint) tracking: where the reference signal to be tracked is
constant. i.e. »(t)=a Wr2t, .

b. Servo mechanism problem: where the reference signal to be tracked is a
function of tme, nol a constant,
To achieve these functions robustly, the internal model control method is used to design the
required controller. Referring to the state spuce model given in Eq. (3-1), and repeated
bere:
x =Ax+Bu—+B,F,
y=Cx

Let the disturhances acting on the system be modeled by the following state and output

(3-2)

equalions:
S
Fy =0, e
While the reference signal Lo be wracked is modeled ar follows:
X, =Ax,
o 5-4
r=C.x. (5-4)

Given that the Eq, (5-3) and Eq. (5-4) are the minimal realization of the proper ralional
{unctions that deseribes the disturbances and reference input respectively, in other words,
the pairs (4,.C, ) and (4, ,C, ) are observable.

Ta design a controller that is eble to track the desired input signal, and at the same time,
reject disturbances acling on the system, a “® ™ function is to be found, such that:

H=g7 —a.‘,-;‘?'l+---+|:rq_l.5' +e, (3-5)
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Which represents the least common multiple of the minimal polynomials of A, and A, .

1t should be noted that the maximum number of signals that can be tracked equals the
sumher of independent inputs ol the system (the rank of matrix B). In the case of inverted
pendulum systems, there is only one actuator acting on the system; it is possible for only
one output to track a desired input signal, which is the cart position, while other outputs are
Just regulated,

Based on the previous discussion, the eontroller is chosen as follows [8]:

X, =‘4:1.: +B e

3 =Clx (5-03)
2 '4 [
Where:
o a 0 i
0 0 !
A= ;
1] U i} |
_—ﬂq‘ ler &l _H;"—I _H| ]
= 'ﬁr =
._l-.
L

= ¢ : the error signal, which is the differcnce between the desired cart
position and the actual one.

Figure 5.1 shows the control system configuration, where the models of the reference input,
disturbances and controller are demonstrated with respect to the controlled plant.
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Figure 5.1 Robust tracking and disturaance rejection state feedback controller,

The augmented system, according to [8], is given as follows:

E: A 67 iR
Al #1 L (5-7)
1% =G A a8
- E
Whete!

% =[| zem.:] , which comresponds to the carl position.

sk

Tao check the possibility for the ¢losed loop poles of the system, which are the eigenvalues
of (4 ) matrix, to be placed arbitrarily; so as 1o achieve stahility and the desired transient
response, the controllability of the system is checked. This can be done by finding that the
matrix [4,—A] B has a lull row rank for every eigenvalue, A, of the system,
Alternatively, the controllability of the pair (4,,B,) is checked by calculaling the
controllability matrix (C,, ), such that:
Cy=[B. A8, 4B, - A"B,]

It the controllability mairix has a full row rank, then the system is controllable, and it is
possible to find a gain vectar[K K‘], shown in Fig. 5.1, so that to obtain the desired
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serformance eriteria, i.c. achieving stability at the desired operating point, meeting the
wansient specifications, and satisfy robustness and disturbance rejection requirements,
without moving bevond the practical constraints mentioned at the chapter’s intro.

To find the desired gain vector[K  K_], two methods are used throughout this chapter,

which are pule placement and optimal control methods.

1~ Pole placement method:

In this method the gains are calculated. so as to place zigenvalues of the system
matrix, which are the closed-loop poles, in the desired locations.

The selection of the closed-loop pole locations of the system should take into

account the following conslraints:

The lecation of Lhe open-loop zeros and poles.

The imaginary part of the poles should be small enough in order Lo reduce
the oscillation frequency of system response.

The real part of the poles should not be placed tar away from the imaginary
axis, since a choice like this will result in large gain values, which will in
turn require a large driving torgue to be generated by the motor, thus the
molor will salurate and the resulting response will signilicantly deviate from
that expected.

The locotion of system poles should achieve an acceptable fransient
response in terms of scttling time and percent overshoot, thus a tradeoff
between the system speed and control effort is to be made.

The bandwidth frequency of the system should be kept small enough, so as
lo make the systemn less susceptible to noise.

After determining the desired poles locations. MATLAB function (place) can be used

to calculate the necessary gain values.

2- Optimal control method:

In this method, the gains [K KF}HIE determined to minimize the guadratic

periormance index
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J =[x Ox +u" Ruxdr (5-8)

(K
Where:
» () is a positive semidelinitc symmectric matrix that represents the
importance of the states relative to each other. Such a matrix is selected to
be diagonal, where its elements are selected to be inversely proportional to

the square of the maximum value of their corresponding states, as follows:

g =—% (5-9)

(‘T i max )1
Where ¢ ; reflects the importance of the sale.

* R; is positive definite mairix that represents the relative importance of
control inputs. Since there is only vne control input in the case of nverted

pendulum systems, this matrix is a (1x1) matrix, with its value is selected to

represent the penaity of consuming the control effort.
After determining the @ and R matrices, MATLAB [unclion (/gr) is used to solve the
Riccati eguation and obtain the oplimal gain values, and the corresponding

gigenvalues of the svstem.

£.2.3 Nonlinearities and disturbances estimation

As stated earlier, one of the challenges that face the control problem of the inverted
pendulum systems is their nonlinear dynamics, in addition to the immeasurable external
disturbances acting on the system. These nonfinearities are omilled [fom the system when
deriving the linearized model, which latter formed the base on which the robust tracking

state feedback contraller was designed, as shown in the previous subsection.

In order to improve the overall response of the system, and enhance system’s immunity
against disturbances, the effects of nonlinearilies und disturbances are taken into
consideration. Referring to Egs. (2-13) and (2-43) that describe the motion of single and
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douhle inverted pendulum systems respectively. Tt is possible to collect all the nonlinear

serms in a vector (i ) such that:
M¥+ D+ Kx = BT, +Nn (5-10)

Where the matrices M. [2, K, B constitute the linear model. while the vector (n)describes

the difference between the nunlincar model and the linearized one, including friction force,

centrifugal forces, external disturbances, and other nonlinearities.

Since these nomlinearities and disturbances {n] are not directly measurable; an extended

observer is needed. Extended observers are basically classical observers where the

nonlinearities and external disturbances(n ), are assumed to be regular states. Since these

states are originally extranenus Lo the system, one can not write down their corresponding
differential equations governing their behavior in the time domain, which is necessary for
completing the state-space model. A practical solution would be to assume that they are
step-wise constant, thus their derivatives are sel to zero.

Based on the previous discussion, and referring to Eq. (5-10), the extended stale-space

representation is:

] 7 o 1 o [ 0 ‘
X|=|-M'K -M'D MN .ifLM'iﬂ 7,
n 0 n n | : 1D
X |
y=I|X
g

To check the possibility for Lhe disturbances and nonlinearities to be estimated by the

cxtended observer with the availeble measurcments, the condition;

rank [”;‘4 :; J = dim{x ) + dim(m) (5-12)
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should he satisfied for all complex numbers s, This reguires that the number of

nonlineariies may nol exceed the number of measurements, which is the case here,

Allernatively the observability of the pair (A,,C,) can be checked by the observability

matrix (0, ), such thar;

557 bl
This matrix can be caleulated with (nhsyv) MATLABR function, and then ils rank is lound. If

the observability matrix has a full column rank, then system is fully observable and the

aonlinearlies and external disturbancss can be estimated with the extended observer,

Fipure 5.2 shows the basic concept of observer design. The measured outputs of the system
are compared to those estimated, and then error signal is fed back to the observer. In ordex
1o imcrease the convergence speed of the emor signal, ie. to make the observer vulputs
malch those measured as fast as possible, the dyvnamics of the observer should be made

much [aster than that of the controlled system,

Eistamatied Plant
g, oltp,

/ i c | j*-@" ¥

A
Estimated
croeT
L IR, IR SRR, ouiput
To conmrodier
Fipure 51 Observer design process.
The state equation of the obscrver is found from Fig, 5.2 as follows:
x=AX+Bu+LC(x-x) (5-13)
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While that of the lincar real system is:
% =Ax + Bu (5-14)

The error signal belween the measured output and the observer output is:
g=x-% (5-15)

Subtracting Eq.(5-13) from (5-14); the error dynamic equation is:
é=(A-1C)é (5-16)

Thus by choosing an appropriate gain vector (L), the poles of the error characteristic
equation can be placed far to the left from those of the controlled system, so as to achieve
the desired speed of the observer.

The gain veetor (L) is obtained in a similar way to the feedback gains, either by pole
slacement method, where observer’s poles are selected to be 4 10 10 times of those ol the
controlled plant, or by using optimal control method previously discussed.

Bascd on the separation property [4], it is very legal to design the controller and observer
independently, and also [eedback the estimated states instead of the original ones without

afteeting the selected eigenvalues ol neither the controller nor the observer.

5.2.4 Compensating the Effects of Disturbances and Nonlinearilies

The extended observer previously desipned generules un estimate of the states in addition
to the disturbances and nonlinearities. As these disturbances become known, i is possible
to use them for improving the overall responsc and system’s immunily against
dieturbances. One way [ur doing that is by static compensation method, where a part of the
control effort is dedivated to cancel the effects of disturbances on the system. In fact, this
method can he used only to compensate for the disturbances and nonlinearities acting on
the cart. This is due to the facl that the applied motor torque acts dircctly on the cart

whereas it affects the links motion indirectly. Thus the control signal (i) hecomes:
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w=—kx—kx, —rm (5-1T)

Figure 5.3 shows the complete controller-observer configuration with disturbance

compensation, used for controlling the DIPC syslem.

Disturbances (7 r:1,}
Rsf Input Controller

¥

Y | * oy irverted Pendulum
.‘11.*'[--1. —f@—d-‘ip'ﬁg -—rﬂ’:-r s > System ?-
+

L

Extendsd
—*  Observer

e Ead
dmmasy aameqmysg

moTEstS

Nonlinearities and
| [Haturbances +
Compensabon

s

State Ferdback
Tracking Loop

Flgmire 5.3 Using the extended ohsurver outputs to compensate for the nonlinsarities and disturbances
effects in the inverted pendulum system.
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£3 Control system design for SIPC system

i this section, theories previously demonstrated are applied to the single inverted
sendulum on a cart system. At first, a robust tracking and disturbance rejection controller is
designed, afler that the nonlinearities und disturbances aeling on the system are cstimated
with an extendod observer, and tien their effects are compensated as explained in section
524

Based on Chapler’s Two results, the linear time-invariant state space representation of the
single inverted pendulum on a cart system is:

[] [0 o 1 0] #] { 0 [0 0

fT', _|o 0 1 B, i 0 T 0 0 M

£ |0 -054 —08s Of x| | 297 0.6 032 |/

gl lo 481 393 o8 \_-13?.3 -2.75 67.11 (5-18)
1 ; Jatite ) | i

3.==L[.r g X lf}l]r

L%

5.3.1 Robust tracking and disturbanee rejection controller for STPC system

Based on the SIPC state-space model, and referring to the discussion in section 5.2.2, it is
desired to desipn a robust tracking and disturbance rejection controller that will be able 1o
stabilize the link in its upper vertical position, while tracking a sine wave can position

command

First, the reference signal to be tracked is ch aracterized as follows:
i) =A sinfar) (5-19)
The Laplace transform for such a signal is:

&
.s]+m':It

Ris)=A (5-20)

This signal is realized by the following zero-inpul slate-space model:
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1 [0 1w
::'-",_;_ —ar 015, |
i (5-21)
v, =[o D][}_',
T >, |

Where the initial conditions of (4 ) determine the sine wave amplitude,

Assuming that the disturbances acting on the svstem are also sine waves with the same
frequency hut different amplitudes, then:

A, =4 ard C, =C, (5-22)
This means that the least common multiple of the minimal polynomials of
A, and A is

B=g 40 (5-23)
Applying Eq. (5-6), the required controller is:

[
= \‘—ml ﬂ}
B, ;;rﬂ (5:24)

G, =1,
1L is clear thal A4 is equivalent tod, , because A and A are the same, which explains why

thiz method is called internal model contral.

Referring ta Eq. (3-7), the sugmented system is given as [ollows:

Fh i oA olfx1] 2] i
£ | =Bl A x| |0 Gl

4, e

Wherea:

Cowe=[t 0 0 0f
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To check the controllability of the pair(4..B,), first the controllability matrix is
saleulated, and then ity rank is found. This is performed using MATLAB as follows:

Cm = ctrbfda.Ba)
rank/Cm)

Which is found lo be 6, full row rank. meaning that the augmented system is fully
controllable, and 4 gain vector [K K, Jcan be calculated to achieve the desired response.
Referring to section 5.2.2, these gains can be found either by pole-placement or optimal-

sontral methods, In (his section the former method is applied. and the gain vector is
obtained to place the closed-loop pales of the system in the desired locations.

