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Abstract

! Design and Implementation of Control System for Inerted

Pendulum’
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Bachelor of Science
in
Electrical Engineering

(Raheel Tariq ID: 081220-089)
(Sajid Ali ID: 081220-097)
(Saad Rasheed ID: 081220-130)

The inverted pendulum is a classic control problesnich involves the development of
balance the pendulum system. For display purpdtsiedjke trying to balance broomstick on the
finger. To study this problem, we have to take iatxount the experimental system which
consists of a pendulum, which is free to rotate 86@rees. This project involves the complete
system including all mechanical hardware, softwamed design at minimal cost. Three major
subsystems that make this design: (1) a mechasystém, (2) feedback network which includes
sensors and methods for reading and (3) a driveiitannterface with mechanical system. After
determining a set of requirements between subsgsteath can be designed independently of
the other two, simplifying the design process. Wasider several models of stick-slip friction
between the car and track and measure the paranoétitie experimental friction.

Keywords: inverted pendulum, feedback, frictiorienfaces.
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Summary

Classic inverted pendulum control problem is oferast that can be solved using a
variety of systems and solutions. This probleminmsilar to trying to balance the broomstick
practice. This problem invites those who are i@ in the design of the system,
control theory, and just plain problem solving ty develop a working system. For this
project, the motivation is to translate the mathtrah models developed in control theory
teaching real-time system.

The design process of this project has requirectatgleal of planning and testing before
deciding on a final design because there were soyraltiernatives to choose from. The design
problem can be broken down into subsystems thahigidy interdependent. The actual design
of each subsystem is an iterative process of cosmgotesting and implementation of simple
solutions until the solution "optimal” was founchd solution "optimum" may be defined as the
solution which can be developed at minimum cost tlagances the pendulum better.

During the design process, many obstacles have @éeesuntered. The setbacks of the
most important and time-all related to engine choWhen the first motor has been omitted, an
engine torque faster and higher was obtained bed#esoriginal one was not able to react fast
enough in order to balance the pendulum. Sinceelaeengine has different dimensions than the
first, the entire mechanical system had to be iigded. The next two engines broke when the
control effort was too high and the direction chaggapidly, putting too much stress on the
internal gears. To solve this problem, the corgrolias been redesigned with a closer bond on
the control effort.

The model is obtained on the basis of mathemataalysis of the physical system.
Unknown parameters of the model are obtained frapeements in real time on the system
inverted pendulum. The model was created with m@sigethe most nonlinearity in the system.
Linearity is caused by fundamental principles oé thystem and by friction between the
individual parts of the system. Therefore, the nhasldnighly nonlinear and then linearization
around the point of work has been performed andirmoous linearized model was calculated as
well as its discrete version. A controller has beenstructed that has also been verified by
experiments in real time.
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Introduction

The uniqueness and the widespread application dintdogies derived from this
unstable system has attracted interest from &f letsearch and robotics enthusiasts from around
the world an inverted pendulum is a pendulum wthel its mass above its pivot point. It is
often realized with the pin mounted on a carriagéctv can move horizontally and may be
called a carriage and pole. The inverted pendukim ¢lassic problem in dynamics and control
theory and is widely used as a benchmark for tgstontrol algorithms (PID, neural networks,
fuzzy control, genetic algorithms etc.). Variations this problem include multiple links,
allowing the movement of the trolley to be conedllwhile maintaining the pendulum. The
objective of this project is to build a controlkat is able to perform the balancing act with the
available configuration, preferably with minimum lake setup. To achieve these different steps
are gone through.

The practical part of this project was performedha&t University of Management And
Technology, Lahore Pakistan, at the Departmentedtical Engineering, under the supervision
of Asst. Prof. Saleem Ata and Asst. Prof. Jameahath The final report was written in the
Pakistan, under the supervision of Asst. Prof. &bkmad.
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1.1 Background

The experimental system we study is illustrateces@dtically in Figure 1. In this system,
a pendulum is connected to the side of a carriggmdmns of a pivot that allows the pendulum
to swing in the xy plane. A force F (t) is appliedthe cart in the x direction, with the aim of
keeping pendulum balanced upright. This systendieegently unstable since even the minimal
disturbance may cause the pendulum began to falis @ sort of control is necessary to maintain
a balanced pendulum. A controller would be ided&tdgep the pendulum balanced with very little
change in angld), or moving cart, X. This system is adherently abl since even the slightest
disturbance can cause the pendulum will startltoTaerefore a kind of control is necessary to
maintain a balanced pendulum. A controller wouldd®al to keep the pendulum in balance with
very little change in anglé or moving cart x. Obviously, limitation would bequired under
current parameters of the system and the methadhfdementing a controller.

F .

—

o )”/"9')’/" ';)'}-')”/"2}-'}”'

Figurel. Inverted Pendulum System with an input foce
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PROBLEM SETUP

2.1 Design Problem and Requirement

2.1.1 The Problem

The objective of this project is to design a meatensystem for the problem of the
inverted pendulum, and then implement a contrdiasible. The controller should minimize
both the displacement of the carriage and the aoblte pendulum. The system should be
standalone.

2.1.2 The Requirements

To design any system, you need to have guidelinesnwmaking decisions on the
implementation. This project is no different. A sétrequirements and goals for this project was
set up as follows:

Settling time of less than 5 seconds

Pendulum angle never more than 0.05 radians freméitical
Working mechanical system

Choice of accurate sensors

Nonlinear Control (if time permits).

Wireless Sensors (if time permits).

AN N N NN

The progress of the project it is expected thatesofrthese requirements will change as
necessary. A revised list of requirements will beluded at the end of the section of the project
that illustrates what has actually been achieved.

2.2 Problem Definition

It is practically impossible for the pendulum tddrece in the inverted position without
applying an external force to the system. The systkown in Figure 1 allows this control force
to be applied to the cart of the IP. The outputsifbasket IP can be:

» Cart position

» Cart velocity

» Pendulum angle

» Pendulum angular velocity
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Dynamic modeling of the inverted pendulum is a demgask. Here are some of the
variables that must be examined in order to mdaekystem:

Bases’ position

Bases’ velocity

Bases’ acceleration

Bases’ moment of inertia
Bases’ coefficient of friction
Bases’ mass

Bases’ length

Earth’s gravitational constant
Pendulum’s position
Pendulum’s velocity
Pendulum’s moment of inertia
Pendulum’s coefficient of friction

Pendulum’s mass

YV V. V V V VYV V V V V V V VYV V

Pendulum’s length

In our case, since the requirement is to lineaheaenverted pendulum around the corner.
Therefore, the angle will be fed to the controlddrich will control our IP in a vertical position.
The purpose of the study is to stabilize the peamduko that the position of the carriage is
controlled quickly and accurately, and the penduisi@ways try to maintain its upright vertical
position during such movements.

This problem affects a cart and pendulum hingedh& bottom of the length of the
pendulum can move in the same plane cart. Thakersgulum mounted on the carriage is free to
fall along the carriage axis of movement. This eysimust be controlled so that the pendulum
remains balanced and vertical and resistant tpalssage disorder. As the change of a part of the
system results in change in the modification otieand, this is a control system more complex
than appears at first sight.

If the exit angle of the pendulum is on the veltiaais, we realize that the system is
unstable. The pendulum will fall if it is releasatlan angle very small, too. To stabilize the
system, a system of feedback control is required.
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Briefly, the inverted pendulum is constituted byralley and pendulum. The control
objective is to move the carriage to the commanatesition without causing the pendulum to
fall over. Open-loop system is purely unstable.sTbonfiguration can be used to study the
control of the open loop system unstable. It is olesiration of the benefits of stabilizing
feedback control. A range of control techniquegynag from simple phase-lead compensator to
neural network-controller can be applied.

2.3 Range of Possible Solutions

An inverted pendulum is a classic example of cdnffbie process is non-linear and
unstable with a different input and output. Theeckiye is to balance the system vertically on
the trolley. There are several approaches to sthieesystem in terms of equations of motion.
Following is brief description of some approachesrderstand and solve the system.

Method 1:

Observer is standing at the position of the caeriggto say, inside the carriage and
observing the motion of the pendulum not of thdego This is the simplest approach possible.

Method 2:

Observer is standing outside the system and ciiédgtobserving the motion and
equilibrium state of the system. A much more compiethod to understand and streamline the
system. He needs a deep understanding of non-intgaics.

Method 3:

Observer is standing outside the system and olmgethie system as free-body diagrams
involved in the inverted pendulum system. In ouse;athere are a total of two free-body
diagrams that cart and pendulum.

A classical and best approach to solve this systerause of free body diagrams.
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MATHEMATICAL ANALYSIS

The inverted pendulum is mounted on a movable ageti A servo motor is controlling
the movement of translation of the carriage, thitoagail mechanism. That is, the carriage is
coupled with a servo-current motor. The engine asivéd from servo electronics; circuits
process controller of the error signal, which tipeishes the cart through the servomotor and the
driving rail mechanism. To-fro movement of the Gage applies moments on the inverted
pendulum and therefore keeps the pendulum in &akposition.

3.1 Force Analysis and System Equation Setup

The inverted pendulum is a system that has a garmdich is programmed to balance a
pendulum. The process is non-linear and unstalileavsignal input and output different.

3.1.1 Modeling Assumptions

A first approach to modeling would assume a fricéss with every movement limited to
the degrees of freedom you want. This might notnséke the right approach because the
system has in fact friction. But if, ignoring frieh can result in some change in the output of the
system, this will not give output as desired. Thaes ignoring friction coefficient is not
influencing the dynamics of the system to a larger.

System Dynamics

M (b): Input force

M: Mass of cart

M: Mass of pendulum, point mass
X: Displacement of cart

6. Displacement of pendulum
0 Gravitational Force

I: Length of pendulum

o(t) - Reference angle

Y X: Velocity of cart

dx

X: Acceleration of the cart
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PHYSICAL MODELLING

3.1.2 Inverted Pendulum System Equations

The actual design of the controller took a few stefhe first system will be modeled
with the assumptions required such that the systeimear and fairly simple to design a
controller. From this, the model can be convertedtate space form, which can then be used to
design a controller.

Nonlinear equations can be derived as follows.t Wiies assume that the rod is massless
and that the cart mass and the point mass at ther @md of the inverted pendulum are denoted
as M and m, respectively. There is an externaltrgeted force on the cart, u(t), and a gravity
force acts on the point mass at all times

— X

Figure 2: Analysis Inverted Pendulum System

According to Newton's second law, force is equaiiss times acceleration. Summing
the forces in the free body diagram of the cath&horizontal direction, we obtain the following
equation of motion

MX+mx, = u
This can be written as following:
2 d2
=M —x+m—x, - eq(1
H=M—5 a2 %~ e
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Where time-dependent center of gravity of the npasst is given by the coordinates for
the point of mass here assumed, the position ofeheer of gravity of the mass of the pendulum
is simply:

X, = X+Isin@

y, =lcosf - e(2)

Substituting of location of center of gravity Eq (& Eq (1) results

2 2

d d i
M—x+m—-(x+Isin@)=u - eq(2
e OItZ( )= U q(2)

Alternatively,
2

MX +ml %sineﬂrﬁ(:,u

2
X(M +m) +ml %sin@z U

And general geometric terms are

d 3
—sind = (co¥

o ( y
&
. %sin@z —(sin@¥? + (co® ¥ - eq (3
. %coséh—(sirﬂl?
&

. %cos@z—(cosﬁ §>- (si® § - eq (4)

Using the geometric terms here, we have the fotigwesult

XM +m)+m sind6*+m co¥b=pu - eq (5
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For equilibrium, net torque effect should be bakhon the systeni =T,

pid

4

Figure 3: Vector Diagram for Force Components in Toque Balance

In a similar way, you run a balance of torque oa $lystem, where the torque is the
product of the perpendicular component of the faned the distance from the point of rotation.
In this case, the torque on the mass due to thelexation force is balanced by the torque on the
mass due to the force of gravity:

(Fycosd) - (F, sind )= F, sid )- eq (6

Where the force components, Fx and Fy are detethioen equation (z) and equation (4)

F, :m;'Tzzxg :m[x—l(sine)ézﬂ (co )9] -eqb;

2

F = m% Y, = —m[l C0SH6” +1 sin%?] ~eqc)

4

Substituting these expressions into eqn. (6) amglgying results,
mxcosf+mé =mg sird - eq (7

Therefore the equations that define this systemgaren by Eqns. (5) and (7). These
equations certainly represent a non-linear systbat ts relatively complicated from the
mathematical point of view. However, since the oty of this particular system is to keep the

inverted pendulum erected arouhd(Q°, one could consider the linearization around the
equilibrium point in a vertical position. We'll do later and actually compare the linear and
nonlinear dynamics of the system, but first, wedneput the non-linear equations in standard
form state space.
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3.3 Nonlinear State Equations (Inverted Pendulum)

To numerically simulate the nonlinear model for theerted pendulum we need to put it into
standard state form,

d__
Ez—i(z,uat) - ec‘(8)

To put equations. (5) and (7) into this form, Idttst manipulate the equations algebraically to
only have a single second derivative term in eagltagon. From eqn. (7), we have

mxcosg+mé =mg sird
and putting this into eqn. (5) gives
X(M +m) —ml sind & + coY[mg sirf— cofmx| = u
(M +m)-mlsind#*+mg cod sirf— coSOmx = u
(M +m)-cos mx = u+ml sidd*-mg cod sifl
XM +m-cogdm)=pu+m sidf*-mg cod sif - eq (¢
From relation

ml & = mgsind - mx coy

. gsing-16
x:g— - eq(x)

cost
We have Eq (5)
X(M +m) -mi sind £ + co[mg sif- codmx|=x - eq (¢

Substitute Eq (x) in Eq (5)
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gsiné-18
cosd

(M +m){ }—mlsin6?92+ml coP o=y

Multiplying “ cos@” on both sides
(M +m)[gsin9—lé]—ml sind & .co¥+ml cdf .= cas- eq c(
Or

O(mcosf- M +m))=pcod- M+my sid+m co8 s —egq (1

Finally, dividing by the lead coefficients of eqi(8) and (10) gives

g Mrm sin66? - mg coY sird
M +m-mcos 8

- eq(1l)

And

5o (cosfd— M +m)g sild+ml (cod siff §

mlcos - M +m) - )

To put the nonlinear equations into standard sjpéee form, we assume

Z = v 22:9:'21

% =X z,=%=1,
Since the general form is

d

—z=f(zut

dt fzuy)

L1 For final state space equations
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IN
I

- eq(13)

Qo

S|
NN N
Q
X X D D

N

We have equation (12),

§ = Mot~ M +m)g sing+ml (cof siff §
mlcos @— M +m)

Substituting the assumptions in equation

_ j=Hcosz — M +m)y sinz +ml (cog, sia, )
micos z - M +m)

Again, substituting these assumptions in equatibnghd simplifying,

g = M+ m (sinz )z, - mg cosz, sirg,
M +m-mcos z

“Simply playing the derivatives”

o )
(0] | pcosz,— M +m)g sinz, +ml (cog, sia, 2)?
d| g mcofz- M +m
—ME a-trm - eq(L4)
t| X zZ,
| X| | g+mi(sinz)z,? -mg cosz, sire,
i M +m-mcos z |

This expression is now in the desired form giveeguation. (7.58). If both the pendulum angle
and the cart position x are of interest, we have
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Or

0010

1
le)
N

7
{1000} i . eq(15)

_X_

Equations (14) and (15) give a complete state spageesentation of the nonlinear inverted
pendulum. This is the system implemented in thessgbent Matlab simulation

3.4 Linear State Equations (Inverted Pendulum)

If you want a system linearized around the poixedi simply "linearize" the nonlinear
system given in eq (14). Since the normal matrareszero in this case (i.e everything is put in
non-linear vector functionf (z,u,1)), with coefficient matrix Jacobian to make our atipn a

differential algebraic equations for the lineariZetn the system becomes,

%Jz =J (2,u)32+J (2,U.)0U — eq(16)

Where the reference state is defined by the s&tyopendulum and built with no power
input. In these conditionsz, =0,u, = 0. As a nonlinear function vector is complicatedb

solved, determine the components of Jacobean msitecm by term.

[af, Jf, Jf, I, ]
Jf, Jf, If, I,
Jf, Jf, Jf, Jf,
J, Jf, If, I,

3202 9202

J.(z.u)=

Now determining the elements of jacobian matrices
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J_fl :i =0
le (zu) le
Using quotient rule’s result and simplifying,
3, _(M+m)g
Iz, , M
And
f
k = i = 0
Jz |,z
Since

I, _J (u+m| (sinz )z, - mg cosz, sinzlj

Jz, )z M +m-mco< z

Simplifying these expressions and re-arrangingltesuo following

R g -mg
Jz|,, M+m-m M
Jf, J
—1 =—z =1
‘]22 (zu) J222
Jf
AN
4lz, 4,

Thus, combining all these separate terms gives8yst

T 0 10 0

% 000
J.(z.u)= 0 00 1 eq(17)

- 900

Y |
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Now derivative of the non linear terms with respeci

Ju
Jf,
L Ju |

Now determining the elements of Jacobian matyées

Ji _J _
2 =@t

(zu,)

‘]_fzzy ucosz, - M +mJ sinz,+ml (cog, .sig, ) _ -1
Ju /U micog z — M +m) MI
e
Jui

_ J (u+mi(sinz )z -mg cog, sirg, | _ 1
Ju M +m-mcos z M

Re-arranging all the derivative terms w.r.t inputck, we have

3 (zow)= MY eq(18)
1
M

Finally, after all these manipulations we can weitg. (16) explicitly as
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0 100 0
+ —_

9 oz2-= (M'V”m)g >0 s VT eq(19)
dt o o001 |0
-M 500 |X
Y ] v

What is the form of LTI state standards required tfte implementation in Matlab.
Equation (19) together with the definition givenregsponse eqgn. (15) represents the final linear
model of inverted pendulum system.
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3.5 SYSTEM PARAMETERS

For the project under consideration, we will haw#ofving parameters of the inverted-pendulum
system,

M Mass of the Cart 900 gm

M Mass of the Pendulum 100 gm

B Friction of the Cart 0.000 N/mysec
L Length of pendulum to Center of Gravity23.5 cm

I Moment of Inertia (Pendulum) 5.3 gmm2

R Radius of Pulley 23cm

Tm Time Constant of motor 0.5 second
Km Gain of Motor 17 rad/sec/V
KF Gain of Feedback 9/p VIrad/sec
F Force applied to the cart

X Cart Position Coordinate

Q Pendulum Angle with the vertical
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ANALYSIS OF UNCOMPENSATED SYSTEM

4.1Pole Zero Map of Open Loop Systel
The poles position of theearizec model of the inverted pendulum @per-loop configuration)

indicates that the systemsunstabl, as one of the poles of tir@nsfer functio is located on the
right half of the s-plane. Thuke system is absolutely unstable.

Pole-Zero Map of Open-Loop Uncompensated Inverted Pendulum System

 Imaginery Axis

-1 I 1 1 1 1 L 1 1
~4 -2 -1 Real &xis 1 2 3 4

Figure 4: Pole Zero Map of Open Loop Syste!

4.2 Impulse Response of Open Loop Syste

An impulse response of the system is shown inahg figure. The system is higk unstable
as theta diverges very rapidly. The runaway natfitbe response indicates instabi
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Impulse Response of Open Loop Uncompensated Inverted Pendulum System

Amplitude

Time (sec)

Figure 5: Impulse Response of Open Loop Syste

4.3 Step Response of Open Loop Syste
A step responsef the system illustratedin the following figurc. Even here, theta
diverges very quicklythe system is high unstable. The naturef the respons Runaway

indicates instability.

Step Response of Open Loop Uncompensated Inverted Pendulum System

Amplitude

Time (sec)

Figure 6: Step Response of Open Loop Systi
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4.4 Root Locus of Open Loop Systel

The first stepn the desig of compensation for each plastto observ the response of
the unit closedeedback loo to control the stability. Many systernase unstabl in open loop
stable but inclosed loop configuratic. Vice versa is also possible thae system is stal in
open loop but unstabie closed loo, although this case is rare. Ttlese«-loop system can be
studied viewinguncompensate root locus of the system graphic Ofthéhe following figure
shows a plot the root locud the syster.

Root Locus of Uncompensated Inverted Pendulum System

Imaginary Axis

Real Akiz

Figure 7: Root Locus of Open Loop Syste

The plot reveals thahe systencannot be controlled by simple looj unity feedback.
Whatever the value dbop gait, ("K), a branch of the locus remaif®HS (in the unstable
region) of the s-plane. Thimake: it impossible to control bynity feedbac.

The root locus has a branch on the right hand sidef the imaginary axis, which
indicates that the system is unstable in closed Ipdor all values of K.

From the analysis abo, it is concluded that using onlthe closed loop gain
compensation canncheck IF. REMODELING SYSTEMof the root locu is necessary, so that,
for some set of gainfhe system has : its roots in the left-half planet@able regions plane.
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5.1 Possible Compensation Options

There are many methods for designing compensatiothé inverted pendulum system.
Compensation can be designed using one of thewinltp control analysis and design
technigues. These are:

1) ROOT-LOCUS Method
2) BODE-PLOTS

3) NYQUIST Diagrams
4) NICHOLS Charts

Of these four compensation techniques, the figtrigue is domain and rest of all are
techniques in the frequency domain. One can wsecdrding to his convenience.