The open-loop poles and zeros are found to ber

Open-loop poles: 0 693 693 -0.016

Open-loop zeros: 0 0 672 672
Then a possible selection of the closed-loup poles, tacking into account the apen-loop poles
and zeros, the desired transient response, and motor saturation limits, is:

Poles=[-1.85 -185 -45 -46 -30 -35]

Let the frequency of the sine wave to be tacked is 0.5 radfsec. With MATLAS the gains
required Lo achievs the desirsd closed-loop poles are [ound as follows:
gains = place (Aa,Ba.poles),
K=gains(1:4)
K =[5053 2548 -l464 -3.75]
Ke=gains(3:6)
K. =[41.2 823]
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5.3.2 Extended ohserver design and disturhance compensation

Sased on the previous discussion, i1 is worth trving o design an extended observer for the
SIPC system. which is able to estimate the disturbances and nonlinearities acting on the
srstem. These nonlinearitics and disturhances appeared clearly during the derivation of the
SIPC mathematical model, and are described by Eq. (2-13). This tquation is rearranged
Sere as follows:

[ i G Sl

7 = e (5-26)

'_f,, Soa=m b Fsins - Fy =yl (1-cosd,) &
ool cost om0 (1 - cos8 )5 —m gl (6 —sing)

where the vector (n)represents the difference between the nonlinear model and the
tmearized one.
o obtain the extended-state-space model, with the nonlinearities and disturbances (#)are

“emsidered Lo be regular states of the system, the idea expressed in section 5.2.3 is applied
sere. Thus these nonlinearities are assumed to he step-wise constants, so that their
Semvatives are set 10 zero. Applying Eqg, (5-11), the resulting extended state space model is:

's] [0 o 1 0 0 g 1] [ & ]
| S 0 1 0 8 0
|0 064 085 0 06 276 % J 27 |
| |0 481 39 0 276 2085 |48 | |-1368|"
£/ 10 06 0 0 0o o0 ||n 0 (5-27)
=] |0 ¢ (s W, B B =] O |
o g
1—£Cr 6 % 0 n ”2]:

“Secking  the  observability of the system  based on  the iwo direct
sessurements(x  and @), the sank of the observability matrix is found as follows:

Sa=leve(2), zerav(1 4}]




Om= vbsvide,Co)

runki{Om)

Which is found w be 6. 1.e, full column rank. Thus the extended system is {ully observable
and an extended observer is able to estimate all the nonlinearities in the system based on

the measured oulpuls.

To make the error of the ahserver die oul much faster than the system dynamics, such that

the controller will receive the true estimates instantaneously, the gain vector (L )is selected

1o place the poles of the observer ten times [urther to the left than those of the controlled
plant, as follows:
Obs poles= I0%-1.8 -1.85 435 46 -0 -50]

Le = place(de’,Co',Qbs_paleas)
Le=
1.0e+005 *
00034 -0.0000
-0.0060  0.0028
f.1i63 -0.0005
0610 G002
1.5647 (L6A32
0.0206 0.0035

Applying Eg. (5-17), the nonlinear terms and disturbances acling on the cart are
compensated directly by dedicating a part of the control signal to cancel the effect of the
cstimated (n(), as fallows:

u=—kx —kx, —rmn (5-28)

Where: #, (the motor pulley’s radiug) = 0,02 m,
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£33 Simulation resuolts

The next step in controller design process is simulation. This step is of significant
‘mportance to check whether the resulted system response meets the design specifications
or not, Using the controller and observer desipn results obtained in the previous sections,
with the system nonlincar model derived in Chapler Two of this report, MATLAB and
Simulink are used 1o simulate system performance. The nonlinear model of the system is
usedd to build un s-function block that represents the actual SIPC system including the
disturbunues acting on it. thus the model will be as representative as possible.

The model used in simulation process is shown in Fig 5.4, this model includes the
followings:

- A subsystem that contains the s-function hlock representing the actual system. Lhis
subsystemn has three inputs which are the actuating torque and the two disturbances
acting on the cart and the link. Six outputs are obtained from the system, these are
the four states (x, &, X, E?] representing the measurable outputs of the real
systemn. The other two oulputs are the nonlinear and disturbance terms that are used
to check the observer results.

A robust tracking and disturbance rejection state feedback controller,

- An extended observer for nonlinearities and disturbances estimation.
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Figure 5-4 Simulink model for SIP goniral system.

The initial conditions. desired input, and disturbances acting on the system are supposed to
be:

- Initial cart position = { m.

- Initial angle of the link = 0 rad.

- Desired cart position = 0.38in{0.5) m.

- The link should he stabilized &l the upright equilibrium position.

- There is a disturbing forcs equal 0.03sin(0.5 ) N acting on the cart,

Simulation results were ns follows:
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From the preceding figures, it is noted that the controller was able to stahilize lhe link in
the vertical position, mave the cart to track the desired trajectory, and compensate for the
disturbances that acted on the carl. Furthermore the extended observer managed Lo estimaic
the nonlinearities and disturbances acting on the system accurately, and Lhese astimates
were then used 1o enhance system’s immunity against disturbances,

5.4 Control system design for DIPC system

In this section a robust tracking and disturbance rejection controller of the DIPC svstem is
designed, and then the concept of cxiended ohserver is applied Lo estimate the
nonlincarities and disturbunces acting on the system.

The state space model for the DIPC given in Eq. (2-54) and Eq. (2.55), and repeated here:

1 0
0 3 5
0 0 { 0
0 —0.67 —025 —065 0
0 183 =45 832 0
0 =326 691 22 0
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5.4.1 Robust tracking and disturbanee rejection controller for DIPC system

Bascd on the DIPC state space model, and refernng to the discussion in seclion 5.2.2. it is
desired to design a robust tracking and disturbance rejection controller that will be able to
stabilize (he two links in the upper vertical posilion, reject slep disturbances, while tracking
& slep curt position command. Since the signal to be tracked is a step, then the
servomechanism problem discussed for the SIPC will reduce to a simple asymptotic
tracking problem. Figure 5.9 shows the control system configuration for the DIPC, In order
to have a robust controller that is able to track any desired step input for the car position
with zero steady-state error, even il distlurbances acl on the system, a unity feed-hack from
the cart position in addition to an integrator is used as shown in Fig.5.9. The integrator
mcreases the system type, adds a new state to the svstem, and reduces the steady-state ervor
to zero. This can be also obtained by applying g, (3-3) to Eq. (5-6), since the least
common multiple for step input and disturbances is just @ =g , thus the matrices A4_and

g

&, reduces to [0] and [1] respectively, which is equivalent to adding an inteprator (}/]

shown in Fig. 5.9,

,—I— e rrﬂ' - o * i X
—-®—.I _j;"'c‘j—-®—-ﬂ ! C

Figure 5.9 Aupmented system with state feedback controller,

The Augmented model that describes the system in Fig. 5.9 is miven as [ollows:




Ad LT (:,‘_3 u]

x, represents the new (augmented) state,
Ca =[! zems(1,5)], since the tracking loop is established only to obtain
a zero steady state error for any step cart position command.
To check the controllability of the pair(4,.8,), first the controllability matrix is
calculated, and then its rank is found. This is performed using MATLAB as follows:

Cm = cirfda.Ba)
rankfCm)

Which is found to be 7, full row rank, meaning that the augmented system is full
controllable, and a gain vector [?.: kr]can be calculated to achieve the desired response.

These gains are found using the oplimal control method deseribed in section 5.2.2. This
method requires first the selection of Q and R matrices previously described. A possible

selection of the Q und R matrices is as follows:

Q=diag[250 150 150 1 1 1 1500] (3-31)

R=1]
The selection of O matrix entries is based on Eq. (5-9); it is desired to have small changes

in cart position and links' angles. so that their corresponding entres are selected to be
relatively large. At the same time the rate of change of these variables (Lhe velocihies) are
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allowed 1 have large changes, so that their corresponding entries are selccted to be small,
Finally, it is not desired to have a large error in the cart position, so that 0., is selected to be
1500,

For the ® matrix, since there is only one input to the systen. (his matrix is(1xl), and it is
selected to have a value of |

Using MATLAB function (fqr), the Riccati equation is solved, and the optimal gaing
cortesponding o the selected Q and R matrices arc found as follows:
[gains &, poles| =lgrfda,Ba.Q.R)

k=gains(l:6)

ke=gains(7)

The resulting oprimal gains are:

k= 3535344 2375289 -122.7357 A3.7715 34.9161  -12.3106
ke= 387208

While the corresponding ei genvalues of the system. the closed loup poles, are:
Poles =[-2.44 342 _s58. 7033 —558-7033 -5.184 J30 -518-j3g -84.57]

5.4.2 Extended observer design and disturbance compensation

In this section an extended observer for the DIPC system is designed, This observer aims 1o
estimate the disturbances and nonlinearitics acting on the system using the measured
Oulputs. These nonlinearities and disturbances are deseribad in Eq. (2-43), which is
rearranged here as [ollows:




Mm +m, +%= (e i+l m.ly
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1] 1} -mle | | & ]

e
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[ {M'.II ' MJLL}{H"&_[}Q;'*W:I:Em‘gz_l}g;*'
éﬁ[m"r; +m,L,]uin£,+é;'m:1;si:t&_. 'ifu F.-’r.-: +J'.J'! _P;'-..-

L3

(], +m.L Jcos8 =L}F +m,L 1, (cos(d —8,) -1},
a [—éjmxlllz sinf@ — &)~ (m ], +n1.L, ) sin 6 + 1, cosf) [fd}_'fd.il]
iyl (eos @, ~1)F 1w L ((cosiB, ) I]ﬁ]
[+§,"m1£,h s B — &) —m Lgsind +/,.L, cos8,

m

(5-32)

Based on the previous equation, and referring to section 5.2.3, an exrended state-space model
for the DIPC system is:

X | [zers(3) L zeros(3) || X | | zeros(3.1)
X|=|-v'k -u'D MWV |x|[+ M'B T,
n zarne (3,9) n\| | zems(3.1)
: 0 RE o (5-33)
fx
y=1|Xx
S
Where:_
N =1
x=[x 8 41

To check the possibility for the abserver o estimate these nonlinearitics (n, », and ﬂa.:l[lﬂil'lg

the measured outputs, which are the cant position, the two angles, and the caleulated
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velocities. The observability of the pair (Ac, Ce) is checked by calculating the rank of the
obscrvability matrix (0, ) as follows:

Co = [eye(d), zervs(6,3)]

Om= obsv{de,Co)

rani(Cm)

Which is found to be 9, i.e. full column rank. Thus the extendad system is fully observablc
and an extended observer is able to estimate all the nonlinearitics in the system based on the
measured outputs, To obtain the desired speed of the observer, lhe gain vector (L) is chosen
to place the observer’s poles 10 times w0 the left from those of the control law. This is
achieved using MATLAR’S (place) function, as follows:

Observer poles=10%poles (1:6)" -70 -80 -84)

L=plaes (Ae’, Ca', Observer poles) '’

And the resulting (L) vector is:

I =
1.0e+004 *

0.0233 g.ogag -0. 0298 a.0074 o.4a061 =G H0ZE
g.agog 0.0767 &, 0o0H d.0012 0. 6904 0. 0032
=i}, Q257 0.0005 . Upe2 0.0048 2. 0022 g, 24
2.0131 Q.80 2 8.2o78 £, G585 0. 0354 =0, 8630
g- 0108 0.a005 G, 2040 .0359 6.0370 ¢, 0673
=0 001 g.0011 g, 0114 0,0025 -0.0033 O, 0938
d.2EL7 Ze 3204 g, 7412 5.0925 F. 2623 —{. 7569
£.0915 G.0042 0.0517 . 3451 2552 0. 0104
0.0103 @.2017 2.0072 Q.0417 U UZET g, a02y

Ax in the case ol SIPC, the first term of the cstimated nonlinearities and disturbances is fed
back to the controller so as o improve the averall response, and enhance system’s immunity
against disturbances.
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54.3 Simulation results

The nexl step in controller design process is stnulation. This step is very imporlant 1o
check whether the resulted system response meets the design specifications or not. The
controller and observer design results obtained in the previous sections, and the system

nonlinear mode! derived in Chapter Two are used with MATLAE and Simulink to simulate
syslem’s performance, as shown in Fip. 5,10, This fipure contains the DIPC nonlincar
model in s-function lorm, in addition te the robust tracking and disturbance rejection
controller with the extended observer for nonlinearities and disturbances estimation.
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Fipnre 5.10 DPC Simulink model.
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“he initial conditions, desired input. and disturbances acting on the svstem are supposed

o be:

Initial Conditions = Q.

Desired cart position = 0.25 m.

The two links should be stabilized at their vertical position, i.e. the final angle of
each link must be forced to zero.

There is a disturbing force acting on the cart at the interval (2 - 2.1) sec. with a
value af 2 N.

There is a disturbing foree acting on the first link at the interval (5 — 5.1) sec. with
a value of 0.2 N.

There is a -0,05 N disturbing force acting on the second link at the interval (7 -
T3 =ec.

simulation results were as follows:
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Figure 5.11 Deriving Torgue signal,
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From the previous figures it is noted that the cart tracked the desired step input with zero
steady-state error, and also the controller was able to compensate the effect of the
nontinearities and the disturbances acting on the cart. while keeping the two links
balanced in the inverted position. Furthermore the extended observer was able to estimate
the nunlinearitiss acting on the system (including the friction force), and also it munages
to cstimate the immeasurable disturbance acted on the cart at the interyal [22.1] seconds,
in addition to other disturbances acting on cach of the two links,
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Chapter Six

Experimental Results
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6.] Introduction

The main objective of developing the douhle inverted pendulum on a cart system is to use
it as a control test-bed. With such a system wvarious controllers and control theories
including state feedback, optimal control, neural networks, fuzzy logic, and nonlinear
control theories can be studied and tested via a set of performance crtenia such as:

- Links stabilization at the upright invertad position.

- Cart pogition tracking.

- Disturbance rejection.
Comparison between these control theories depends on:

1- The maximum links® angle that can be regulated.

2- Controller robustness.

3- Dasturbance rejection ability.

4- Transient and steady state responses.

3- Energy consumprion.