We used the root-locus techniques because thew aézurate calculation of the time
domain response beyond yielding easily availalfierination of frequency response.
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5.2 Root Locus Compensation Design.

5.2.1 Why Compensation is Required?

The system analysis of the system shows that usihgthe gain compensation in closed
loop can not control the IP. Reshaping of the tootis of the system is necessary so that, for
some set of gains, the system has all its rootghen left-half plane (stable region) of
S-plane.

That is, as the given system is unstable for dilesof gain, so that the root locus must
be reshaped so that the part of each branch fellsileft half s-plane, making the system stable.
Even the specific desired performance establisbethé system must be achieved.
Compensation Goals
The desired TRANSIENT response for the system blksifing characteristics:

1. Transient (settling) time of %2 second

2. Overshoot should be < 20%, it implies that
3. The damping ratia” > 0.5

The desired STEADY-STATE response for the systesfbldowing characteristics:

1. Steady-state error must be zero.

Compensation Design

The compensation of the system with the introductd poles and zeros is used to
improve the operational performance. However, eattitional pole compensator increases the
number of roots of the equation closed-loop charestics.

Design Specifications

We need to design a controller so that the stgporese of the closed loop system
meets the following specifications:

1. The 5% settling time is less than 0.5 second.
2. The maximum overshoot is less than 20%.
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5.3 Root Locus Design with SISO Design Tool

One of the most common techniques to meet the mesiteria is a place of design root.
This approach involves iterating on design to malaif@ the compensator gain, poles and zeros
in the root locus diagram.

The root locus diagram shows the trajectories ef fibles of a closed loop feedback
system as a single system parameter varies in #anagons range of values. In general, the
method of root locus is used to adjust the loom gdia (single input single output) control
system SISO specifying a feedback gain closed pwdgs

The technique consists in the root locus plot adsep trajectories poles in the complex
plane as k varies. You can use this chart to ifletite gain value associated with a desired set of
closed-loop poles.

Adding Poles and Zeros to Compensator

You'll note that whatever the value of loop gal)( a branch of the locus remains RHS
(in the unstable region) s plane. This makes gatisf design requirements with a gain only in
the compensator is not possible. The root locus ehdsanch on the right side of the axis
imaginary, which indicates that the system is unistan closed loop for all values of K.

So poles and zeroes will be added in the compensatas to reshape the root locus to
meet our design requirements.

» Transient (settling) time of %2 second
» Overshoot should be < 20%.

» The damping rati@ > 0.5

» Steady-state error must be zero.

PROCEDURE:

1. We introduce a pole at origin to cancel the effeficzero of the plant at the origin. The
integral has cancelled the zero at origin. The loais now becomes as

Page 37



Root Locus

Imag Axis

-30 -25 -20 15 10 5 [ 5 10 18
Real Axis

Figure 8: Root Locus after Introducing Pole

2. Now add two zeros of the controller. These zerawitaus provide over indicates the two
branches of the locus on the left side of the s@lhich were, otherwise, approaches
infinity. The zeros should be added in such a wegt there can achieve the design
requirements of settling time and the damping ratio

3. We add two real poles at -10. The resulting rootifohas the following form. Kmi=0.8.
Below Kmin, roots shift in right-half and the systébecomes unstable.

Foot Locus
16 I : =— -
10 G v = 0.8
—"|
5 N -
| M
. | 1
ﬂé' i + T ﬁlp -
i I\. : |
’ \ 4
10 \\\ Fi ‘ m
Y
- e
=15 —_— R
—'__-:.'I ._‘:'l - E!:j II -1 ;’I
Real Axis

Figure 9: Root Locus after Adding 2 Real Poles
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For the loop stability it is required that the logain should be greater than the given value
(i.e.,K>Kwmn= 0.8).

4. Now we set the gain such that roots of the chariatitess equation correspond to z = 0.75 and
Tsmax= 0.5, so we select roots (selected by cross) @srsin figure. These roots correspond
to value of k = 8.

Root Locus
| 075,
N
10
= | 3 I'
| i N
a' s
@ ” | i
= e : 4. - ’ =
E | |
\ if
!
\ /
- \, V4 i
\ ™, ; s
15 % 07E st | =
! ! | 1 1
a0 40 an -20 10 0
Real Axis

Figure 10: Root Locus after Settling Gain

The compensator equation is found to be:

(s* +20s+ 100)
S

G, =8*
And the general form is:
(Kps®+K s+K))
S

G. =K. *
Comparison gives us
Ke =8, K, =20 K, =100K, =

However, after simulating this PID compensatedesysin SIMULINK, the gain Kwas found to be
best when it is 30 (minimum overshoot). So thelfuzdues of the gains are

K.=30; K, =20 K, =100K, = :
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6.1 POLE-ZERO MAP OF COMPENSATED OPEN LOOP SYSTEM

The pole positionof the compensated model of invertgeendulun (in open-loop
configuration) is showin the following figure. In addition to the poleand zero of the plant,
we pole PID controlleto cancel th zero at the origin of plant origiWe have introduced tv
zeros of the compensatod @) that pull the root locus to theror( the left)and then you get a
part of the root locyswvhich has alits roots in the stable region of th@lane.

Pole- Lero Map of Cpen-Loop Comgensaled Invered Pendulum System

U.ﬂ

Imagnary L

Rieal Axiz

Figure 11: PZ Map of Compensated Open Loop System

6.2RO0OT LOCUS OF THE COMPENSATED SYSTEM

As can be seentime root locu of the compensated systamown beloy, a PID controller
can stabilize the cycl@ he integre has deleted the zero origin. The taeros of the controller
they provide points terminugnished the two branches of the loocois the LHS s plane they
were, otherwiseapproachindnfinity. However, for the stability of thevop is necessary that the
loop gain shouldbe greater than t given value (i.e K> KminJor our given dateKmin = 0.8

So forK > 0.8; the system is stabsince all the roots are on the left-hagide of thiimaginary axis.
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Food Locus of Compansstad invensd Penduism Sy stem

Imaginary Az

Real Axis

Figure 12: Root Locus of Compensated Open Loop Systt

6.3 POLE-ZERO MAP OF COMPENSATED CLOSED-LOOP SYSTEM

The Pole-zerdocatior of the compensated model ioverted pendului (in closed loop
configuration) is shown ithe following figure

Pole-Zero Map of Closed-Loop Compensated Inverted Pendulum System |

1 = T T T

T~ B T 0
I d-. 093 0996

' '
- - "
v ' - ' . ' L

0.3 : : o U T S

Imaginary Axis

"I ' LT M. noEe 0998
4 [ 1 -1 L I+ | '
=140 =120 =100 -a0 -E0 -40 =20 u]
Real Axis

Figure 13: PZ Map of Compensated Closed Loop System
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Location of poles and zeros

POLES: 0,8.5359,-13.4232, -133.8242
ZEROES: 0, -10;10

6.4IMPULSE RESPONSE OF PID COMPENSATED SYSTEM
An impulse responsef the PID compensated systesnshown i1 the following figure.

The impulse response of t compensated system ishown in Fi. The response of
the system is very fasthe settling tim is very small i.e. 0.028 s.

I dse Response of Closed-Loop Compenssted nveried Pendulen Sysiem

Ampifce

Tumm {=ac)

Figure 14: Impulse Response of PID Compensated Syst

6.5STEP RESPONSE OF PID COMPENSATED SYSTEN

The step response of t PID compensated system is showrtha following figure The
DC Gain of the closetbop syster compensated inverted pendulus0.3501. The passing
percentage is 8.48%e6s than 20% The steady state error is zero.
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Slep Response of Closed-Loop Compensated rverted Pendulum System

Empiluide

Time {zec]

Figure 15: Step Response of PID Compensated System

6.6 CONCLUSION OF COMPENSATION ANALYSIS

Following compensation goals have been achit

The desired TRANSIENTesponse for the system has following charactesi
@ Transient (settling) time < % secon

0.028 SEC FOR IMPULSE RESPON

0.127 SEC FOR STEP RESPON
@ Overshoot < 20%

8.48% FOR STEP RESPON
@ Thedamping ratio { > 0.5

The desired STEADYSTATE response for the system has following charactesi
@ Steadystate error = zero.
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7.1 Mechanical System

The design of a mechanical system for this prajeatlves the integration of four main compo-
nents: (1) the carriage, (2) the pendulum, (3)rtirevay, and (4) the mechanism used to move
the carriage. There are many ways to implement tlesen if each component is very dependent
on the other three. These components must alssfysatime basic requirements such that it is
possible to design a regulator to balance the gandu

» The cart motion needs to be limited to one degfdeeedom which is in the horizontal
plane.

» The pendulum motion needs to be limited to two degof freedom, one of which is the
same as the cart’s degree of freedom.

» The friction that impedes the cart and pendulumionamnust be reduced as much as
possible.

7.2 Track, Cart, and Pendulum Solutions

An option for mechanical design might have the mata main component of the carriage.
In this drawing, depending on the size of the madfwe carriage can be built around the engine.
The engine was a gear unit mounted on his tremdalh a toothed track which is flat on the
surface. In order to ensure that the drive wheelsdaot come off the track, a guide will be
necessary to implement that which is parallel ettlack that the wagon would be attached too.
A guide can be a steel rod along the cart that Inaag an arm to wrap.

» Pros
o Overall System is compact.
0 Could be self contained if controller is mountedthe cart as well.
0 Reduced Friction.
0 Good ability to change direction quickly.
» Cons
o Cart design may be complex.
0 Guide may be hard to integrate.
o Possible slip condition with drive wheel and kiac

A variant of the second option would be to haverachkt is not just a cart-pendulum
still mounted on the upper part. This truck is si@técted with the integrated system in the
wagon. The motor may control a set of wheels thatemto maintain the pendulum balanced.
This design would not need a guide as the centenasfs of this design would be low to the
ground. A gear assembly may be required to drieentheels simultaneously. It may be possible
to have a wheel centered on a free spinning onother sidethat could work satisfactory
without any gear assembly.
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» Pros
o Overall System is compact.
o Self Contained.
» Cons
0 Reaction time is dependent on motor torque
o Cart may have more than 1 degree of freedom.
o Pendulum may have more than 2 degrees of freedom.
o Displacement may be hard to measure since tlsere ireference point to
measure against.

Another interesting solution would be to have thgiee with a rod mounted on the shaft so
that when the motor rotates, the rod is parallethes ground. Attached to the end of this tree
would be the pendulum. Hence this system would leaeecular motion, instead of the linear
displacement previously discussed.

» Pros
o Cart is simply the rod.
» Cons
0 Strong motor needed.
o System must be well built such that the rod isrgjlp attached to the motor
shaft.
o Nonlinearities of the motion of the cart will Béficult to model.

Other variants of the mechanical system includegiany of the solutions proposed with
pendulums of various shapes, lengths, mass ditbiis) etc. The ideal case for the problem
inverted pendulum, which is the easiest to modethé pendulum with the whole mass located
the tip. This allows the approximation of the momeaininertia of the pendulum to zero.

7.2.1 Transfer Function of the System

With reference to the figure 2, the net effect@mtes on the free body diagrams is,

MX+bx+N =F Equation (1)

Note that it is also possible to add up the folicethe vertical direction, but no useful
information could be acquired. The sum of the ferizethe vertical direction is not considered
because there is no movement in this directionitisdconsidered that the reaction force of the
earth balances all the vertical forces.

Page 47



The force exerted in the horizontal direction duéie moment on the pendulum is
determined as follows

r=rxF=1.8

F=—"=ml&

14
r
Component of this force in the direction of Nvid cosé.

The component of the centripetal force acting alinveghorizontal axis is as follows:
2
Ly
r
Component of this force in the direction of Nri$ £° sing

Summing the forces in the horizontal direction, yan get an equation for N:
N =nmx+ml 90039— ml 92 sind Equation (2)

If you substitute this equation [2] into the fiesfuation [1], you get the first equation of motion
for this system:

(M +m)%+b x+ml dcosd—mi §2 sind = F Equation (3)

To get the second equation of motion, sum the foqerpendicular to the pendulum. The
vertical components of those forces are consideeee to get the following equation.

Psind+N co®g-mg sird =mlé+mx cod Equation (4)

To get rid of the P and N terms in the equationvabsum the moments around the centroid of
the pendulum to get the following equation.

—Pl sin@d— NI cog/ = |9 Equation (5)
Combining these last two equations, you get thersdynamic equation.

(I +ml)8 +mgl sind = -mIx cod Equation (6)

The set of equations that define the dynamics efsystem are equations (3) and (6).
These are non-linear equations and must be liredhiz field of work. Since the pendulum is
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stabilized in a position of unstable equilibriumhieh is 'PI' radiating from the position of stable
equilibrium, this set of equations should be limesa about theta = Pi. Suppose that theta = Pi+g
(where @ represents a small corner of vertical ugywa

After linearization the two equations of motion bew (where u represents the input)
and using small angle identities

(M +m)X+bxmlg =u Equation (7)
(I +mi*)$ ~mgl ¢ = mix Equation (8)
To obtain the transfer function of the linearizgdtem equations analytically, we must
first take the Laplace transform of the system &qoa. The Laplace transforms are:
(M +m) X (s).s* +bX (s).s—-mlg(s).s* =U (s)
(I +ml *)@(s).s* —mgl ¢ (s) = miIX(s).s*

Since we will be looking at the angle Phi as th&ouof interest and the input force, re-
arranging, the transfer function is:

P(s) _ ml.s
U(s) s’ +b(l +ml2).s*~mgl (M +m)s—bmgl
where
q=(M +m)(I +ml?)—(ml)?

7.3 Motor Selection

There are three main options to be used for engifitss project: (1) a DC motor, (2) a
stepper motor, and (3) a servo motor. The two magosiderations in choosing a motor are high
torque and high speed. The torque required foctttgage to change direction quickly to keep
the pendulum balanced. High speed is requiredadhle carriage can move faster the pendulum
can fall.

The DC motor may have a high torque and high speatdhas a cost. First of all, when
the torque and the speed of a DC motor increasiehwhlquires more energy to start the engine.
This will be limited by the circuitry used to cooltrthe motor. The control circuitry for a DC
motor is typically an H-bridge that controls theedition of current through the motor according
to the direction signal.

The stepper motor capable of providing a high terduut would lack sufficient speed. A
bipolar stepper would be necessary to ensure Heintotor rotates both directions. For this
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engine, there are four input lines that must beched in the correct order for the rotation of the
motor in a certain direction and in the oppositgeoito move the motor in the reverse direction.
This control can be done externally through the okeligital logic components that would
require only a direction signal and a speed contook this would make the design more
complex.

The servomotor could provide high speed, but suffigh the pair. First of all, servo-
motors in general are able to rotate 360 °. In otdehave such an engine, the drive wheel
connected to the motor shaft would sized suchahatation may cause the carriage to travel the
length of the track. Note also that the controlaokervo motor can be bit 'difficult in this
application because the level of the voltage apglethe motor indicates that the motor angle to
be at. There is less insight into the design cdetrthat operates in this way.

Regardless of which engine is chosen, a separatermupply will only be necessary for
the engine. The power consumption for large motorg inductive spikes created each time
the direction of the motor changes may be detrialdntany other circuit connected to the same
power supply.

7.3.1 DC SERVO MOTOR MODELING

Introduction:

DC-motors that are used in feedback devices cdoettchre called DC-servomotors.
Applications of DC servomotors abound, for examplepbotics, computer disk drives, printers,
aircraft, flight control systems, machine tools. D®tors are classified as controlled DC-motor
armature and field controlled DC-motors

Modeling

For the armature controlled DC motor, field currisntonstant and torque generated is
given

r=k.l, Equation 1

k. is motor torques constant (Nm/Amp) ahdis armature current. For this motor back-emf is

produced in armature due to armature rotation, vlsdirectly proportional to angular velocity
of the armature.

dé

-
“ at
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6(t) is angular position of shaft

V, = k.. d;m Equation 2

k, is motor constant (V.sec/rad).

+
Va(t) (

Gear

Tw(t) o2

Figure 16: Armature Controlled DC Motor

Applying KVL, (Figl), we get following equation

L'ﬂf‘ +RI,+V, =V, Equation 3

This differential equation is governing the motmimmechanical load.

DC servo shaft is connected to gear box of the &atid load is attached to the output of
the shaft (Figure 2)

_n
k=

m

= n, is number of teeth on the load side
= n,, is number of teeth on motor gear side

This can easily be shown thigf relates to the motor shaft's angular posit#yto gear-
box-output shaft angular position i.e.
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AN

=k =1
° 4

And inertia at output when shalt reflected at motor shaft is given by

Therefore, application of Newton’s moment balangeation at motor output shaft yields

F=ma
rT=la
2 2
38, L, d6,, 1, do
d’t kK, dt  k,*
Simplifying,
2
Jo- C:j;? +h.% =Kk, 7, Equation 4
Where

Jog =Ky dn +J,

Jeq is total load inertia reflected at motor’s skdfereh = rotational friction constant
Taking Laplace transform of equation (1) and eaqumat#)
From equation I, = k..l _,
Laplace transforms yields into

T=k.l(s) Equatian
From equation (4)

J0(9).8° +hO(s).s=k kI, Equation b

To eliminate the central variables (Tm, Vb, la)k&d.aplace transform of the equation (3)
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LI(s)s+RI +V =V And [(s)=—2_"b
) oo = Ts7R

Substitute these into equation (b)

Va _Vb

J,0(s).8" +h6(s).s=k, k.. CoTR

Equation (c)

(Ls+R)[J,0(s)s* +bO(s)s] =k, k ./, -V, )

g

V, =k,.0 ahd K =$ and g,=k, .6
6
V, =k, Kk, 0(s)s
Substitute this result into equitation (c) and difging,
B()[ LIS +5°(0 L+ RI,)+sb R+k,>k K, )] =k, kV,

a(s) _ koK
V, s[LJ,.s+s B L+RI )+ @ R+KkK,)

Equation 5

This is transfer function of the angular displacatte the applied voltage. Similarly, we can go
for the angular velocity to the applied voltage i.e

@(s) _ Kq-K,

= Equation 6
V.9 [LI, S +sL+RI )+ O R+kkk,)]

This equation has two poles, for the minimalismoare go for the following result

@ __k Kk
V,(s) s+p. s+p,

For simplicity, the influence of the electrical cpaments can be neglected. Therefore, neglecting
the inductance effect, gives the first order tranéfinction that is related to the angular velocity
response to input of armor.

w(s) _ Ky K
V,(s) RJI,+Rb+k S kk,
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Alternatively, this can be written as

@(s) _ k
V.(s) rs+l

K and r are DC gain and mechanical constants of DC Serwomo

7.4 Feedback Network

Designing a network accurate feedback is essettiatabilize the system. Thus the
sensors must be relatively quiet and have a q@isganse so that the information retrieved from
sensors accurately reflects the state of the systerthis case there are four parameters that
govern the inverted pendulum system (which willdegived in a later section). They are (1) the
angle, (2) the angle of speed, (3) the displacemérihe carriage, and (4) the speed of the
trolley. Thus there are four measurable parameters may be used for the feedback, which
determine the necessary control to stabilize tistegy. More conventional approaches to this
problem only measure the angle and displacementrendther two parameters are derived from
these.

7.4.1 Displacement Sensors

One way to detect the displacement of the troleya use the non-linear or linear
potentiometer mounted on mounted on the track Whighslider connected to the carriage. The
voltage on the wiper of the potentiometer wouldntlve converted into a digital signal by an
ADC. Since this method has a simple to implemeuit tibe output voltage may be non-linear.

Another way to detect the displacement of thedsois to use light sensors spaced parallel to
the track with a receiver on the side of the tratkese work indicating when the basket is
passed between a transmitter and receiver, bre#kengjgnal.

» Pros
o Simple Concept
» Cons
0 Accuracy is limited to the spacing of the sensors

Radar and sonar sensors are also possibkeseTtvould emit a light or sound,
respectively, and wait reflection. The time reqdifer a reflection should be used to calculate
the distance. Unfortunately these sensors are mrensive and may require a large amount of
processing time that slow down the reaction ofsygem. Thus, they will not be considered for
this project.
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7.4.2 Angle Sensor

One of the simplest solutions would be to mount tendulum of a circular
potentiometer. Ideally, the pot would have littiection. If practical potentiometers have a
certain amount of friction, which could affect tdgnamics of the pendulum fall. This has the
advantage of easy implementation but may causelinear output voltage. Furthermore, the
friction may influence the system dynamics.

A rotary encoder could be another practical sotutithis sensor reads the angle and then
returns the digital representation. This is avddlalm a greater precision, but there is a
compromise between the costs.

7.5 Controller Solutions

Once a mechanical system is developed with a fedédbatwork accurate and simple
interface for the control of the carriage, a colferocan be designed. As this section will show,
there are many ways to implement a controller wagkiThe largest design constraint of a
controller of work is how well the system is modklBlecessary assumptions that are required to
design and implement a controller working shoulddd&n in account.