Figure 6.1 shows the develaped double inverted pendulum system. This system consists
of the mechanical components that construct the physical structure of the system, the AC
servomolor and the servo driver, two incremental optical encoders for measuring links’
angles, in addition to the interfacing circuits that connect the sensors and the actuator
with the target PC, on which the real-time controller is implemented using xPC tarpel
technique, The target PC is equipped wilh lwo DAQ cards, NI6024E and PCI-Quad(4.
The former is a general purpose card thal is used [or

- Generating an analog voltage signal representing the torque command for the

servo driver.
- Receive the velocity and torque feedback signals coming from the servo driver.
- Receive a digital inpul signal used for switching between controller layers, as

shown in seclion 6.3.3.
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Figure 6.1 Hardware-in-the-ioop simulation enviranment for DIP system.

The PCT-QuadNd DAQ), as stated in section 3.4.2, is a special DAQ used for interfacing
quadrature incremental encoders. This DAQ is used to receive the feedback signals
cenerated by the three cncoders; so Lhal cart position and links angle are determined.

Before starting experiments with the developed inverted pendulum systeny, it i necessary
w0 perform some tests and modifications on some system components; so as prepare the
svstem for being controlled. Such modifications und tests include:

1- Mechanical system modification. including :

a. Aligning motor shaft wilh the pulley and the mounted bearingz. This is
important o eliminate vibration generated by misalignment. and protect
the shaft of the motor and its bearings.

b. Reduce the friction at the carriage and the two mounted bearings; so that
less driving torque is required to overcome these friction forces.

Turther details related 1o (he mechanical system are demonstrated at appendix A.

7. Testing the analog isolation circuit, described in section 1.6.1. These tests sim o
ensure that the output voltage, i.e. thal afier isolation. equals the original input
signal, After several testes it is found that a 0.02 volt offset between the input and
output signals exists regularly, so that a correction constant is included within the
Simulink model.




3- Testing the digital isplation circuits (opt-couplers), discussed in section 3.6.1, and
checking their high-frequency response. Thus high speed motions of the carl and
the links are aceurately detected.

4- Testing the optical encoders and checking their resolution, accuracy, and their
positive reference dircction. Conversion factors required to convert the measured
quantitics [rom pulse count to meter or radian are alse caleulated, so that the
feedback signals coming from these sensors are ready fo be received by the
controller.

3- Preparing the servomotor for lorque contrn]l mode by installing the required
parameters to the servo driver, as shown in section 3.2.4,

6- Installing the limit switches al the cart, so that motions beyond the predetermined
limits are inhibited. This is necessary for protecting the mechanical structure and
the driving molor lorm over-travel damapes.

7- Preparing the connection between the host and target PCs using xPC tarpet
technique, according to the procedures demonstrated in section 4.6,

8- Modilying the Simulink models and making them ready for being converted to an
accessible real-time application using MATLAB’S real-time workshop, xPC target
tonlhox, and C++ compiler. This process includes:

a. Replacing the s-[unction blocks, used in simulation models shawn in
sections 5.3.3 and 5.4.3, by the DAQ cards driving blocks. Such blocks
enable the controller to communicate directly with the DAQ ports (the
inputs and outputs) without any need for wrfting- a low-level lanpuage
programs.

b. Using the “rate transition” blocks for matching between the discrete lime
DAQ ports and the continuous time controller.

In this chapter, stat¢ [cedbuck cantrol theories, discussed in Chapler Five, are applied and
tested with the developed inverted pendulum system. With such a system the effeets of
poles location, gain wvalues, input saturation, sampling time, nonlinearities and
disturbances are studied and experimented with the cart alone, sinple and double inverted

pendulum systems respectively.




A5 sated in earlier chapters, one of the challenges that face the contral problem of
inverted pendulum systems is that some of system's states are not dircetly measured.
Thus, and in order Lo be able to implement the state feedback controller practically, the
unmeasured states, which are those related to the velocity of the cart and the two links,
should be estimated, This can be achicved by using either state observers, or numerical
diflerentiation methods. The former is possible based on the [act that the systam is fully
observable. Such a method suffers from estimation crrors due to system parameters
uncertainty, and initial conditions of the system. Such errurs will canse problems when
dealing with sensitive applications as inverted pendulum. The second approach uses only
the position measurement for velacity estimation.

As it is knovwn, pure derivative vperators link the position and the velocity, and the
simplest method for differentiating a signal numerically is backward difference, This is
the most common approach used to obtain the velocity from the position measurcment,
Unfortunately, this solution produces noisy estimations due to the combination ol the
fallowing reasons:
- The posilion obtained by an optical encoder is a discrete-time, quantized signal:
hence guantization noise is superimposed to the real value,
- Backward difference operator has a noise-amplifying characteristio, which is
mversely proportional to the sampling time.

To solve these noise problems. a low pass filter is used, The filter’s bandwidth is selected
to compromise between noise rejection ability, and the relatively larse control bandwidth
necessary for high speed motions and quick reversals. Figure 6.2 shows the main idea
used for velocity estimation using a filtered backward difference method,

Filter
Fosition [ . Velacity
Measurement \ 5| i e Estimate

Figure 6.2 Velosity estimation method,
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In the upcoming sections, robust tracking and disturbance rejection state foedback
controllers, discussed in Chapler Five, are applied practically ta the cart. and then to the
single and double inverted pendulum sysiems respectively. Experiments results are also
demonstrated and discussed for each case.

6.2 Cart experiments

In this section, two experiments performed on the carl are demonstrated and discussed in
details. In the first, a robust tracking and disturbance rejection controller is used to
robustly track a step reference cart position command, while an extended abserver is used
lo estimate the nonlinearitics acting on the system, The second experiment deals with the
servo mechanism problem, where it is desired to make the cart track sine inputs with
different frequencies.

Duc to their simplicity, in comparison to the single and double inveried pendulum cases,
the cart mathematical modeling and controller design processes are not detailed here, but
only the final results are shown and used within m-files to caleulate the desired feedback
and observer gains,

6.2.1 Robust trucking and disturbance rcjection controller with extended obscrver
In this experiment, it is desired to track a step cart position command robustly using state
feedback control theories discussed in Chapter Five. Nonlinearities, including friction
force, and external disturbances acting on the cart are also estimated with an cxtended
vbserver, these estimales arc then used with a static compensation laop to cohance
system’s ability for rejecting disturbances.

Control system specifications
= Uncompensated system polos [0 -0.721]
*  System zeros Nong
* Controlled system poles [-7.03 -7.05 25]
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* Feedback gains [* k]J=[148 14 -45.]

* (bserver's poles 6* Sys, Poles
*  Observer gains
42 1
-1 11586

Here, the closed-loop poles are selected 10 obtain an over dampead transient response,
with performance specifications as shown in Table 6.1. The m-file and Simulink model
wsed for this experiment are available at Appendix B.1.

Table 6.1 Performance specifications

Designed Simulated Actual
%03 0 0 0
Settling time 0.57 0.68 091
Steady state error 0 {) ]

Cxperimental results are shown in the following figures, mncluding input torque
command, cart position and velocity. in addition 1o the estimated nonlinearities.
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Figure 6.3 Acrupting lomgue signal,
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Figure 6.6 Estimared nonlinzarities,
From the previous results, it could be noted that:
* The extended obscrver managed 1o estimate the [riction force that acts on the cart,

which is aboul 4 N, but with some avershool.
Ihe vscillations that oceur at steady state (clearly sppeared in torque and velocity
signals) are a resuit of the steady stule error that never goes to zero; due to the
enceder’s resolution.
The deviation between the actual results and those desired comes as a result of the
dry friction force that acts on the cart. This damping type is nonlincar, and it was
ignored when the system was lincarizad.
The increase in the actual settling time compared to that obtained by simulation is

duc 1o the static frietion component, which was not included in the simulation, in
addition to the effect of the extended observer oscillatory response,

With the extended ohserver and static compensation, the disturbance rejection
ability of the system is much improved compared to that obtained with the robust
controller ulone. Furthermore. with this feature it is possible to obtain a high
disturbance rejection pertormance independently of the controlled system poles

localion.




4.1.2 Sine tracking controller

= this experiment a robust controller is designed to track a sine pesition command with
“fferent frequencies, and reject step disturbances acting on the cart, The controller is
“=signed according to the internal model control method discussed in section § 2.1, The
“eperimental resulls for input frequencics of 1, 5, and 10 rad/sec are shown respecrively
= the following figures,

- With a | rad/sec sine input frequency
Control system specifications
* Controlled system poles [7 71 a0 -15 20
= lieedhack gains
K =[316 137]
K =l’x[-353 -1.74 -0.34]
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Figure 6.7 Torque eaommand signal,

122




6.2 _r i SR =
0.15 M LY - el A D
v . - |
E
= 305 = = | A
& |
A Loy
£ 005 = 4 ——if
o1 |
041 5 I, I S £ e
J0.18 | 1/ I | { ! |-
0z | = I { =0
0.25 | 5 ' ! -
| I R =
g8 3 2 @& 4 &% & r & @ 1

Timedzec)
Figure 6.8 Curt position, the desired command and the actual response..

=1 With 4 3 rad/sec sine input frequency
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Figure 6.10 Cart position, the desired command and the actual response.

3) With a 10 rad/sec sine input frequency
= Controlled system poles [[7 <71 -10 -15 -20]
= PFeedback gains
K =[2928 1.37]
K, =le'=[-3.54 -L16 -0.201]
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Figure 6.11 Torque command signal,
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Figure 6.12 Cart position, the desired command and the actual response.

From the previous results it could be noted that:

* The confroller managed to track the desired trajectorics with zero steady-state
error.

* The higher is the input frequency. the more is the reguired orque.

* By increasing the gain values, it is possible to abtain a [aster fransient response,
but this will require more torgue (o be used. The transient response in this case
appears in the previous figures as a deviation between the desired and actual
trajectorics.

* In this experiment the cart velocity signal, which is used for feedback. is obtained
from the servo driver. This signal suffers from noise, which is responsible for the
high frequency contents that appear in the torque command.
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6.3 Single inverted pendulum experiments

The tollowing experiments usc stute feedback theories discussed in Chapter Five, with
the results obtained in section 5.3, and apply them to the single inverted pendulum on a
cart system. Three experimenis are performed with this system, whose results are
demonstrated and discussed in the following subsections.

6.3.1 Sclf erection and stabilization controller

As stated earlier, the control problem of inverted pendulum systems can be divided into
fwo major branches, stabilization and self erceting, which are both applicd to the single
inverted pendulum system. The controller used for this case consists of two parts:
I- Sclf erection cantroller
This is a bang-bang controller that aims o swing the link up to the inverted position
by means of cart motion. With this controller. energy is added Lo the svstem such that
ils final enerpy approximates that al the upright vertical position. The main
difficultics that face such a controller arc:
* The limited rail length. such that the back and forth motion of the cart may
nol exceed certain Hmits.
* The link's veloeity when it reaches the inverted position must be low
enough, so thal the stabilization controller will be able to keep the link
stable at the desired position.

2- Stabilization controller;

This is responsible for keeping the link at the upright vertical position, tracking a
desired step cart pusition command, and rejecting disturbances may act on the cari or
the link.

Furthermore, a switching criterion is required for transmission from the first controller 1o
second, when the link angle reaches the stabilization region. This switching uses the link
angle measurements 10 determine which controller to be activated. The Simulink model
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4 the m-file Lor this experiment are available in Appendix B.2, while the tollowing
“zures shows the torque command, cart position and link angle for a self erecting and
“=gulation experiment.

ontro] system specifications

1. Self erecting
= Controlled system poles [-155 -16 -25]
= Controller gains | % ]=[3396 183 -203.36]

2. Stabilization controller

* Controlled sysiem poles [-045 05 6 -6.1 -70]

*  Controller gains [k k]-[213 847 -2.78 -1.26 0.47]
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Figure 6.13 Acruating 1orque signal,




Cart Positien {m)

b

B 10
Tima(sec)
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Figure 6.15 First link anglc.
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65.3.2 Sine wave tracking controller

The robust tracking and disturbance rejection controller designed in section 5.3 s applied
nere to the real system. This controller tends to track a sine wave cart position command,
while keeping the link stabilized at its inverted position. The sinc wave 1o be tracked has
a frequency of 0.5 rad/sec and 0.2 m as an amplitude. ‘The resulting driving torque signal,
cart position and link angle are shown in the following figures.

Centrol system specifications
=  Controlled system poles
[-18 -185 —45 46 -30 -33]
* Controller gains
K =[-31.89 -21.37 -1185 -3.14]
K,=[-233 -205]
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Figure 6.16 Actuaring torque signal
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From Fig. 6.17, the cart position response is composed of two frequencies. the first is the
samc as that of the mput frequency. while the higher frequency component is
superimposed on the main one, and it is responsible for keeping the link stable ar the
upright vertical position.
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6.3.3 Multi layers SIPC controller

The purpuse with this experiment is to swdy the effects of the initial cart position and
fnk angle on system performance, and also to find the maximum-initial link angle that
can be regulated with the stabilization controller; thus to obrain an additional eriterion for
comparison between different controller designs. Such a problem would be casy if
absolute encoders were used o measure the cart position and the Tink angle, but since
meremental encoders are used with developed inverted pendulum svstem, a challenge
will arise. The problem with incremental encoders is that any initial position given to the
system will be recognized by the controller to be the zero reference position, and the
controller will try 1o regulate the system at that position. To overcome this problem a
two-luyer controller is used. The first layer is an idle one, which just reads the initial
conditions given lo the system, taking the stable lower position as a teference. The
secand one is a stabilization controller. similar to that nsed with experiment 6.3.1. As the
desired initial conditions are applied to the system and recognized by the first laver, an
external switch is used to activate the second layer, ie. the controller. Appendix C.3
meludes the Simulink model used for this experiment,

The following figures shuows system’s response with 29° and 40 initial link angles
respectively.
Control system specifications

* Controlled system poles ~ [-0.45 0.5 -6 -6.1 -70]

* Coniroller gains [¢ k]=[-213 847 -278 -126 047

1) With a -29 deg. (0.5 rad) initial angle.
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From these experiments il is found that the maximum initial anglc that can be regulated is
about 40 degrees. The main constraints that face the angle regulation are the drving
motor torque limit, and the available rail length. since the higher is the initial angle the
longer is the distance to be traveled by the cart. In previous experiments, thers 13
relatively high frequency content in the torgue command. which is mainly resulted from
the method with which the speed is estimated. This problem is discussed in more details
later in this chapter, and some recommendations for solving it are introduced in the

upcoming chapter.

6.4 DIPC experiments

In this experiment the robust wacking and disiurbance rejection controller designed in
soctian 5.4.1, is applicd practically to the DIPC system. The muin difference between that
controller and the one applied here is the gain values. which are associated to the poles
locations, which are selected ta be much smaller than those used in section 5.4.1. The
sroblem with applying high gains to the practical system is that the unmodeled dynamics
of the cuble, which is used for power transition belween the pulley and the cart. are
excited: resulting in a very oscillatory response. To avoid these problems, lower gains,
resulting with a lower bandwi dith controller, are selected, although that this gain reduction
will negatively reflects on the stahilily and transient response of the system. Control
system specifications are as follows:

»  Comtrolled system poles [[1 1058 3 31 T -75 -15]

»  Feedback gains
K =[0.95 3017 2443 105 512 -2.77]
K, =|-0.32]
The following ligures show the torgue signal, cart position, and links angle obtained with
a stabilization and lracking controller applied 10 the DIPC system. It should be noted that
(he two links are initially picked up manually. and then the controller is activated by

means of an external switch in a similar manner to that described in experiment 6.3.3, in

other words, this is not a self erection as the following figures may imply.
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Based on the previous figures, il is clear that the controller managed 1o stabilize the links
st the inverted position while keeping the cart near the desired position. The main
problem encountered during controlling the DIPC system can be summarized with the
following points:

1- The developed mechanical structure dose not has an equilibrium point at the
upright vertical position. Thus, the controller needs 1o oscillate the cart continuously
s0 as to keep the links stabilized at the inverted position,

2- The cable of the second Hnk encoder represents a continuous disturbance to the
system.

3- The speed estimation method used, since the resulting speed signals obtained with
such a method are time delayed as & result of using the low pass filter. The amount

of delay is inversely proportional to the filter’s break frequency.

The last problem may be solved by using a states observer Lo estimate the NECCSsary
unmeasured states, but this solution requires overcoming the existing estimate errors
caused by purameters uncertainty, quantization noise and initiu! conditions effects.
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6.5 Internet based self erection controller for the single inverted pendulum

In this section a self erection controller for the single nverted pendulum is applied, but
this time with an internet host-to-targel connection. In this cxperiment the controller is
designed and simulated with a host PC located any where in the world, and then this
controller is downloaded on the target PC located in the lab. With the host PC it is
possible to tune some parameters on line, such as cart position command, gain values,
ste. without any need for rebuilding or restarting the controller. Finally. the results are
obtained from the target I'C. as an Excel data file. Figure 6.29 shows the torque
command, cart position and link angle during self erection, performed over the internct.

g pb—— — - —
| — Tarmuie comrand [P
= — | —— Cart pasition {ir)

Link angis rad)

Tima (zac)

Figure 6.2% Internct-self-erection controller for single inveried pendulum




Chapter Seven

Conclusions and Recommendations
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7.1 Discussions and conclusions

In this project a double inverted pendulum on o cart system is developed, tested and
controlled. With such a system, several results related to the mechanical, electrical and
computer parts, in addition to control theory, interfacing and real-time conirol
implementation are obtained.

Starting with the mechanical part of the system, the existing structure is modified 5o as 1o
make the system ready for being controlled. Thesc modifications concentrate mainly on
obtaining lower friction between moving components, and achieving the most possihle
alignment between those directly coupled companents, i.e. the motor shafl and the pulley,
This is important (o protect these components, and to reduce the vibrations gencrated by
misalignment,

Related to the electrical part, the AC servomoior used in the svstem is operated in torque
control mode, which is essential for applying the desipned controllers. Safety and
protection features provided by the servo driver are also activated, while a noise filter is
uscd W eliminate the effects of the harmonic content in the muin power lines,

In order to measure the cart position and links angle, incremental uptical encoders are
installed. Accurate readings for these measurements, required to establish closed-loop
controllers, are oblained using a DAQ specially designed for interfacing quadrature
meremental optical encoders.

Interfacing, signal conditioning and isolation circuits between data acquisition cards,
sensors and the actuator are designed, installed and tested. Such circuits aim 1o reduce
noise problems, solve the vibration problem encountered when dealing with incremental
encoders, and protect the equipment, specially the DAQ cards and the servo driver, from
high voltage levels, high current loadings and misconnections, The necessary protection

is implemented using two types of isolation circuits:




1- Special analog isolation eircuit used 1o conneet the DAQ analog output port with
the servo driver torque command lerminals,

2- High frequency digital isolation circuits used to interface encoders’ oulputs with
the DAQ inpuls.

State feedback control theories arc then applied to design robust tracking and disturbance
rejection controllers for the cart, the single and the double inverted pendulum systems.
These controllers are based on the linearized mathematical model of the svstem, and then
they are applied to the real system which is hiphly nonlinear due to the dry [riction
forees, centrifugal forces and other nonlinearities. It is found that such linear controllers
work well with the nonlinear system, and satisfying responses are obtained, Further
improvements on system performance may be achieved using nonlinear contral theories,

An extended observer for nonlinearities and disturbances estimation is then designed,
where those disturbances related Lo the cart are statically compensated, Using such an
upproach, the disturbance rejection ability of the system is much improved compared to
that obtained with the robust controller alone, Furthermore, with this [euture it is possible
to obtain a high disturbance rejection performance independent to the controlied system

poles location.

xPC target technigue, provided hy MATLAB, is used for real-time controllers
implementation, using a standard PC hardware with DAQ eards. In addilion to the high
real-time abilities obtained with such a technique, changes and modifications arc
introduced with high flexibility; which in tun encourages students and researchers to
explore different ideas easily and quickly.

Mareaver, network and internet host-to-target communications provided by the xPC
target technique are successfully achieved, By means of such connections, it is possible
to download the controller to the target PC. apply it to the developed inverted pendulum
system and monitor the running application using a host PC located anywhere in the
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world, without any need for traveling lo the lab where the structure is installed, in other
words, a global laboratory can be established with the help of such a technique.

7.2 Problems encountered and recommendations

Several problems and difficulties were encountered during working with this project. One
of the main difficulties was to import the PCI-Quad04 DAQ which is used [or encoders,
This DAQ was available neither in the Incal market nor in the region. Thus, such a card
was ordered form the primary company’s center in the United States, and it took abont
three months till it reached. Finding a suiteble way for isolating analog signals without
being distorted or delayed formed another challenpge. Even after finding the suitable

capacitive isolation amplifier, it was extremely dilTicult to ohtain such pars.

Since it is mounted on a rotaling part, it is a real problem to find a suitable solution for
connecting the encoder responsible for measuring the second link angle through a cable,
without disturbing links motion. A recommended solution for such a problem is to use a
wireless encoder instead of that cwrrently used.

Further improvemenls on system performance can be achieved using an accurate solution
for speed estimation, so as to get rid of quantization-related problems discussed in
Chapter Six. Several ideas are being studied to tacklc this problem including continuous
ohservers, discrete observers, and extended ones, in addition o the filtered hackward

differentiation previously discussed.

Based on the results oblained in this project, two papers are submitted for publication.
The first is accepted for presentation al ASME 2007 International Design Enginesring
Technical Conterences & Computers and Information in Engineering Conference, Las
Vegas, USA, fitled as “Development of a Flexible Educational Mechatroniec System
Based on xPC Target”. The sccond is about “Control of'a Double Inverted Pendulum on a

Cart: theory and ciperimental resulls” submitted to the 6% Jordanian International




Mechanical Engineering Conference (JIMEC'6), Amman — Jordan, A copy of each paper
is available at Appendix C.

The system in its current state can be used as an excellent test-bed for various contral
techniques. Although controllers based on linear control theorics achieved a satisfying
performance, it will he interesting to apply the principles of non-lincar control and
achieve further improvements in system performance. Furthermore, fuzzy logic, neural
nelworks, digital control and optimal control methods can be applied, tested and
compared by means of this apparatus,

Finally the developed DIPC system will be a valuable addition to control laboratories in
this university. With such a system, experiments range from simple and basic ones,
related Lo the cart, to highly complicated control problems, performed with single and

double inverted pendulum systems, can be performed. Controller design, sampling
frequency and computational and transport time delays effects on stability and response
are relevant issues that can be demonstrated and tested,




Appendices




Appendix A
Mechanical and Electrical components

In this appendix, the main mechanical components of the DIPC system, shown in big,
A.1, are demonstrated and briefly discussed. These components include:

Figure A.1 The developed DIPC system.

1- Base plate

Which is the hase where the servomator, ball bearings. lincar guide, limit switches
cams. and the dampers are assembled.




2- Ball bearing:

Ihe function of ball bearing is to [ix the pulley with the hase, permitting them 1o
rotate with minimal pussible friction. Tn onder to reduce the friction at those beanings.

the lubricant and its keepers are remuoved as shown in Figure A 2.

Figure A.2 Ball hearing before and after removing the lubricant and its keepet.

it should he noted that the ball bearings used in this project are of flexible type, Le.
they can rotate freely within their housing. In order to prevent such motions, two sets
of' bearings arc to be used. where problems of misalignment and high friction arise.
To overcome this problem, an adhesive material called “Poxy-Ball™ is used to fix the
bearings in their housing preventing in turn those rotations.
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3- Damper

Iwo dampers are installed at the linear guide ends, so as to protect the components
against damages if a collision happens. Figure A.3 shows one of those dumpers and how
it is installed,

Figure A% 'The damper.

4- Electrical cable guide
Using the electrical-cables guide, shown in Fig, A1, aimsto keep the wires within a
fixed path while the cart moves, So as 1o pratect them against damages,

5- Encoder coupler

I'he encoder eorresponds 1o the second link, is fixed with the first link by two screws,
the second link is jointed with the shall of the encoder which permits the links 1o
move freely relative to cach other.




Figure A.4 The encoder coupler

G- limit switches cams
Which are used 1o activate the electrical limit switches mounted on the cart, so as to
prevent motion bevond these limits.

T- Interfacing circuit
The interfacing circuits used in this praject are implemented on a single board as
shown in Fig. A3, the bozrd is sprayed with an electrostatic material in order 1o

reduce noise problems.

This interfacing cireuit includes:
1- Digital isolation circuits used W interface (he incremental encoders with the
PCI_QUADO4 counter,
2- Analog isolation circuits used to isolate the N] DAQ analog output ports lrom the
servo driver torque command terminals,
3- Torgue control mode circuil, including:
a. Servo on switch.
b. Alarm clear switch.

4- =12 and +18 volt regulators.

5- Encoders' connection terminals,




Figure A.5 Interfacing circuil. |




Appendix B
Controllers design and implementation.
m-files and Simulink models

B.1 Cart position tracking
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B.2 Single inverted pendulum self erection and stabilization controller
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B3 Single inverted pendulum multi layer controller
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B.4 Double inverted pendulum stabilization controller

ii_?l=i=E1=' _— - e — — . = - == — = —
% — =g Pouirxle: Loverlsd Pendin] us ——meme———

VDouble Inveried Fendnlum Stabilizing eembral ler
miatzs 3¥e 1 [x 7 thatal 5 x dot ; shetal dot

f Dafindng The bazic ;aranetaia fur the svskben

% emdte are g M5

S o711

¥Syztem patameters

M =10k ars mass

ml = 487 ¥linxl ms==

E o= [13&: ¥ ldnsxy mans

1l = 3345 s1ink] lencth

L2 = 28k Y¥dnx? length

G R e idistancm Lmtween theo l5nklta centar of grasity and
-,

Wienter of roEstionizevelute goint)

o P 1 4 pellave rzgiygs

d o= 35564, % thea holoe 2rd pelley ‘mags mement of in=rtis

Jl =-0:05; Wthe Idinkl mssa moment of dnertiz

12 = B 12hs Idistance netwsen the 1ink2'a dent=r ot gravisy =and
4ts

genter of Torarion(reveiute joist)