7.5.1 Controller Implementation

The PID controller, that was implemented, was Agalonature and was implemented
by Analog Circuitry.

ANALOG CONTROLLER can be realized by a number of different Op-Ampebasircuits.
These networks are discussed in the following secti

Besides Control-Electronics, there are Error-Detecservo-Amplifier, and a Feedback-Sensor
(Linear Rotary Potentiometer) in the Control Loop

7.5.2 Analog PID Controller

The PID controller works in a closed loop. A prapmral controller (Kp) will have the
effect of reducing the rise time and reduces bwsdoot eliminate the steady state error. An
integral control (Ki) will have the effect of elimating the error of steady state, but can make the
transient response worse. A derivative control (Wd) have the effect of increasing the stability
of the system, reducing the overshoot, and imptbgdransient response.
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DESIGN 1: IDEAL PID ALGORITHM

This ideal PID algorithm has similarities with gealeoperational amplifier. Next is a
schematic representation of an operational amplifiewhich input impedance is Z1 and the
impedance Z2 is feedback or parallel.

.

Figure 17: Ideal PID Controller Design

V1

Overall transfer function of this amplifier is
V2/ V1= —{(Ri/ Ri+ Ci/ Ci) + (1 / RCD) + (RCi) * D} = — {Kp + Ki/ D + Kq D} ApPendi

Through this equation we can have

PROPORTIONALGAIN is Kp=(Ri/ Ri+ Ci/ Cx),
INTEGRAL GAIN is Ki=(1/RCs), and
DERIVATIVE GAIN is Ka= RfCi.

DESIGN 2: SERIES PID ALGORITHM

In this series of transfer function of PID contenlPID controller is obtained as a product
of Pl and PD. Then follows this configuration isd?ld PD cascade to get PID.

—» PlICoNTROLLER ® PD CONTROLLER —P

{Ko1 + K; / D} {K:2 + Kq D}

Figure 18: Block Diagram of Series PID Controller
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And the schematic diagram of this desig

V1

Pl CONTROLLER FD CONTROLLER

Figure 19: Schematic of Series PID Controller

Transfer function of this design is obtained atofe
Ge(s = {KP + Kl / D + KD D} Appendi
And the values of the Kp, Ki, Kd are found tc
PROPORTIONAL GAIN Kp =(R2iR2d/R1liR1d + R2d C1d/R1i C

INTEGRAL GAIN: Ki = R2d / (R1d R1i Clignc
DERIVATIVE GAIN: Kd = (R2i R2d C1d) / R1i.

DESIGN 3: PARALLEL PID ALGORITHM

This design may be regarded as the simplest agpitoadesign an Analogue PID Circuit. Tl
design is based on the following configuration¢biave PID actiol

A4
o

h 4
o

Figure 20: Block Diagram of Parallel PID Controller Design
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The advantage of using this configuration is thatcan have separate controls to adjust
KP, KI, KD and KC (not possible in any other degighhen a PID controller Tunable can be
realized using this reason, using potentiometarstépably) or (e) variable capacitors. We have
also adopted this design to make a PID CONTROLLBERAROG TUNABLE with different
gain ranges as follows:

KP=1TO 1001; KI=1 TO 20; KD =0 TO 10; KC = 0TO 100

And the transfer function of the design is

UE LK

GC(S) = E(S) = Kp +— 4 KD Appendix

Through this transfer function we have

PROPORTIONAL GAIN is Kp = (R2p / R1p),

INTEGRAL GAIN is Ki= 1/ (R1i C1i), and
DERIVATIVE GAIN is Kd = (R1d C1d), and
CASCADED GAIN is Kc = (R2C/R1C).

7.5.3 General Tips for Designing the PIC Controller

When designing the controller for a system, folltv steps shown below to obtain desired
response

Obtain an open loop response and determine whdsnede improved.

Add a proportional control to improve rise time.

Add a derivative control to improve the overshoot.

Add an integral control to eliminate the steadyestror.

Adjust each of Kp, Kiand Kd until you obtain a desi overall response.

akrwpdrE

Lastly, please keep in mind that you don’t neeniplement all three controllers into a single
system, if not necessary. Keep the controllermapl& as possible.

7.5.4 Tuning The PID Controller
Use the following steps to tune the PID constants:

1) Turn the KP, Kl and KD potentiometers counter cloide as far as they will turn. This
sets all the constants to zero.

2) Power the device using a 12V (minimum of a 3 apgyer supply.
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3)

4)

5)

6)

7)

8)

9)

Holding the Reset button down, lift the pendulunthe vertical position and release the
Reset button and pendulum at the same time.

The pendulum should free fall and the base willmove. This verifies that all constants
are properly read as zeros.

Increase the KP constant by turning the potentiematunter clockwise and repeat step
3.

Keep repeating steps 3-5 until there's a bit 'ofllasion in the base. If the term KP is too
small, the base platform chase upper part of thelydam® while continuing to increase.
KP will be too large if the drive wheel is free baw oscillates at a high rate of speed.

Start increasing the Kl same way KP until the pémaucan be balanced for a few
seconds In a constant condition oscillating. Whes K1 is added, the base will now
accelerate faster than the pendulum cau@ntp change from a positive angle in a
negative angle (or vice versa). The pendulum ualitgo fall backward. The base should
change direction and, again, accelerate fastes ©gthe pendulum unt® changes and
the repetitions of the cycle. This is known asabadition Overshoot.

Increase KD in the same manner as KP and Ki umil@vershoot condition is gone and
the pendulum remains balanced.

Once all overshoot is gone, the PID controlleuised.
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8.1 Introduction

Design is the creation of a plan or convention tfeg construction of an object or a
system (as in architectural blueprints, engineedreywing, business process, circuit diagrams
and sewing patterns). No generally-accepted defmiof "design” exists, and the term has
different connotations in different fields (seeidedisciplines below

8.2 Physical System Design

In collaboration with graduate studies, an evolutid the physical system shown below
has been developed. Utilizing this pre-existing tgl system, the design team engineered a
modular inverted pendulum configuration that wabeadntegrated into the current design.

8.2.1 DESIGN OF PENDULUM

The pendulum bar was specified as Aluminum. Thiélaminum allows for a low-cost,
light-weight, yet strong option to sustain the Eg@xhibited within the system. The bar was also
a thin walled version which is again a lower coge do the drawn manufacturing processes.
Selecting the bar in Aluminum also allows for madgustability with weight fluctuation

/

Figure 21: Pendulum Rod

8.2.1.1 SHAFT COLLAR ASSEMBLY

Shaft collars were necessary to secure the bobhiveagthe pendulum bar. These shaft
collars have set screws spaced 90 degrees apasdtare it to the pendulum bar. The shaft
collars are compact in size, adding minimal weightthe overall rotating mass. One-Piece
Clamping Collars are designed to handle applicatibvat require a greater axial load capacity
than Set Screw Collars without marring the shdfhis material presents a low cost durable
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option proving to be reliable for future adjustménthe physical system. The surface treatment
is electrolysis nickel plating which prevents sagaorrosion and increases durability.

Figure 22: Shaft Collar Assembly

8.2.1.2 Bearing Mount Assembly

The bearing mount assembly consists of an alumihoosing made from Aluminum.
The aluminum housing is an excellent choice to cedaverall vibration in the system. This
particular design allows for ease of replacemeriezrings as well as ease of assembly with its
mounting tabs and holes

Figure 23: Bearing Mount Assembly

8.2.1.3 Rotary Shaft

The rotary shaft was specified with rigidity in rdirShaft features stepped bearing mount
surfaces with machined grooves for retaining ririgse stepped surfaces would locate the shaft
when the bearing mounts were affixed to a base pldte retaining rings hold the outer bearings
in place within the bearing mount housings. Thiscpgion shaft also features electrolysis nickel
plating for durability and reliability.
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Figure 24: Rotary Shaft

8.2.1.4 Strut Clamp Assembly

To affix the pendulum bar to the rotating shaff;-aonnector type assembly was needed
to secure the two components. The strut clamp ddgeshown below features a “bolt together”
design that locates the pendulum bar to the rajahmaft securely. This design allows for the
pendulum to be perfectly perpendicular to the motpshaft with negligible weight bias.

Figure 25: Strut Clamp Assembly

8.3 Fixture Design

Once the pendulum design and pivot joint designewarmplete, the physical system
needed a platform and foundation to allow easeppli@ation and removal from the sled, a
reliable sensor mounting and junction system, apéradulum stop system. The overall fixture
design required the allowing for future additiofisangle sensors as well as the sensors to couple
at the ends of the rotating shaft. The continuityrmodularity was also required to ease the
assembly and disassembly processes.
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8.3.1 Components and Materials

To allow for proper sensor installed height, wolkt@s were needed as spacers under the
bearing mounts. This raised the shaft height arldedointerference issues with the sensor
mounting faces and the base plate. Material wasgsa@rucial in this application as the desired
performance was small, thus the plates were spdc#s low carbon steel allowing for strength
at minimal cost

Figure 26: Work Plate

MATERIAL SELECTION

We mainly use aluminum as a material in the faliocaof our project. We consider it
because it is light in weight, relatively good tnesigth, easy to work on and easily available in
market. Also, we have used Teflon for coupling rtbeé of the pendulum. For damping purposes
we have used Iron springs.

8.4 Electrical Hardware

8.4.1 Sensor

A digital high resolution incremental encoder waseded to sense angular position
relative to pendulum movement. It was determinedugh simulation that resolution was very
important on the stability of the system.
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Figure 27: Angle Encoder
Transformer

A step down transformer is required to step dowa itiput 220 AC voltages to the
required voltage level.
LCD

LCD was needed for the interfacing purposes tpldysthe angle of the pendulum read
through the angle encoder.

8.5 Final Physical System Configuration

Finally, we have come across through the followdegign.

Figure 28: Final Physical System Model

Page 65



Figure 29: Final Physical System Model (i)

Figure 30: Final Physical System Configuration (ii)
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9.1 Introduction

In this chapter we will be discussing the Electeorircuitry used as to stabilize the pendulum in
upright position. The circuitry has been dividetbithese parts mainly,

1) A Microcontroller Board
2) H-Bridge
3) PID Tuning Port

We have designed each of these components sepatastéd them, and then incorporated them
all into the final design.

9.2 Motor Driver (Hybrid-Bridge)

An H-Bridge is an electronic power circuit thatoalls motor speed and direction to be
controlled. Often motors are controlled from somadkof “brain” or micro controller to
accomplish a mechanical goal. The micro contrglevides the instructions to the motors, but it
cannot provide the power required to drive the msotén H-bridge circuit inputs the micro
controller instructions anadmplifies them to drive a mechanical motor. The H-bridge sakehe
small electrical signal and translates it into hpgtwer output for the mechanical motor.