= = .ha: iEpullicys radtus

dz 9.0007; achne lonk2 mess moment of Laarkia

a = 9.01; tgravity scuele=zation constant

d = Z.8s-¢; #miillor visoous demping coeffiziant

6 = fi.7; ¥Trictlon coefficién: hetween —he corl aod the Tail

i D=ardvanion
iMa== matrix
me [ BeilmBd o2y, ImlFAll4m2=nly . mEtiE
(I 12w 24 1), mIl3iASmseliAzT i R
mP=lE. mEel el - JEimEelzas 1.
RCUAZT gniffhsss matriw
k=1 0 & o
] i il R ] e 19 W 0
D & m2* 12k
 Jamping magzix
dm=[—d/ ™2y 3 & & Zerosi2,3)7;
% Inpuo=
Bl={1/e-020]
INoalireardicies marrlw
P=eye (3]

kState 3pace modlss
B=[garoe(®, 3), eye(3)invim)*k#, brvim) %dml;
B=[zercs (3, 1) sinw{myvel] ;
O= mymi{n);
il
dip=ss (28,5, 0)
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sContrsiller Design
i1y Aocmmenled System : ;
A=l zeros(s,1)i=1 @eres(1l.6)]:
Ba={B:0]:
T b odi s n = U PR
Da=: o
dipa-ss (ka, Ba,Ce,Da)

%7 Caprmeiler desooy _
pulesr =10 = —1;5 =0 =EE =Rih =15]
kl=place(Ra,Ba poles]
k=kl{Ll:€}

Ra=k1i7]
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Figure B.4 DIFC stabilization controller Simulink model.
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ABSTRACT

Fr tliis wrticle an educationgl embedded mechalroniy syeem
bised on the MATLAE sPC trget is preseited. $PC Lapet, 5
el provided by MATLAH aod its Simaling wollwx, orfers a
precical mesns M developing @ hudware m-the-luop (ML}
sumulanion snviromment.  Sioee ordimary persanal compiiers
(PCx) can be sz for madeling, snslyss, desiga, LRImETIng,
il contral of the process, (he smp hetooawy animtle for
Tpid-promtyping,  research,  and educnligmal  ver. An
applicition cxample of a douhie inverted pendulum on & can
that 16 digitlly controlled is presented und diseusssd. The
Syeternt is fully implemeated by means of twe PUs MATLAR,
Simnplink, «FU tugel, a dam acpuikton card, an AL
servostiolor, and three uptical encoders, It is shown hat
through this rechnology, high sampling frequencies can be
olilitned By sven wsing o Pentium 1 1% Tele mEantioring and
cemtrod througl: o netwark are demonsirarad,

1  INTRODUCTION

ln  mechurome  syspem, digital  compuiers and
mizrscontllers fre indispensahle for implementing eoutml
functions. Generally, any deskeap PC with u Bats Acquisition
Verd (DAQ) and approprime software sun be used 4 u
controller. U'siaz PCs s conirollers seems 10 be YETY
Mschuating enpocially for educationnl und rapid prodots g
Murposes doe o (he case with  which changes  and
modilications m comtre] lagic are intisdueed, Unfarronalely,
that wic 15 sdenificanlly limived  when hard  real-time
PEQUIrCIENES are present, since the enisdencs of fhe perabing
spstem, soch a5 Windows, Linm -, and afijar upphcation
sofiware that rins sule ‘o side with fho contrn| soflware
woltsumes - areul deal 0f CFU and memory resourivg of the
contralling PC, Thos, high samipling frequencics roguirsd o
el with fast dynamitc eystems cam not he schicved. Thiz
ingjor. bmdtation m addition o oder phvsicel and fimancis

lmutations make most of the designors prefer tie ose of
smibedded eontealless for implementing contral fynetons.

Embedded commollems, uzuzly im the form of microcout; bers,
are speciul purpoge sysiems in which e controller s fully
dedicaied lor the control Funcrions it performe, which mzans
that hurd el Gime reyuirement can be satisfind. Furthormure,
micrgeanirollers ae phvsically very sl compared G sy
PC, wm! ean eperae in extren condiicons  of vibranon,
lemperatire and  homidity, s 84 0 meet plivsical and
envinmental lmdlations o the  conelld praeess [1],
Deupite of all tuwe adv amtages, Lhe use ol migooomimbers iy
lmnted if frequent changes in soniro] algorithin sre required,
4z in the case af aducational apphications. since the embeadded
eanmoller mocds 1o be repmprammes each time 2 chaage
mtroduced.

Une solution that combinzs the major wbrntages of the
previous sysiems i5 the a0 target twohinique: 1his echnigue
nses o shandurd PC hundwere fo implensen! sontrn] fanctiv nx,
providing in . high flcxihiity In introducing shanges und
modifientions in conteol  algortu, Firthermors,  high
sampling  frequencics, necessary for dealing with rapid
Epsteit, can be obiainal since this techmoue dedicaies the
comiralling PO for rurming the conlrolbing sofrware.

An pnample in which i previously mentumed limitaions of
rmbedded and noo-embedded  systemy elesrly appeir s
inverted pondulum svsioms, These syslems: are nsuully used
for educational aid rsearch purposck ss testheds Tar
conbiallers and contiul tochniques. Such Evatenes: hive Fasr
dyaumic behavior, which implies dhd hizh real time controd
abiliticy ane requircid; bimiting in turm the possibilivy of using
trddmary PCs for inplementing contml functions. On the ather
hand, the use of micracomirollens will nét ke suileble, simes the
eave with which changes in contnl bogic oy anplied is oo
Important  perfarmance  coleton it insericd peridulum
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systerns. Ohna’ sohrion for steh @ case is the xPC fmget
techmgue

The witicle is organized as follows, Section 2 prezents the xPC
wrget  twochoigue,  discusses the sofrware and Tardwie
tequirenenty, dml ilnsrares the modes of operation, Section
3 reviews the problem of controlling 2 double Tnveried
pemdulum ©n & esrr, while Secron 4 prescmls the
implementadon of the 1. smuizstion 2ovirotmenl using $PC
lergel Lchrique snd shows some resubs, Finally, some
concluding rernarks and recommendations ave gived i Section
=

o

2 OVERVIEW OF xPC TARGET

The xPC jwzet evhmigue 1s a-selution for prodimypng, wsling
and deploying real Lme syslemns, woing sandaed M1 hardware
ad ity periphorals such 25 DAQ cands. This tachnique comes
as @ part of MATLAR satrware provided by MaothWorks
Company 2], In parfenlas $PC rarget is & toolbox within
MATLAR s Somulink.

MATLAB iz a high performing fangucee For lechmcal
compulng. It integrates  computation,  visualisation and
[PROETHMIMING 41 20 E2syv-to-use environmend, winle Simubnk
tx & software package for modelivg, simulatog ad analyzng
dynamic eyzieme. 11 supports lnea and nonlinenr sysiome,
madeled in continuous e, discrele Gme or avbnd of beth.

In xBC ferges fochnique two PCs are osed, bost amd ool
With the hogt PC, one can design e conlroller, stmuliaoe it

und download it 1o the targer PC. The targel PO, which 35

cannected o the comtrolled planl. A8 jusl esed i un eomtend
Fnetinns in repl tme end moniter te sl led apphcaton.

KT marger rechninue is considered wioun exeellent sotuticn for
aducanonal and mopid prototyping  purposes due o e
folioring faats:

- Uhanges and modificstions in contraller desmn arg
eaidly intodiced 1o e bost PO oand e msdified
coniroller is duwnloaded o the tarper 1'C almne with
no effort,. Fertbemmune, onbine ning of some
Pumnebers s ulso possibic.

- Hard real thie reguircments can be sgrisfied since the
wirgel PC proccssor is fully dedicated for runame the
controller

-  Host und larger PCs can e oomimecied senially,
theough aetwork or even theough the interner In
wddition, the target PC ean aperate alone withoot any
connection with the hosr.

- xPC turee! eehnigoe sapports o wide range of DAQ
caeds sl 1O hoarnds, which zives the desiener a high
lovel ot fiezibality 1o chocse the snitshle hardveare,

All of that make &PC lurget techmigue an stiracive salution
for imglementing  contol  function:  ie educational
applications, mpid prodolyping processes and hardware in-the
laiop sieelnlnon.

2.1 HRapid Protolyping using xPC Target Technigue

*PC bmaet meknique s a powerfel tool for tapid protow piog
ProCEEREs. With the help of MATLAR, Simulivk wod xPC
target techmigue. one cam desig. stmudate and casly iy

the comtmillar For rarget applicetion. aad run that contller in
rcal fme. The samd profofyping process weing <P oo
leshmrgne ean be divided inte e following suyuence of saps:

1= Design e woiro] systcm; MATLAR and Simalink
provide 3 wide varisty of functione and molhoxes
thar greatly bidp the designcr throughout e design
phaces.

2 Sinuipte e medel sfter the conroller has hasn
designed, o cyen dunng lhe design proeess, it &
possidl= W sunolule Dt comndler and check e
respoase) thus iy puessary mpmovements can. be
imrodiced befvore dpplying that eonmallar 12 the real
application,

3 Crzate the twrget appheation: hy combining the real
Ume wiarkshap, xI'C @raer and 4 C- compiler, a0
eaccuinble tarzer spplication (comrol algorithng |5
Buble, withont any resd Forwriting low level lupusge
pragriems for realizing i real thoe controller,

4 Execute the targes epplication i cenl me: the targe
PC is [ully dediveted for running control algamstm
for the contralled pland, requliing vtk Figh roal time
b lities,

5-  Monitas e targel apphosbon: osing (PO pacge
soopes, it i3 poseible 10 morilor the rudning
application cither on bost or tirget POs, Saviag i
sijguml dubwin @ bl for fater use i< alsa possible.

0- Tunc parameters: after the contoller bes been buill
end bwnlosded o the wepet PC, aPC targel
lcohmique permiid an online modificilion of sme
contrulier”s parameters, such as goin valucs, aad
sampling time. with no peed (or sebuilding dwat

coniroller.

LI Hurdware and Software Reduirements

A stated garlier, aPC sarzer techabqoe ivabves the wse of two
PC% hosi and tarper. These ones should have the follvwing
lealures in terms of hardwsre and softwws, w0 ws W be
compatihle with the xPC target technigue,

Harbware eomrements:

= HomPC:
Ay standard PC hurdware that s sble o operae tha
software requinsmeits, provided thal it has & 5.5 inch
foppy deive, il o (ree donal sndior Retwork port

Torgez PC.
Ay deckiop or indusimd PC, wathe
* 3.5 inch (oppy drive:
*  Free senal porl or 2 spoem! Hiherner cand.
*  The mecpssary 140 boards 10 enmmumicate
weith the comirliet apphcsion,

Software cequirsinenis:

= Host PC:

Mitusndl windows plarform.

MATLAH versaun 70,1 or highor,

Simuatink version 6.1 o higher.

Rl e workshop versiom f. ],

=L erper toalbox version 26,1

Vasual U0+ Professional Edition Vession
541, &40, or 7.0, Or Watcom TH 4+ Versdon
Eiag T3
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- FarperFE:

Mo operafing system 13 required, All operanons ane
performed wang the PO targer kemneal, whick can be
thomght of ns a real-rime apecating systemn,  hieced
from the target boot disk. The xPC Targel kernel has
o effevt o0 any operating svaiepn nstalled on the
target PC, which mesns mat the frper PC can he
regsed directly as o pocmaal PC after the comnoml
process cods,

Fizore 1 sumamar zes the mam bardwars and software TEapres
of the host and mrget PCs. Also it shows the way with which
Tist PC. torget PC agd e controllad plant are connected.

2.5 xPC Target Operating Modes
AP rarper technigne provides throe hasice modes ol operalioen:
poot disk, S (nader and stand alone opaons,

1. Doar Digk Mode

[n this mode the racget PO s hooted tom o (Toppy: disk Gost
contund the &P rarss kKéenel, while the mnget ippheston,
which = buill in Simulink, is downlodded. conmrallzd and
menitared dircetly by the host PC. One migor speafication
determined within the £PC Gareet Xérrel is the- commuricaron
tvpe between the host and wrget PCe, £2PC farzer ehnigne
privddes twa ways of host 4o lareet commiuriention; whick ors
seriil wnel neiwork comunuiTseion,

Semul Communizaiim

In this ease the host and tarpar PCs are connezied with 2
sertal cahle using B5232 poms. Thy senal cormmuncition
allowrg 5 diztance beraess host and warper PCs op 0 5
meters king. with p-dats manster e from D200 o T TSN
hand. With the serial commmication ane needs o speoity
the RS 252 hose port (COMT, COMZ L) to which the
virgel P is connectad

Network (TCPA™) communication
Wuh the network commanicatiom. (e bosiaml gerpet PCS
can he connecied through a lncal arza nersrork (LAN), ar
evon throngh internet. [n this cass hoth PC= neod & keyve
netwerk cards. [Mog PO has no limistons: on the cand
type 10 be used, while the targer PO network, card shanld
e xPC tarpet compatible. Table 1 lisfs the nstwiork cands
it canm be uwsed witk the forget PC for oerwosk
comimunizetion. In  Network communication, @ %
ey 0 speely the Tollowing panuneiers:
= The tpe of the netweark card installed 1w e target
P, sl #is xPC largel dnver, s spee Ged in Table 1.
The tarerey PO adadress
- LaM sohnet omask  sbdrod, proveded By the
ArbrinesraroT.
TCRAP srget porn This property 15 set by defiul in
22233

Host Computer

Sftware

I i
| Windows

| MATT A R Simutink

| Real Time Worksiop

L L

| Micraentt Vasum! U444

| AP -trpel Tl

Hardware

Sezial portEthemnet

Target Computer

Snftware
Rial-Time Opeaiing Sysicm

P e Koormel
(Lpaded from ahoat disk)

Hardwaore l
|
Serlald DAQ |
Ellered (AD, DA
‘. ! F

Hardware-in-the-Looap {Actuators und Sensors)

Figuret Ezsit bardwsra and soihwara reydamants of hast and werget PCs usad with #PCtergat achrigue,
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= TCPIP aateweay addreed: This ic by dzfanl zec o
TRE255. 235,255, meameng that oo gateway 15 weed,
which ic the case when the bhost and tazpst PO are
coammesied through o LAMN, I fhe commimicaian (&
perdfomncd froms o host PC located 10 a LAN different
from e lorwer’s ome; il 18 pecgssacy W define a
goteway and its TP oddress. This 15 espeadlly muc
when the connecticn is over the [ntemer. Tha IP
gddress of the sppropostc - gueway should be
provded by sysiem wdimipesdealar,

A hoi-o-tmeel  cnnnecton wang nelsecrh TCRAP

commumcetion has the fallowing advaniuges wver seril

H-25 commumcaban:
ligher dala throughpur Peerwork commumcilion
nsing . Eternct cord can mmnsfer data up e 00D
Mhit'second instesd of the maximam data fransker
jale of 105 KBaud awvailable with  senal
ol i 2o,

= Lowger distomees Destwesn host and taeget compniers:
By ummye ropedces amd galoways the distonce
bebwcrn the hosl snd foreed compolers will ool e
resricted 1o the lempth of @ scrial  cable
v mmmimmcaibion aver the Inberned s also gossible,

Table 1: Network cards comoafible with «™C larpet technigun

xPC
B“": Board Number Target
Tvp Driver
SWC EZ Card 10 SMCT208T I A
{RLHME) : )
SMC EL Card 70 SMC1Z0agT NEZNC
| o (AME, BHZ) = |
| SHIC EE Card 10 SMCAZEEETA MEZWC
(RS, BRI AL {
Inta PROIGE & £2539
SMEEL Lard 10 SHCAEGT NE 2500
(RHE)
fos SMC EZ Carg 10-SMTIEEIET R
(HJE, BNC)

BMS o Cerd 10 SMS18EDETA SE 2000

(R4S, BhD AL}

Heal ['me Cewces IHA CMEDE MEZD00

R4S BRE AUG . .

| \ VirSysems inc. FTM-ME20CC-16 E2000
PCi2 (AL 3

ne Ine. PCM MEZCI0- | MESZOO0
16-BNC (BN
BEL VErE g VERL B

SMTRICEE

= = il

In this mode the target PC can be hoeotsd foont devices other
than o Mopere disk, such o5 o Qash aenons of 7 hasd - disk,
wiiile the tirgel 35 siill downlewded Crom the hes PC elther by
sernl e network commnunication. Unlike the oot Soggy
mode, DOS losder mode necds DOS copy 1w be fostalled 1o
thee arpet PC bod desvieet woarder o lead and run the PC
et kemel

A Spand Aclome Mo
tns made combanes btk the el applicaton and the xPC
rreer kemelon the tanger boot devies, which can be o Bopps

ilisk, fhsk mempey o 5 b disk: Thus barth the application
aml kormel es are bonded wmgother oo e Grpel PG
ehminating any need for the coprecfon befween the host and
tarpet PCs, The mreer hoot devies in thiz made will contain
thix fellowing fikess
= 1IN Bles
- "rthe Thiz tile confams the =PC Target kel
= xpchoncenm:  This  file.  executes  dhe: | Tarpat
application o - addition 0 the *nb  file, wihich
rapregents the real-time operatine systanm.
autosxec bat: calls the xpehootcom 8 boor the xPC
Turget kernel,

2.4 Monitering the targel application

a P dareet echnigoe poermmis the usee W oo e remmiog

gpplication and acquire dic signals Tom i, by menns ol 2P

spnpes. There are three marn tpes of scopes iat cin b wsed
with xPC et techaiqoe:

1 Target scope; dota collected from the target spphestiom 15
digplayed immediaely on the targel screee in either
pumerical of aaphical form, Sovch scopes are creatcd
automatically by the «PC kernel ot the moment the target
bt 13 down kaded w e Greel FC.

¥ ]

Host scope: this type of scopes coligcts signals data from
e tor et application, s ea sends il @ the bost FC, og
which these sigoals are graghically displayed,

3. - File stope: willl such scopes, data iz collected and stored
on g predoicrmined file Iocoted st the tmrget PC. This
oollected datn czin be then transfemed 1o the host PC for
cxmmingtion, anelysis, plotting or loer use.

Forhiermare, data lozging is also phesihle. With this Fatire,
the wrrays of dute collecied by the mreet PO ae senr o the
Liest for saving, ploming, aod soalvsis. The amount of data thar
cun b suved by the wrget PC depends oo the size of (ke mreef
PCRAM, und cun b Timived 1o o centiin vales determined by
the ‘daz Imporvcapomt [edfure  within  somolution
o purations.

3 THE DOUBLE INVEATED PENDULUM SYSTEM

The double inverted pandulom {IIF) sydem, shvwn m By 1
reprasents @ challenging problam in conrnl. Such a dysiem
conzits of wo sedally joimed [inks artached o a small car
with a revolute jomt. The lmks are allowed 10 rotale frasly
reuive i the cant ged reladyve 1oeach other, The cam is drven
weel o linsar mil By means of an efecincal motor.. whogs
wrgue represeniy the impol of e system: The main objective
al the DIF contol system 15 o swhilize both Links in ther
upper vertiend pason, while trecking & desiced posilion of the
trt-aloog e ril, Disurbaocss acing on the system should
abeo he rojoemd. Being n under-neisaled iechonical Sysen.
inher=ntly open-laop  unstable,  with  highly-sooline:
dymamics, the P system s comadered @ wn escellent tes
had for a wide sanpz of classical snd modem conimol
fechmipes as sale (eodhock, oy conbol, optimal dontned,
and nenlineas conrol.

The applications of myveried peoduliom systens mge widely
from robdtics tn husan heings moton simolaion amd spac
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racket  Eidenee svewems. Onpimally ioveried  pendulum
syrlome wans s b ilosgeee me wleas of linear woniral
thearies, bul the inhzraar nonlinzar aamwee of zuch svsiems
hilped them 1 mambin their esefolness along the yers, dml
ey are now peed o illuckerate several ideac emeraing in the
field o Fodiern noniinear conrol.

Figura & DIFC syston sompesed of fwe aluminee rode ans & eat and
acuaied by an AC sanemebor (mough a ssecially-designes wssend-
puliey mechenizm

As an edicanonal mal, wvered pendulim systens ane wsed
for testing varioug conitollers and comirel implemeniation
wechmgques includivg digal conmnl. Sampling freguency and
computationnl and transpart tme delays otfers an sthlity
and responas arc relevant issues that can be demonsiraed and
tested. Different contreliecs are tested and compared by & 5ol
of performance specifications imcluding:

- ‘Btghilization cootml,

- Position bocking.

- Disirbunec rejodion.

- Rubusiness,
The rupid dynemis bekavior of mveried pendubom sysiems
calls i o controller reeheation with bigh veal time shilites
At the same nme, the use of these sysiomy fur educational
pumirses mphes thil  fregquent switching  smedg comrol
configirations and alperithme shonld he fusitaled by o
flexihle platorm. These fwn reporemenis qualily ATC trget
fzchnique ta be 2 perfect solumon for swplemenime DIP
CORETOl Sy EheTE,

Nearly all worke on inverted penduiom eonmi sddroes Lwo
probiems, penduloms swing-ip contenl and  sabilivation
control [3] Llete, the desiza of a sabifizanion contrailer Rased
oa state feedback and dismrbance enmpensation is discussed.
Such o comtroller gims of sehilizing both links i thewr upper
wertical pasition, and wack o desicad postion of the cart along
e il

The srata-Feedhack contaller design is hasad on the lingarded
siame space model of the DIP system, Fpre 3 llustrites e
idea of state feedback control where the states vecior X s fod
bk Wsersagehi e widin wectir | . The voluss of the oain vecton

iw catrnluied w plece the vigenvuloes of Une sy sem in desing
loeationg, s o e obtem the desied  performunce
speoilcEiions. AX IfCD MoRSECmants comespondme o the
pasttien of the cart and e relative angala dsplaccmenl of
the rade are avaiiable, tha ather throa srstes are eshmated by
dhfferenbnlme: the measurerments or by means of an abserver
|4, 5]

T impmave e overall pedvrmmes of the system, e cilocts
ol the medineaniies sebis williin the syaten, such ws fieion
aril peatrifugsl forocs, &5 well 2 cauicni] disurbsnccs g
whon ol secounl.  Simee thess lermd wie ool directly
mieasurble, @n cxcnded observer (instesd of @ classical
ehserevr b s coploved nob oaly L extimate the stk bul sl
W cxiimaie the other cifects (nonlimcariies und  cxlernil
disturbances). apang the esomate of thess terns makes 1
possible o compensaie for their cftects. An exidnded abscrver
15 hamically a classcal observer where dhe  exlermal
distortances and ronlincantics sm assomed 1o be ropnbe
stabes. Since these states mre originglly extranenue 1o the
syslem, one connot write down theit cores img differeamal
equalions governing their beliavior in the Gme domman, which
i5 necessary for completing the swate-space model. A practical
sosudnimn weonlel e by e (ol (hey pre step-wise consio,
thus their derivatives are sct i Zom [51.

*M’-‘-E*@H]—'%[}’{—L
I

—

Flgurs 3 Sfate faddbech contral erelibecure

Once the extended syswem is modeled, the measored outpus of
Ui symiem sre - pompared W those obtained by the means of e
extended sysem model, and the emror is fed back o the
ehservir. Tn order @ incredse (e convergence spead-of thal
cirar signal, o o words v moke the chssrver outpul
mlohes thel memiored fugler, e dynnmics of the observer
st b nmedc uch fastor than that of the real System.

Thesmelenlly, e desired spesd of the obsarver 1= obtimed by
chonsing an approprizic gain veetor (L soous the geles of
th erpor characterizte eoration cm be placed 6 Go 0 tines
faster than those af the real system. Thuy the coniroller will
mecoive the e estimated stas ndantaneously. Howoycr, m
practice it is shown that the sestence of messuremiend nosy
limirs this freedom of havmg arbomanly fast ohservers,

Fipure 4 shows the complere  stac-foedback  comimalior
mchitectore. where an extendod observer 5 emmhoyed by
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csumE  the nnmsssured Srares s owell as the external
tbsturhances andg system nonlinearizes, The tarmer are used ina
dsznirhance  companaation madnle thar ;upermpases  the

r G0 I+

Smistg

()

e aoim

ORI

trackine commnller. Here, the high real time compolationnl
FEORIRCERENTS are evident.
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Trackiag Loop

Figure 4 Ulang the exlended soserdes cutputs 10 compensate for e nonlinearit s and disturbances efocs in the DIP systom

4 [IMPLEMENTATION OF DIF CONTROL SYSTEM
USING xPC TARGET TECHNIQUE

Fignre & demwonstmies - he hardware-inthe-fooa (HIL)
amulaton énvironment of the developed double muerted
pendulom system (6, 7], This envioonmeat consists of tho
actwenl BIF strociure inchoding the mechanical parts, sensors
and webomtors, mowldinen ko e virlugl contad ot that s
impheroented using sPC el lwchogo,

The mechanical stnactine of tee THP syslem 5 equipped with
three fmcremental optical cacoders: two of them ore used 1o
mensure e aoguber displocemenl ol the wo links, and e
third Tor the lingw displacement of e wol along e uack
These mepamemienis e Ted back fo the bogel PC, which
represents the canteoller, 30 a8 o close the nop around the
plant. ‘The targel PU s couipped with & specinl DAL card o
deating wath moremental encocers. This 12300 has built-in
digital flrering Srewts that senificanthy help oo oget nd ol
noise-znd vifcation problems neually enconmtared when wsing
incremental  encoders.  Forupately, *PC farper foolbos
provzdes & wide varsty of built-in functions that eaakle the
pser wa divectly obtzin the measnremerts tm the 11AGH cane

vmiy by specifying the slot in the ameer PC where the DAD
cami s insmlled. agd the ports mowbers o which-each encodes
15 interlaced

Wased-on rhe encoders” readings. wineh reflect the state of the
DHP system, the torgue vitlue regquired to stubilize the systemiis
determined by the controller. That worqne = repiesentéd by an
poalog volinge signul geoereled by the targel PC. This sosloy
signal i then sent (hrough Gee DAQ o e AT ssroomio
dlriver, which in turn orders the mwior 1o gencrate the specified
g value.

fgere 6 shows the Simolimk model ussd for contmlling the
IV gvarer. It iz worth noting that the maximam samplng
frmemcy that cam be schieved with xPO mrper technigue
depends ast oaly on the tafpel procesior, bt also on the
comtraller complexity. With an 800 MHz targel processor, and
with a state feedback controller shown in Tigh, a 025 ms
sample time s achieved This frequency exceadc  the
required frequency 10 deal with a copid dynontic system as the
Dip

1] Copyright £ 2007 by ASME
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The following Tahle summerizes the hancware and softwane
vommpements ol both hogt snd farpe POs osmd Tor
implemendng conmnl functions of the DIP sveiem.