9.2.1 Direction Control (Hybrid-Bridge Topology)

Motors can rotate in two directions depending om libe battery is connected to the
motor. In order to run the motor in the forwardediion, connect the positive motor wire to the
positive battery wire and negative to negative. sy, to run the motor in reverse just switch
the connections; connect the positive battery woréhe negative motor wire, and the negative
battery wire to the positive motor wire. An H-Brelgircuit allows a large motor to be run in
both directions with a low level logic input signdlhe H-Bridge electronic structure is explicit
in the name of the circuitH -Bridge.

+ +
L J J
Switch 1 ‘/ / Switch 2
MOTOR
) L) b,
Switch 3 ( / Switch 4

Figure 31: H-Bridge Topology
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If it is desired to turn the motor on in therward direction, switches 1 and 4 must be closed to
power the motor. If it is desired to turn the moter in thereverse direction, switches 2 and 3

must be closed to power the motor.

A detailed diagram at component level of the H-Beids given below,

Circuit
2

ouTA q e 2

L1

PaA
2 na DD uTA,

R1 pig

Motor Drive q]

IR FES40N

S

[}
INB DDUTH —|_[T_IB
ik WZ
r¥F
R 0 Z

1N
IRFS40

= === =

Figure 32: Schematic Level View of H-Bridge

9.2.2 Turning on the MOSFETS

This section will explain what the “switches” aboaetually are in terms of electronic
components. The switches are power MOSFETs (ttans)sthat have certain properties that
allow them to switch high currents based on an tirgignal. The MOSFETs are used in two
regions of operation; Cut-off mode and Saturatioodenwhich correspond to switch off and
switched on respectively. In the H-Bridge caseptit a MOSFET into the Cut-off mode, the
input signal (Gate Voltage) to the MOSFET must eugded. However, to turn on the
MOSFETs and put them into saturation mode requires a roomgplicated process. MOSFETS
are three terminal devices with the terminals béimegGate, Drain, and Source.

The following are logic equations for each swit@séd on input PWM (Speed)
and input DIR (Direction):

Switch 1 = PWM e DIR

Switch 2= PWM e DIR

Switch 3 = Switch 1 = PWM + DIR

Switch 4 = Switch 2= PWM + DIR
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9.3 CMOS Microcontroller

The controller board has 2 main functions, to meagu and to drive the motor. The
power supply needed to run the system is dictayethé selection of the motor. The motor is
controlled by an H-bridge which is driven by th&€€R6F684 Enhanced Capture/Compare/ PWM
Module (ECCP). The outputs of the ECCP are condeatd-ET drivers that produce the proper
drive voltages and reduce the transition timegHerFETs in the H-bridg&here are 5 potentio-
meters located on the controller board, 3 of whind used for adjusting the PID constants (KP,
Kl and KD) and one to measu@& The fifth potentiometer is used in conjunctiorimihe input
filter's reference. The input filter is a low-paBgssel filter with a cut-off frequency of 60 Hz
and has a voltage gain of 6. A low-pass filteraeded to eliminate any high frequency noise on
the angle measurement which the derivative terth@fID controller is extremely sensitive to.
The Bessel filter is used because it has the lespbnse to a step function. (Once the pendulum
is balanced, a sudden displacement that causesbiékdome unbalanced will look like a step
function.) The cut-off frequency was chosen to béeast twice the expected frequency of the
pendulum.

Follow is a flow chart of the C Code used for #ystem. Its task is initialization of
routines i.e. checking which registers are to lzel ferst when power is set on or MCU is set to
be restart. After, it reads the constants set qf Kip& Kd respectively. Applies a condition to
checks the status of flags whether they're setobr When the flag values are set this will keep
an eye on the values of the Proportional, Derieasind Integral terms.

The interrupt service routine is used to contrel speed of the PID loop and is set to set
to run off the TimerO Interrupt. TimerO is an 8-biher that will increment the TMRO register
every instruction clock. When the TMRO register rflesvs, the TimerO Interrupt Flag is set.
Interrupt speed is every 3.9 milliseconds (1/256. H&nce we are using the internal 8 MHz
internal oscillator, we will have a 2 MHz instruati clock or 0.5us per instruction. This yields
that the interrupt should run every 7812 instrutdio
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Main Routine Interrupt Service Routine
Reset of
PIC16F&84

Inttialization
Routine

Read KP, Ki, KD

Reset TMROD
Read Error
Angle
Set PID Loop
Flag

—_—
A
T T
- - | . ..
~" PID Flag ™ o -~ Error to ™. Yes|
/ set? ul < bigT -
. 7 o
T ves No 'r
Calculate ’\
Integral Term Error to ~._ Yes pr———
e small? Loop Flag
e rd
Limit if too big N -
or small o ;
| Return . Stop PWM,
Calculate Reset terms

Dieriv. Term

Limit if too big

or small

Sum terms &
mult. by KP

Set PWM DC

& direction

Shift errors
clear PID flag

Figure 33: C CODE FLOW CHART

Here is schematic of the modern microcontrolleCHIF684) used in the our circuit describ
the pin level behavior.

E RAG/ANO/CAINHICSPDATIULPWU  RCO/ANA/C2IN® QOI'D'_F;%TT
57— RAUANIICINAVREFICSPOLK  RCT/ANSICAIN- -5
1 RziANaTOCKUINTICTOUT RC2ANGPID 518
1| RASIICIRNPP RCIANTPIC &
| RAMIANSTIGIOSCCLKOUT  RCAC20UTIPIB (2512 —8
—Z_| RA/TICKIOSCI/CLKIN RC5/CCP1/PIA I
PIC16F684 U2
Soft PID control using Micro codtroller ‘

Figure 34: Pin Description of 16f684 Microcontroller
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9.4 Final Schematic

A complete diagram of the circuit of the InverteshBulum System is shown below. This
figure demonstrates the component level descrigifdhe system that how the different parts of
the circuit are connected to each other. Diffepants are highlighted.
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Error Control Circuit Soft PID control using Micro controller

Figure 35: Detailed Schematic diagram of the Invegd Pendulum System
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9.5 PCB Layout of the System

Here are the some figures shown below of the IReRyst two level,

1. Rear side view of the PCB
2. Front side view of the PCB

PCB layout of motor driver circuit at solderingsig shown below,

IFFE RN E
'PEERER]

Figure 36: PCB Layout of H-Bridge (1)

And PCB layout at component level is given as,

Figure 37: PCB Layout of H-Bridge (2)
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This figure demonstrates the PCB layout at reas giew of MCU.

Figure 38: PCB Layout of Controller Board (1)

Here is component level view of the Microcontrolerard,

Figure 39: PCB Layout of Controller Board (2)
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This diagram shows the rear side of the LCD Intadecircuit.

st hbe s e and A

/--d P

v hseneeasdeses

Figure 40: PCB Layout of LCD Interface Circuit (1)

This is final circuit when LCD is attached to thecait.

Figure 41: LCD Interface Circuit (1)
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This is a final diagram when all the circuit is pted to the Inverted Pendulum System.

Figure 42: Inverted Pendulum System
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CHAPTER 10

CONCLUSION



Conclusion

The experience of working on the classic problerthefinverted pendulum is great. This
is an ideal exercise to show his talent as an cbatrgineer. The practical work has come a long
way in helping us understand and develop a viswrithe design of control systems for SISO
(Single Input Output) systems.

This exercise provides a chance of designing aralbert for a system that has a good
dynamic behavior and hence the consideration fertthnsient response &snphasizedWe
studied a model for a pendulum system which usedlfack control to keep the pendulum in the
upright position. We designed a controller for thistem and showed that if the delay time of
sampling is not too large, then still the local woher stabilizes the system. When the time delay
is large enough, stability is lost.

The foundation is laid for future research. Manguieements are met so that a system of
mechanical work has been developed with a controlit and a network of accurate feedback.
An interface was also created through hardwaresaftavare to integrate the controller. And if
time permits, we will now go for the non-linear tah of the system, wireless sensors, pc
interfacing, data acquisition and cost reduction.

The most beneficial aspect of this project was tha@ave exposure to a full system
design. The experience gained from developing eétie subsystems given the constraints they
imposed on each other and then integrating theetheg proved to be invaluable.

The power of MATLAB and Simulink becomes more evith® one as all these designing would
not have been possible without these tools.
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PIiD CONTROLLER

Design 1: IDEAL PID CONTROLLER

Ideal PID controller can be viewed as general dmeral amplifier. The schematic of the
amplifier is shown below in which the input voltaged impedance are V1 and Z1 respectively,
and V2 is output voltage.

Figure 43: Schematic of Ideal PID Design

At point A, by Kirchhoff's current law,

i, +i,=0 =i, =-i,
i:—ﬁ :i:—é eq(l)
z Z vV, Z,
Here,
zZ=—2 R and Z, =—R2'J.w'C2 +1
R.jaC, +1 jaC,

Substitutes into eq(1) and simplifying we have,

V2 /V1=-{Rf/Ri+Ci/Cf)+(1/RiCfD) + (RCi) * D}
=—{Kp + Ki/ D + &D}

Design 2: SERIES PID ALGORITHM

Here the transfer function of the controller isiagld as product of Pl and PD controller. So
following is the schematic of the cascade Pl andcBitroller to achieve the PID action.
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Pl CONTROLLER PD CONTROLLER

Figure 44: Schematic of Series PID Design

According to the figure, Gcomb(s) = Gi(s)*Gd(s) ...eq(2)

According to Kirchhoff’s current law,

i, +i,=0 and =i, =-i,
1
Voo Ve and v _Te,o
R, s 1 Vi Ri
R c,D
simplifying, Gi(g=Rrs T oy K
Rl R1-Ci1-D D
Similarly, for Gd(s) the impedances are,
Z, = —Re  and Z,=Ry
R,CyD+1
So, iy =1, leads to Vo__ %,
Vc Z

So the transfer function of this portion will be

_ R,
= (RyCy)D+—2

d

Substituting these results into equation (2), wiéhave overall transfer function of the series
PID action.

K
Geows = (Kpy +EI)*( Ke, +Kp. D)

K,,.K.
Geowe = (Kpp-Kp, +Ki) + (%) +(Ks,.Kp) D
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Design 3:PARALLEL PID ALGORITHM

Here we will proceed with separate transfer functbproportional, integral and derivative

gain.