Tahle 2: Hardware and saftwers comporams used with 0™ sysfarr

Hararran Eiamponasnti Holtwas Corponcms
«Aiaudab 7,01
o Praitim TV 2.8 Ciffz provessos Smmlink &1
L S oy Rl tre warkakop £.1
& s ether smodunt PC hardeare. _t;é *LL;TLML..:.A
= Yniull T renidnn G
o — <Active X conbrais package
: -Peedam 01 53 Gllz preceascr
E :;'_5:13;?;““:. 2P i kernel bowrier from
S| -l PO meovark card ¢ targes book desk.
F | e AnE WTTIAD
-PCT Qo DAG

The performemce of e contzoled sysbem o be asmtiied on
cither host or rger PUx, or om both. Those ploks ane reailily
nhtanesd by 3 hast soope. Monitomme the performance by this
rechmique daes not show down e conirolieor as 1 14 scheved
by the “ille’” hoss PC

Many EXporiments were perfornied on the  singln imveriesd
pendulum system, including stahilization céntroller, racking 5
desired step ol sine wave Gt position commiand. and self
crecting,. Figure 7 shows the dme respopse of the single
fnveried  pemdalum sysiom doring sell ereching and
stabilization proccss. In this caperiment bang-bang cantraller
wan apphied 6 awane op the pendoborn o the opper werical
posidon, hen an angle-hased switching lagic 18 used m move
o seoond sage. In this stage o robpst iracking and destimhanis
rejechan slate feedback controfler = ussd to keep the link

F 1
e il |
o'l -fﬁil?-r"a_;:‘:-" 43y e T g S T 1
= | i i |
= i 1
| | 4
0 i | i ] v 1 L li L} &
— — T I T T
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= i 1
n i b e W I u k ] =
e — '
1 |
E, 1 [
e 1
= |
=
'l.| .............. & ._I.
] £ 4 = [ 1] 1= i L} =
Time jra)

Figurs 7 Single-imseted-pandulum-or-a-cam respanss cuing
ealf arecting Bnd stebiizstion protass ootened veirg SP0 larget
hasd scope. Ihe krst parl of twe figure shows 1N immad forgss
[Mm] required io denee the systam. and tha olver twa pani
reprezan the cart posfion end link's engle reapecivaly

siablc ot i vertical posfdon, rack & desired cart pesition., and
repect thstustmnees setng either on the e or the link el
Resulg shown in Fig.d correspomd Ei]
[.]_qi 7 BSy =LIE r_:r_j.] £aln vakaes regquired o

place the sysiam eipenvalues. which are the closed Inop pobes
of the syswem u[l-l_l 15 D5 6 =41 -7 r,IJ. Dhuring he

coptroller design, 1t 15 mmporiant © ke inlo acoount the
macimum  torgee and - bandwidth  frequeacy that can ke
achieved with the semnvo mobol, 30 05 mob 0 Suceed fiess
limits, Many sxperiments can be perforomed on this test-bed,
g0 a5 the effects of pole localion, g values sampliog
(mequency and inpul seursdon e wstcd and siudicd.

Funbenmore, sPC ureel webnigee prosvides: o welb interfoce,
with which poe cin miitor the cunoing spplication aod fuee
i pocmmeters. Figue 8 shows (ie Gme respotse of he DIF
cirt pomtion obltained wsing the seieen shot option within the
AP werged wely browser inberlaie.

5 CONCLUSIDNS

In this amicie an edscaional embedded mechaironic sysem
hesed oo e MATLABR XPC farget is presanted.  An
ipplicdtion  example of oontrolling o double  Dnveérted
penduliumon s cat (DEPC) sysizim i5 discnssed in desails

APC larpel = o boal provided by MATLAB wid tis inleracive
simuladon cavironment Simulink, This has the sdvanmage of
havimg one fmendls phatform for ansly i, desagin, smuliiim,
hardware-in-the lnop simolation, and real-ome wesiang. This
enomrages. smidens and resrarchers o explore dhiferent wdeas
withonr a big overhear. Thus, iz comhingrion faoiliaage for

Tapid prosanpimng,

MATLAB and Simulink  provide a numher of mmofions-and
winfbaxes that greatly help in the design and simalanon of
coatrollers, oot oply vsing state teedback mefing, pe o is the
case in this puper, but also using many other rechniques such
2% opbmel contiol, Forey losic and nenral netwaorks

Furthermare, xPC (argst walbox provides a lorege nomber of
haile in fonctions and drivers for awide virety of DIAQ cands,
pamlle] pnd seridl ports, and other peripherls thar enable e
user to directly obtain data from dese devices easily and
eiliciently. One more adveotaee of $PC argel technigoes is its
ahiihity of dealing sitl ol DAQ sords, permiiting in i the
wsg of severul low-gost DAD cards o meet e reguicessenly
ol the Larpeapphcabin

Murcover, notwork and miermel hesl-j0-legel comuniclion
provicdend by the w1 Larger eohmiges are alsa very usstal fn
1P svarem. By mean of suck amnesioms, il is pessible o
dowrload the awmmoller by the o PC; apply 1l by e DIP
wystem and ohrein the rosy b irmmediadely o o hos PC ol
anywhere im the world, soliour any need for traveling o the
Lab wherr the struchuse b5 mstalled, i ether wionls, a plolal
Inhoratiry zan he ‘extahlishad  with the help of such &
technigue,

& Copyright & 2007 by ASME
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Flgure 8 DIP cart poaltion reaponse, shieined maing *xPC laget wok
browser imerf=ce

Inveried peadulum syrtems, meleding hoth single and dueblc
typea. Ere. Land o senerimient with varmms corml peobiems,
wich as stwhihzaton, position macking, disturbance rejeclion,
robusmess and  zelf erecting. Ilvkrid confrolicrs woth @
switchmpe fogic are also applied

Dnce the syiiem iz bolli and esved, it can he used a= pm
excellent test-hed for various contiel tachmiques. Afthouth
controllers. based on lincar conwrol theenes achieved @
sptisfying performance. it will be intemesting 1o -apply the
pringiples of noon-lincar conwol ond achieve Further
tmproverneils G sssiean pedomonee. Fuothermiore, fmazy
logic, noural nelworks, digial control und optimal cootrol
mieficds cin be applied, tetted sl compared by pieans of this
APpETHls,
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CONTROL OF A DOUBLE INVERTED PENDULUM ON A CART: THEORY AND
EXPERIMENTAL RESULTS

Mohammad AlBakei, wohoronad poua@honnall com Mechanical Engineering Department, Palesting

Polytechnic University, Hebron, Palesiine

Azir Arafeh, aoiacomB i vahoo.com Mechanical Fngineering Ncpartment, Palestine Palytechnic

University, Hehran. Palestine

Karim A. Tahboub, bbb zppo snu Mechanical Engineering Departinent, Palesting Polytechnic

University, Hehron, Palestine

ABSTRACT

In the article the double-inverted-pendulum-on-g-cant control problem is discussed. Through the
rraduation project of the Grat twe authors. o corresponding system is designed and construcled al the
Palestine Polytechnic University. Based on MATLARB und xPC, 2 flexible educational control setup is
afrained, A rebusttrackine and  disturbance-rgiection  stale-leedback-based control configuration
improved by an exended observer and explicit disturbance compensation is experimentally

implemented and tesied. Experimental results demenstrate the merits ot the proposed control system.

Keywords: Double inverted pendulum, state feedback. robust tracking and disturbance rajection,

extended observer
LLINTRODBUCTION

The double inverted pendulimm on a cart {DIPC) représents a challenging control problam. This system
consists of two jointed links anached to & small molorized curl with a revolute joint. The links ars
allowed to move frecly relative to the cart and relative to each other, The cart 15 driven over 2 [near
rail by means of an electncal mutor, whose torgque represents the only input of the svstem, ‘The main
nhjective of DIPC system is 1o stabilize both links in the upright vertical posilion, while tracking a
desired position of the gart atong the rail. Furthermore disturbance rejection is to be achieved, Deing
an under-actuared mechanical svstem, inherently open loop unstable, with high nonlinear dynainics,
and with some of its states that are not directly measurable, DIPC is considerad as an excellenl tosi-
bed for a wide range of classical and modern eontral technignes. Originally inverted pendulum

syatems were tised to illustrate the ideas of linear control (heories, but the inherent nonlingar nature of
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such systems helped them o maintain their usefulness along the years, and they are now used 1o
illustrate several ideas emerging in the izld ol modemn nonlinear control [Bogdanoy A, 2004]. As an
educational tool, inverted pendulum systems are used for testing varicus controllers and conirul
technigues including state feedback methods, optimal control, nonlinear control, intelligent control
technigues (such as neurzl networks and fuzev logic) and digital control. Different controllers are
tested and compared by a set of performance specifications including:

- Slabilization control. - Position rracking.
- Disturbance rejection. - Robustnass,

Effects of sampling frequency and computalional and {ransport lime delays on stability and response
arc rclevant issuecs that can be demonstrated and tested. The test of the aticle is orgamecd as [ollows,
Svstem nonlinear and lincarized mathematical models are derived in Section 2, these include effects as
friction. In Section 3, a control method based on multivanable robust tracking and disturbance
rejection impreved by disturhance estimation and compensation is presented where experimental

tesults are presented in Section 4, Finally in Section 5 results are discussed and conclusions are given,

2. MATHEMATICAL MODLING

Mathematical modsling of DIPC amms at ahstracting all the important fearures of the system that
govern its hehavior and expressing them in ferms of differentizl equations. The needed model
accuracy, i.e. closeness to the actual system, depends on the purpose. Generally & simplified model is
needed to study the main characteristics of the system, while a detailed model is needed for precise

simulation and prediction sludies.

1. Mathematical Model Derivation: DIPC system is presented graphically in Fig.1. In this figure the
friction force and the disturbances acling on the system are included, so as to be modeled and counted

for during contreller design and simulation Based on Fig.1, the total kinetic and polential encrgics

of the systern, dented by (:'J" }and {Lr } respectively. are:

I. i ] J o 1 R I X 1 s H 4d - . 2
T= MR 2o A U0 4T m, [Hﬂie._msa,_} {18, sme,)]

z
% ¢ (1)

|

- %mh. [(x +L.,0, cos6, +1.8. cos8, } +(L,f]l sin®, +1,0, sin 0, ] ]
U =mgy, +m,.gy, =mgl cost +m:_gEL. cos & +1. cosé, | (2)
Based on Lagrange’s approach:
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Figure 1 Dooble mverted penduliimn gvstem.
Whers:  M: Mass of the Cart my: Mass of the linkl.
1y Musg af the Imk2. Iyi Mass moment of ineria ot the link],
Tt Mivss mivrienil ol inertia of the link3, 1+ [hstence to comior of mass of the link].
la: Dhistance to center ol mass of the linkd. Jy Muss moment of inerta of the pulleys.
1 Radins of the polley. U7 Lnpui torgue [fom the molen
Fine: Friction Rree, d: the moter viscous domping cocfficient.
Fpt Distorhames foree noting af the e Fa; Hemrbance foree acting at the frae [ink.
Fyy: Distarbunce [Dree seting i the second link
i
dfaL) oL
| = |-5—= (3)

dt\ 04, ) éq,
Where the Lagrangtim lerm {L | is defined as the difference betwsen the total kinetic energy {T ],
and the total potential E-.ﬂergy{U] Applying Eq. (3) to each of the (hree generalized coordinates:x

@ and &, yiclds [AlBukri, Arafch, 2007]:

= ! =
M, i+ ;"/;; {ml.rl +m:1l'..)-'.‘:u:4 &, .l cas g f/r;

(m, +m.f Yeost  mll+m.Li+J,  m. L)l cos(d=6,) |0 [+ 0 ¥

4, 08 8, mi oLy cos(é, — 8.} madd + s L€ 0

[0 =67 (mydy+maL, sin8 ~@;m I, sin 6, 0 (4)
0 0 Gim Ll sin(6,-8) | +|-(md, +m,L )esind,

0 —&mo Ll win(E, - H,) ] ~m I g sind,

- 17 y

I A 1 1 I | 7

0|F. = | 0 | T, 4|0 Livosd Lycust ||f)s

_':I 0 ':' 0 L; cus EJ: | _.lr.d']. !

The friction force ( 7

HE

) acting on the cart is modelad as follows:
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F.’Zu': ¥ aum.'r'N XE{‘I’: )_.-“d\-'m-‘i!hr ngn {:f} {5]
Whers:
N =(M+m+m;)g —(m! +m,L, )sin 6,6

— ol sin 6., —(myl, +moLy )& 080, —myl,6; cos6,

x =0

l x =0

-Sen|X )=
enl(x) {_1 el
In order 1o obrain a linear medel for DIPC system; an operaling point is 10 be selected first, This point

is chosen Lo represent the upright vertical position, in other words, 0,0, and their derivatives are

assumed (o be small enough (approximately zero). Based on Eg. (4) the resulting linearized model that
describes the syslei in the desired operating region is:

4 v+ I 1, +m,L | ]
1+m, +m, ’,.-"fr; {mn m,L, ) L b H-‘ ;}r; a0 &
(ml+ml,) mi+mi+], mLlL |6+ 0 00 ]

m.], m,L,1, ml+L & | 0 0 0fé]
g+ SRS =——
Ha (6)
|

0 0 G | 0 e S T 111

0 —(ml+m,l,)g 0 8 l=| 0 [T,+{0 L, L, ||f

0 0 -m,l,¢ || &, Q {u 0 LIJ £i

= - | TR
K, By
R

By inspecting Eq. (6}, it could he noted that:

»  T'he mass malrix [M ] is symmelric, regular, and positive definite matnix,

s The quasi stiffness matrix (K, )is @ destabilizing matrix, since it tends 1o take the system
away [rom its operating point,

= The sysiem has dynamic coupling only in the mmass matrix while there is no statie coupling in

the wriffness mairix,

2. DTPC State-Space Model: To obuain the stale-space model for DIPC system, six states are nccded.
These arv chosen to be (1.8, 2. X, é , and E{J ); the input to (he system is the motor torque (Tr).

Singe the system is equipped with the necessary sensors, the first three states are the measurable
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outputs of the system. Based on the previous discussion the stule space model of the system 15

[ {safr L

expressad as follows:

F‘:' e s 1,
.xJ_ \_—M'!K“ -M™'D,

y=|l mms{sj]tﬂ

oot

(7

Where: X —'[x g, 6, ].l

Fd:[fd! i) fa-.]r

3. CONTROTL SYSTEM DESIGN

The contral problem of DIPC can be divided into two major branches; stabilization and sell erceting.
The [ormer, which is the subject of this paper, deals with the problem of making the car tracks a
desired position along the mil while kesping the two links stable at their vertionl positivn. Furthermore
such 8 controller should reject, within limits, disturbances acting on the carl or cach of the two links.
On the other hand, self erecling means (o swing the links up from their stable lower position to the
upright vertical poini, which is bevond the scope of this paper. In this scction & robust tracking and
disturbance rejection controlier is designed based on she derived linear state space model. The ellects
of disturbances and nonlincarities are (hen taken into considerution, firstly by estimating them with an
extended ahserver, and then by compensaling, partially, for their effects.

1. Rohust Tracking and Disturbance Rejection: In order to have z robust controller that is able o
track a desired cart position with zero steady state error, and reject disturbances acting on the system,
(he internal medel control method is used o design the required controller, based on the Eq. (7):

I et the disturbances acting on the system be modeled by the following state and output

eyuations:
X, =A%,
Fo=C.x, (8)
While the reference signal to be tracked is modeled as follows:
X, =4.x,
(9)

¥ =(f'rJ:r
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Given that lhe Eqgs. (8) and (9) are the minimal realization of the proper rational functions that
describes the disturbances and reference input respectively, in other words. the pairs
[A gy )d.[ld (A_,C_ } are observable, To design a controller that is able to track the desired
input signal, and reject disturbances acting on the system, a *® ™ function is to be found, such
that: |

O=s"+as™ +-+a, _sta, (10)
Which represents the least common multiple of the minimal polynomials of 4, and A .
Based on the previous discussion, the controller is chosen as follows [Tahboub, 1993]:

x, =Ax_+5e

11
-l'llg: =C.’:It ( ]
Where:
] | ] ] !
] ] l ] 0
-d = : -B, = :
I 0 0 ] 1 '
1]
| 7% R THea 7 THy B
-C. = J‘:‘.r

- & : the error signal, which 1s the difference between the desired cart position

and the actual one.

Figure 2 shows the control system configuration, where the models ol the relerence input, distarbances
and controller are demonstrated with respect to the controlled plant.

The augmented system, accarding to [ Tahboub, 1993, is piven as follows:

3 A 0 X N H
|i"fci|=|i 'Bccm -"{__.][T: *{G]H “2)

a4 B,

Where C,__ ., = [1 zeros -1 , which represents the cart position.

Checking the controllability of the pair(A,,B8,). the augmented system is found to be [ully

controllable, which means that it is possible to [ind & gain vrulur[ﬁ A 1. shown in Fig. 2, such that

the eigenvalues of the system can be arbitrarily placed, to obtain the desired performance. One way for

175

TR S —




The 6% Jordanian International Mechanical Engineering Conference (JIMEC 6)
22 - 24 Octaber 2007, Amman —Jardan
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x
7]
Tracking Laop

Figure 2 Robust trucking and disturbence rejection atate-feedhack controller configuration.

finding the feedback gains [K K E] iz solving a Riccatl eguation to minimize the guadratic

performanee index:

JHJTI:_ITQT 1" Rt (13}
a

Where:

(2 ! is a positive semidefinite symmetric matrix that represents the relative importance of the

atates.
R : is positive semidefinite matrix that represents the relative importance of control inputs.

2. Nonlinearities and Disturbance Estimation: As stated earlier, one of the challenges thal face the
control prublem of DIPC is ils nonlinear dynamics in addition to the immeasurable external
disturbances acting on the system. These disturbances and nonlinearifies were neglected when
derving the linearized model, which latter [ormmed the base on which the robust statc feedback

vontraller was desipnexd, as shown in the previous subsection. In order to improve the overall response
of the system, and enhance its Immunily against disturbances, an additional term denoted by {n} 18
gdded to the linearized model. This term includesz all the nonlinearities and disturbances that were

peglected durng Enearzation. To be more precise, this torm represents the difference between the
nonlinear model of Eg. (4, and the lincarized one of Eq. (6), as tollows:

M "'”".""”:‘%f (myd, +m,L.) md, = f’;l 0 ﬂ_f___r_
(md, +m, L) mdl+m,Li+J,  m,L, |'|5' + 0 0 04|+
mt.d m.Ll, myls +7, | B, i 0 0 li]lJ'_t’;i'2
| ﬁ i
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e

0 0 0 F e

0 —(mi +ml g 0 L8 [=| 0 7,

|0 0 mlg| |8 0 J

3
&
[ (md, +m,L, )(cosg —1)& +mal, (cos =18, + 3 (14)
hz‘,i-‘,!(rr:,i'l —mri.1]sinﬂl-rti'fmza’:ﬁinﬁ':, £ A e e =L
/

+ |

(m.d, +m.L (cos 1)+ m.L, 1, (cos(8 - &) -1)d. 1
-

dm Ll sin(B, -8)—(md +m L, )z sing +1., cosé (f, +0))
f mly (cosd, —1)F +m L[ (cos(8 —8.)-1)8 \‘
\ A& m LT, sin(, —8,) - m Lgsind, +f L, cosd, |

L
Since these nonlinearities and disturbances {n ) are not directly measurahlc; an extended abserver is
neaded. Extended observers are basically classical observers where the nonlincarilics and external
disturbances(a ), are assumed to be regular states. Since these states are originally extraneaus to the

syatem, one can nat write down their corresponding differential equations describing their hehavior in
the time domain, which is necessary for completing the stale-space model, A practical salution waould

be to assume that they are step-wise constant, thus their derivatives are sel Lo ecro.

Based on the previous discussion, and referring to Eq. (14), the extended state-space represcntation is:

x [ zems (3) 1 zeros (1) [ X zeros(3,1) |
X|=|-M'K MDD M'N |X|+ M'B |T,
H I zeros (3.9) J f zeros(3,1) (15)
) dn e :
v=f[x % n]
2L
Where: N =1, .

To check the possibility for the disturbances and nonlinearities to be estimated by the exlended

shserver with the available measurements, the condilion;

gl il di 16
it ¢ U__ im{x)+dim{#) (16)

should be satisfied for 21l complex numbers (s). This requires that the number of nonlincaritics may
nol exceed the number of measurements. which is the ease here. Finding that the system is fully

observable, it is pessible 1o estimate the nonlinearities and extemnal disturbences. Within the extended
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observer, and as the classical ones. the measured outpuis of the system are compared to those
estimated, and the error sipnal is fad back to the ohzerver. In order to increase the convergence speed
of the error sipnal, ie. to make the chserver outputs march those measured as fasl a5 possible, the

dynamics of the observer is made much faster than that of the controlled system. This 1s aclueved by
chopsing an appropnzic gain wclur{l. ), go that the poles of the error characteristic equation can be

placed far 1o the left from those of the controlled system. Based on the separation property [Chen,

1999, the controller and observer can be designed independently.

3. Compensating the Effects of Disturbances and Nonlincaritics: The extended observer
previously designed generates an estimate of the states in addition to the disturbances and
nonlinearities. As these disturbances become known, it is possible to compensate for their
effects using static compensation method, where a part of the control effort is dedicated 0
delete the effects of disturbances acting on the system. In fact, this method can be used only
to compensate for the disturbances snd nonlineanties aching on the cart. sinee, in contrast to

those acling on the two links. there is a dircet relation between cart nonlinearitics and the

input signal. Thus the control signal (u ) becomes:

M=—kx =k x,—rn (17)
Disturbances E,'-"q,}
Fef, nput Controlisr
o~ + vl 4 B frvartad Pandulum ."
-I'l “r b —@—-H v [ rJ 4 Syitem ¥ Y
! +
i o
]
.55;
i
- |
bl 1
B
B e
E NHonlnsariios and |
Dishahanres 7
Compingatinn
i Statm Fradhack
Trackng Loop

Figure 3 Using the extended observer cutputs to compensule for the nonlimearitics and disturbances effects in
DIPC sysiem.
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i)

Figure 3 shows the complete controller-observer configuration, with disturbance

compensation used lor controlling DIPC system,

4. EXPERTMENTAL RESULTS

In thiz section. the theoretical concepls previously discussed arc applied practically to DIPC system.
With such a system various control theories can be applicd, compared and tested on the cart along, the
single and the double inverted pendulum systems. Table | shows system’s parameters for which the
comtrollers are designed, while Fig. 4 shows the developed DIPC svstam,

Table |: DIPC parsmelors

Symbol Description Value Linits
M Muss of the cart 145 kg
1y Miegs of rod 033 Eg
n. hiss of rod2 0.132 ke
4 1enzth of red! 0.335 m ' !
3 Rudins of the pulley 0.0 m

F —
! 1 ength of center of mass of rod] 022764 m

| e
L Length of center of mass of rod2 0125 m
Jo Moment of inertia of the 2 pulleys L35 Kgm®
5 Mument of inertia of linkT about its C.0O.G 0.0436 Kgm
5 Moment-of incrtia of link2 about it C.O0U Gox X Keam®
g Ciravitationa] constinl - K1 miE

Fignre 4 The experimental double-inverted-pendulum -on-a-cart séwap
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The developed DIPC svstem, shown in Fig. 4, consisis of the two links, the cart, and the linear rail.
The eart moves linearly over the rail by means of 4 special robe and pullev arrangement. The system is
equipped with two incremental eptical encoders, used for angles measurement. The input of the
syslem is the lorque generated by an AC servomotar coupled directly to the pulley’s shaft, A real-time
controller is implemented using a standard PC hardware equipped with two data acquisition cards, T'o
achieve flexibility and hard real-time conlrol requirements, xPC target technique is used. Further
details abour systam implementation are available at [Tahboub, AlBakri, Arafeh, 2007]

The first experiment is perfonmed on the cart alone, where a robust tracking and disturbance rejection
stale feedback controlier is applied to track a desired step cant position command, while an extended
observer is used Lo eslimate the nonlingarities and disturbances acting on the system, which is then
statically compensated. Figure 5 shows the actnating torgue signal, cari position, and the estimated

nonlinearitics corresponding to the following poles locations and gain values:

*  Conlrolled system poles [-T.[I'H -7.05 -15]
* Feedback gains [£ & ]=[148 14 -456]
* Extended observer poles 6x[-7.03 -705 -25]
: o a3l
*  Observer gains L =
1192 11586

Based on Fig. 5, it could be noted thal the cxtended observer estimates the friction force that acts on
the cart, which is about 4 N, but with some vvershoot, Furthenmore, with the extended observer and
stalic compensation, the disturhance rejection ability of the system is much enhanced compared to that
obtained with the robust controller alone. Thus, with this feature, it is possible to oblain a high

disturhance rejection performance independently af the controlled system poles location.

The second experiment is performed with the single inverted pendulum, where a self erecling and
stabilization controller is applied. Such controller consists of two parts. 'The first is a hang-bang
controller which tends to swing the links up lo the inverled poesilion, while the second pad is a
stabilization controller similar 1o that discussed at the previous sections. A switching logic is also used
for transformation from one controller to another depending on the link™s angle. Figare 6 shows the
actuating torque signal, cart position, and link anple, for a sell erecling snd stabilization controller

corresponding to the following poles locations and gain values:

» Controlled systempoles  [-0.45 -0.5 -6 6.1 -70]

* Controller gains [.F.' ﬁl]=[—2.13 847 -0.78 -1.26 ﬂ.4'?]
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Figure 5 The response of a Cart posion conireller with po extended observer

The final experiment to be demonstrated here s performed on DIPC system, where a robust tracking
and disturbanee rejection conlreller is apphied to track @ desired step cart position command while
keeping the two links stabilized at the upright vertical posihon. Tigure 7 shows the actuating torque
sipnal. eart position, and the angle of each link. correspanding 1o the following poles locations and

gain values:

= Controlled system poles [[(1 -105 -3 31 -7 -75 -15]

[K]=[095 30.17 -2443 1.05 512 -2.77]

& Feedback gai
B A
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Figure 6 The response of the single inverted pendulum system due to a self erecting and stabilization contraller.
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5. DISCUSSION AND CONLUSIONS

In this paper state feedback control theories are applied to the DIPC system, where a rabust tracking
and disturbance rejection controller is applied and tested practically. An extended observer is then
uged to ohtain an enhanced dismrbence rejection response. Experiments performed on the cart, the
single and the double inverted pendulum sysiems arc then demonstrated and discassed, where various

comtrollers, such as stabilization, position tracking, disturbance rejection and self erecting, are applied.

xI'C target technique, provided by MATLAB, is uged for real-time controllers implementation, UsImg #
standard PC hardware with DACQ) cards. Tn addition 1o the high real-time abilitics chtained with such a
technique, changes and modifications are introduced with high flexihility; which in lum encourages

students and researchers to explore different ideas easily and guickly.

Once the svstem is built and lested, it can be used as an excellent test-bed for varions control
techniques. Although controllers based on lincar control theories achieved a satisfying performance, it
will be interesting to apply the principles of non-linear control and achieve further improvements in
syslem performance. Turthermore, fuzzy logic, neural nerworks, digital control and optimal control

methods can be applied, tested and compared by means ol this apparatus.
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