For Kp,

So,

For Ki,

So,

For Kd,

SO,

Vi __ V%
leads to R_ = ‘g
p p
Kp:ﬁ = _ﬁ
Vi R,
1
leads to Vo__G.D
Vi R
Ki=_1
R,C,D
yields to Vo___ Ro
vV, 1/C,D
Ro
1/C,, D
Kd=C,.R,.D
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Therefore, overall transfer function of system il

This equation has two pole(s) and one zero(s).
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(1). M.FILE FOR BASIC DATA OF
INVERTED PENDULUM

%

*

% DESIGN AND IMPLEMENTAION OF INVERTED PENDULUM
% inverted Pendulum initial data
% SST UMT, LAHORE, PAKISTAN

%

M=0.9; %
m=0.1; %
Lp=0.47; %
[=0.235; %
1=0.0053; %
r=0.023; %
tau=0.5; %
Kf=2.8648 %

Km=17; %
b=0; %
g=9.8; %

% Input force=u
% Cart position=x

*

Mass of cart in kg

mass of pendulum in kg
length of pendulum in meter
length of pendulum to centre of gravity
moment of inertiain Kg.m”2
radius of pulley in meter
time const. of motor in sec
feedback gain in V/rad/sec
motor gain in rad/sec/V
friction of cart in N/m/sec
acceleration due to gravity

% Angular displacement= theta
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(2).M-FILE FOR OPEN LOOP &CLOSED LOOP
(UNCOMPENSATED) TRANSFER FUNCTION OF IP SYSTEM

% * KkkkddkkdkkkKkk Kok *hokkk Kk

% DESIGN AND IMPLEMENTAION OF INVERTED PENDULUM
% Transfer function of the open loop & closed loop

% (Uncompensated) Inverted Pendulum System

% SST UMT, LAHORE, PAKISTAN

%
% variables |, Kf, Km, Lp, M, b, g, |, m, r, tau
%

loadip_data

Kp=1/(M+m)*g);
K =Kf*Kp *Km *r * (M + m);
Ap =sqrt (M +m)*m=*g*I/((M+m)*(I + (m*(I"2))- ((m*1)"2)));

% G1(s) = Theta(s) / U(s)

% g represents a small angle from the vertical ugwaection,

% u represents the input (impulse) force on thelpapulley chain mechanism.
num_Th_U = [0 0 Kp];

den_Th_U =[Ap~(-2) 0 -1];

Th_U =tf (num_Th_U, den_Th_U);

% G2(s) = U(s) / E(s)

% u represents the input force on the cart by thkeychain mechanism,
% e represents the input to the motor driving gudieain mechanism.
num_U_E = [((Km * (M + m))*r) 0];

den_U_E = [tau 1];

U_E =tf (num_U_E, den_U_E);

disp"’

% G(s) = Theta(s) / E(s)

% Forward Transfer Function (Open Loop Without Hesek)

num_G = conv (num_U_E, num_Th_U);

den_G =conv (den_U_E, den_Th_U);

disp'Forward Path Transfer Function of Inverted PenaiuBystem is:'
G = series (U_E, Th_U)

% H(s) (Feedback)
num_H = Kf;
den_H=1;

H =tf (num_H, den_H);

% Closed Loop Transfer Function of Uncompensatededy

% Gc(s) = G(s) / (1 + G(s) * H(s))

disp'Closed Loop Transfer Function of Inverted PenduBystem is:'
Gc = feedback (G, H)

% GH(s)
% Open Loop Transfer Function
GH = series (G, H);

Page 87



(3).M-FILE FOR ANALYSIS OF THE UNCOMPENSATED
INVERTED PENDULUM SYSTEM

()/0************************************************** Kkkkkkkkkkkk

% DESIGN AND IMPLEMENTAION OF INVERTED PENDULUM
% inverted Pendulum initial data

% Following File will show the response of Uncomspaied

% open_loop and closed_loop poles and zeros ofddveenduum

% SST UMT, LAHORE, PAKISTAN

% Kkkkkkkkkkkkk

% variables G, GH, H, Th_U, U_E

loadfunc_ip_uc

%

%

%Part(1)

%pole zero plot of un_cpmpensated poles

figure

pzmap (G)

title (Pole-Zero Map of Open-Loop Uncompensated InvePeadulum Systei'
grid

%

%Part(ll)

%Impulse plot of un_cpmpensated poles

figure

impulse (G)

title (Impulse Response of Open Loop Uncompensated bo/&&ndulum Systejn’
grid

%

%Part(Il)

%Step plot of un_cpmpensated poles

figure

step (G)

title ('Step Response of Open Loop Uncompensated Invegedulum Systemn’
grid

%

%Since for the transfer_Function, we need the dlifmck and an input
%block, so lets go for the transfer_function deffim, tf=G/(1+GH),

% Root Locus Plot of Uncompensated System

%

%Part(1V)

figure

rlocus (GH)

title (Root Locus of Uncompensated Inverted Pendulumegyst

grid

%

%Part(V)

% Locations of Poles and Zeroes of Closed-Loop Sfearf-unction in Complex Plane
figure

pzmap (feedback (G, H))

title (Unity Feedback Closed-Loop Uncompensated InvePttulum System’
grid
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(4). M-FILE FOR TRANSFEER FUNCTION OF THE
COMPENSATED INVERTED PENDULUM SYSTEM

Oy rkkkk Khkkddkkdkkkkkk Kok *kkkk

% DESIGN AND IMPLEMENTAION OF INVERTED PENDULUM
% Transfer function of the

% compensated Inverted Pendulum System

% SST UMT, LAHORE, PAKISTAN

%
% variables G, GH, Gc, H, Th_U, U_E, num_G, den_G

loadfunc_ip_uc

% C(s)=(Kd*s"2+Kp*s+Ki)/s

% PID Controller to reshape the root locus.
Kp = 20;

Ki = 100;

Kd=1;

Kc = 30;

num_PID = Kc * [Kd Kp Ki];

den_PID =[10];

disp( )

disp (The transfer function of the PID Controller)s:'
disp(")

PID = tf (num_PID, den_PID)

% G_comp(s) = PID(s) * G(s)

% Overall Forward Transfer Function.
num_Gcomp = conv (num_PID, num_G);
den_Gcomp = conv (den_PID, den_G);
G_comp = series (PID, G);

% Open Loop Transfer Function of the Compensatete®y
% G_comp_H(s) = G_comp(s) * H(s)
G_comp_H = series (G_comp, H);

% Closed-Loop Transfer Function of the CompensSteiem
% Gc_comp

disp'Closed Loop Transfer Function of the Compensategdrted Pendulum System is:'

Gc_comp = feedback (G_comp, H)
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(5). M-FILE FOR ANALYSIS OF THE COMPENSATED
INVERTED PENDULUM SYSTEM

gﬁ***********************************************

% DESIGN AND IMPLEMENTAION OF INVERTED PENDULUM
% inverted Pendulum initial data
% SST UMT, LAHORE, PAKISTAN

gﬁ***********************************************

% variables G_comp, G_comp_H, Gc_comp, PID
loadfunc_ip_comp

%Part(1)

% Locations of Poles and Zeroes of Open-Loop Comgtexl Transfer Function in Complex Plane
figure

pzmap (G_comp_H)

axis ([-15 10 -1 1])

title (Pole-Zero Map of Open-Loop Compensated Invertedi®lem Systeny’

grid

%Part(2)

% Impulse Response of Compensated Inverted Pendsystem

figure

impulse (Gc_comp)

title (Impulse Response of Closed-Loop Compensated eov&éendulum Systen’
grid

%Part(3)

% Step Response of Compensated Inverted Pendulstargy

figure

step (Gc_comp)

title ('Step Response of Closed-Loop Compensated InvBegedulum Systepn’
grid

%Part(4)

% Root-Locus Plot of Compensated Inverted PendiBystem
figure

rlocus (G_comp_H)

sgrid (0.76,35)

titte (Root Locus of Compensated Inverted Pendulum Sypstem
grid

%Part(5)

% Locations of Poles and Zeroes of Closed-Loop Sfearf-unction in Complex Plane
figure

pzmap (Gc_comp)

title (Pole-Zero Map of Closed-Loop Compensated InvePeadulum Systen'

grid

% Part(6)

% Bode Plot

figure

bode(Gc_comp)

titte (Bode Plot of Closed-Loop Compensated Inverted Blend Systen)'
grid
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\APPENDIX

Microcontroller Coding

Collection of C Codes
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Inverted Pendulum

/ 3k 3k 3k 3 % ok 3k 3k 3k %k ok 3k 3k 3k %k ok 5k 3k 3k %k 3k >k 3k %k %k >k >k 5k %k %k 5k 3k 5k %k %k 5k 3k 3k %k 5k 5k 3k %k %k 5k 3k 5k %k %k 5k 5k 3k %k % 5k 3k 3k % %k 5k 3k 3k %k 5%k >k 3k 3 % 5%k 5k 3k % %k % 3% 3k % *k %k *k k

#include <pic.h>
#include <pic16f684.h>
#include <math.h>
#include <stdlib.h>

void Init();
void PID();
void Set_Constants();

bit flagl,do_PID,int_flag;

signed char en0, enl, en2, en3, term1_char, term2_char, off_set;

unsigned char temp;

short int temp_int;

unsigned short int ki, kd, kp;

signed int SUmE_Min, SumE_Max, SumE, integral_term, derivative_term, un;
signed long Cn;

//__CONFIG _CP_OFF & _CPD_OFF & _BOD_OFF & _MCLRE_ON & _WDT_OFF & _INTRC_OSC_NOCLKOUT & _FCMEN_ON

//***************************************************************************

// Positional PID 256 Hz

//***************************************************************************

//***************************************************************************

//Main() - Main Routine

/ 3k 3k 3k %k % ok 3k 3k %k %k ok 5k 3k 3k %k ok >k 3k 3k %k 5k >k 3k %k %k >k >k 3k %k %k 3k 3k 3k %k %k >k 3k 3k %k 5k 5k 3k % %k 5k 3k 3k %k % 5k 5k 3 5k % 5k 5k 3k % %k 5%k 5k 3k % %k 5% 3k %k % %k 5k 5k %k *k *k k

void main()
{
Init(); //Initialize Routine
Set_Constants(); //Get PID coefficients ki, kp and kd
while(1) //Loop Forever
{
if(do_PID){
PID();
}
}
}

/ 3k 3k 3k %k >k 3k 5k >k %k >k 3k 5k >k %k 3k 3k 5k >k 3k 3k >k 5k >k >k 5k 3k 5k >k >k 5k >k 3k >k >k 5k >k 3k 3%k >k 3k >k 3k 5k >k 3k 5k 3k 5k >k 3k 5%k 3k >k >k 5k 5%k 3k 5k %k 3k 5%k 3k 5k %k 3k 5%k %k 5k %k %k >k kk k%

//Init - Initialization Routine
/ 3k 3k 3k 3k 3k 3k 3k sk sk sk sk sk 3k 3k 3k 3k 3k 3k sk sk sk sk sk sk 3k 3k sk sk 3k sk sk sk sk sk 3k 3k 3k 3k 3k 3k sk sk sk sk sk sk 3k 3k 3k sk sk sk ok ok ok sk sk sk ok sk sk sk sk sk sk sk sk kR sk sk k ki ki k-

void Init()

{
PORTA =0;
TRISA = 0b00101101; // Set RA4 and RA2 as outputs
PORTC=0;
TRISC = 0b00000011; // Set RCO and RC1 as inputs, rest outputs
CMCONO = 0x07; // Disable the comparator
IRCFO = 1; // Used to set intrc speed to 8 MHz
IRCF1 =1; // Used to set intrc speed to 8 MHz
IRCF2 = 1; // Used to set intrc speed to 8 MHz

CCP1CON = 0b01001100; // Full bridge PWM forward
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ECCPAS = 0; // Auto_shutdown is disabled for now

PR2 = 0x3F; // Sets PWM Period at 31.2 kHz
T2CON =0; // TMR2 Off with no prescale
CCPR1L=0; // Sets Duty Cycle to zero
TMR20ON = 1; // Start Timer2

ANSEL = 0b00110101; // Configure ANO,AN2,AN4 and AN5 as analog
VCFG = 0; // Use Vdd as Ref

ADFM =1; // Right justified A/D result

ADCSO =1; // 16 TOSC prescale

ADCS1=0;

ADCS2 =1;

CHS0 =0; // Channel select ANO

CHS1=0;

CHS2 =0;

ADON = 1; //Turn A/D on

en0 =enl =en2 =en3 =terml1_char = term2_char =0;
ki=kd =0;

kp = off_set =0;

temp_int = integral_term = derivative_term = un =0;
SumE_Max = 30000;

SumE_Min =1 - SumE_Max;

do_PID=1; // Allowed to do PID function
TOCS =0; // TimerO0 as timer not a counter
TMRO = 10; // Preload value
PSA =0; // Prescaler to TimerO
PSO=0; // Prescale to 32 => 256 Hz
PS1=0;
PS2=1;
INTCON =0;
PIE1 =0;
TOIE = 1; // Enable Timer0 int
GIE=1;
return;
}
void PID() // The from of the PID is C(n) = K(E(n) + (Ts/Ti)SumE + (Td/Ts)[E(n) - E(n-1)])
{

integral_term = derivative_term = 0;

// Calculate the integral term

SumE = SumE + en0; // SumE is the summation of the error terms
if(SumE > SumE_Max){ // Test if the summation is too big
SumE = SumE_Max;
}
if(SumE < SumE_Min){ // Test if the summation is too small
SumE = SumE_Min;
} // Integral term is (Ts/Ti)*SumE where Ti is Kp/Ki
// and Ts is the sampling period
// Actual equation used to calculate the integral term is
// Ki*SumE/(Kp*Fs*X) where X is an unknown scaling factor
// and Fs is the sampling frequency
integral_term = SumE / 256; // Divide by the sampling frequency
integral_term = integral_term * ki; // Multiply Ki
integral_term = integral_term / 16; // combination of scaling factor and Kp
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// Calculate the derivative term
derivative_term =en0 - en3;
if(derivative_term > 120){

derivative_term =120;

}
if(derivative_term < -120){
derivative_term =-120;

}

derivative_term = derivative_term * kd;
derivative_term = derivative_term >>5;

if(derivative_term > 120){
derivative_term =120;

}
if(derivative_term <-120){
derivative_term =-120;

}

Cn = en0 + integral_term + derivative_term;
Cn=Cn*kp/1024;

if(Cn >= 1000)

{
Cn =1000;
}
if(Cn <= -1000)
{
Cn =-1000;
}
if(Cn == 0){
DC1B1=DC1B1=0;
CCPR1L=0;
}
if(Cn > 0){
P1M1=0;
temp =Cn;
if(temp~0b00000001){
DC1BO=1;
}
else{
DC1B0 =0;
}
if(temp”~0b00000010){
DC1B1=1;
}
else{
DC1B1=0;
}

CCPR1L=Cn>>2;

off_set = off_set +1;

if(off_set > 55){
off_set =55;

// Test if too large

// test if too small

// Calculate derivative term using (Td/Ts)[E(n) - E(n-1)]

// Where Td is Kd/Kp

// Actual equation used is Kd(en0-en3)/(Kp*X*3*Ts)

// Where X is an unknown scaling factor
// divide by 32 precalculated Kp*X*3*Ts

// C(n) = K(E(n) + (Ts/Ti)SumE + (Td/Ts)[E(n) - E(n-1)])

// Sum the terms

// multiply by Kp then scale

// Used to limit duty cycle not to have punch through

// Set the speed of the PWM

// Motor should go forward and set the duty cycle to Cn

// Motor is going forward

// Used to stop the pendulum from continually going around
// the offset is use to adjust the angle of the pendulum to slightly

// larger than it actually is
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else {

}

void Set_Constants()

{

}
P1IM1=1;
temp_int = abs(Cn);
temp =temp_int;
if(temp”~0b00000001){
DC1BO=1;
}
else{
DC1B0O=0;
}
if(temp”~0b00000010){
DC1B1=1;
}
else{
DC1B1=0;
}
CCPRI1L =temp_int >> 2;
off_set = off_set -1;
if(off_set < -55){
off_set =-55;
}
}
en3 =en2;
en2 =enl;
enl =en0;
en0=0;
do_PID=0;
RA4 =0;
return;
ANS2 = 1;
ANS4 = 1;
ANSS = 1;
ADFM =1,
CHSO0 =0;
CHS1=0;
CHS2=1;
temp = 200;
while(temp){
temp--;
}
GODONE =1;
while(GODONE);{
temp=0;
}

ki = ADRESH << 8;
ki = ki + ADRESL;

CHSO0=1;
CHS1=0;
CHS2=1;

// Motor should go backwards and set the duty cycle to Cn
// Motor is going backwards

// Returns the absolute int value of Cn

// int to char of LS-Byte

// Used to stop the pendulum from continually going around

// Shift error signals

// Done

// Test flag to measure the speed of the loop

// Configure AN2 as analog
// Configure AN4 as analog
// Configure AN5 as analog
// Right justified A/D result
// Channel select AN4

// Gives delay

// Does nothing.....

// Store the A/D result to Integral Constant

// Channel select AN5
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temp = 200; // Gives delay
while(temp){

temp--;
}
GODONE =1;
while(GODONE);{
temp =0; // Does nothing.....
}
kd = ADRESH << §; // Store the A/D result to Differential Constant

kd = kd + ADRESL;

CHS0 =0; // Channel select AN2
CHS1=1;
CHS2 =0;
temp = 200; // Gives delay
while(temp){
temp--;
}
GODONE =1;
while(GODONE);{
temp=0; // Does nothing.....
}
kp = ADRESH << §; // Store the A/D result to Proportional Constant
kp = kp + ADRESL;
CHS0 =0; // Channel select ANO
CHS1=0;
CHS2=0;
}

/ 3k 3k 3k %k % ok 3k 3k %k %k %k 5k 3k 3k %k ok >k 3k 3k %k 5k >k 3k %k %k >k >k 3k %k %k >k 3k 3k %k %k 5k 3k 3k % 5k 5k 3k %k % 5k 3k 3k %k % 5k 5k 3 3k % 5k 5k 3k % %k 5%k 5k 3 % %k 5% 3k % % %k 5k >k %k *k *k k
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void interrupt Isr()

{

If(TOIF&&TOIE)
TMRO = 10; // Preload value
TOIF =0; // Clear Int Flag
RA4 =1;
temp_int=0;
temp_int = ADRESH << 8; // Store the A/D result with offset
temp_int = temp_int + ADRESL - 512;
en0 =temp_int + off_set/8; // Store to error function asuming no over-flow
do_PID=1; // Allowed to do PID function
GODONE =1; // Start next A/D cycle

}

else

{
PIR1 =0;
RAIF =0;
INTF =0;

}

if(temp_int > 180){ //Check if error is too large (positive)
DC1B0 =DC1B1 =0; // Stop PWM
CCPR1L=0;
en0 =enl =en2 =en3 =terml_char = term2_char = off_set =0; // Clear all PID constants
Cn = integral_term = derivative_term = SumE = RA4 = 0;
do_PID=0; // Stop doing PID

}

if(temp_int < -180){ //Check if error is too large (negative)
DC1B0 =DC1B1 =0; // Stop PWM
CCPR1L=0;
en0 =enl =en2 =en3 =terml1_char = term2_char = off_set=0; // Clear all PID constants
Cn = integral_term = derivative_term = SumE = RA4 = 0;
do_PID =0; // Stop doing PID

}

}
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LCD Interfacing

#define XTAL_FREQ 4MHZ
#include <pic.h>

#include <string.h>

#include <stdio.h>

#define XTAL_FREQ 4MHZ
#include "delay.h"

#include "delay.c"

#include "lcd.h"

#include "lcd.c"

/* display on/off, cursor on/off, blinking char at cursor position */

#define LCD_DISP_OFF 0x08 /* display off */

#define LCD_DISP_ON 0x0C /* display on, cursor off */
#define LCD_DISP_ON_BLINK 0x0D /* display on, cursor off, blink char ~ */
#define LCD_DISP_ON_CURSOR  OxOE /* display on, cursor on */

#define LCD_DISP_ON_CURSOR_BLINK OxOF /* display on, cursor on, blink char ~ */

#define testbit(var, bit) ((var) & (1 <<(bit)))

#define set_bit(ADDRESS,BIT) (ADDRESS |= (1<<BIT))
#define clear_bit(ADDRESS,BIT) (ADDRESS &= ~(1<<BIT))
#define flip_bit(ADDRESS,BIT) (ADDRESS "= (1<<BIT))
#define test_bit(ADDRESS,BIT) (ADDRESS & (1<<BIT))
//set_bit(TRISA, 1);

//To clear a bit it woulld be clear_bit(TRISA, 3); and so on.

//#define testbit(var, bit) ((var) & (1 <<(bit)))

//#define setbit(var, bit) ((var) |= (1 << (bit)))

Page 98



//#define clrbit(var, bit) ((var) &=~(1 << (bit)))

#define LINE1 O // LCD RAM position for Start of line 1
#define LINE2 0x40  // LCD RAM position for start of line 2
#define LINE3 Ox14  // LCD RAM position for Start of line 1

#define LINE4 0x54  // LCD RAM position for start of line 2

unsigned const char const angleTable[]={
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x91,0x91,0x91,0x91,0x91,0x90,
0x90,0x90,0x90,0x90,0x89,0x89,0x89,0x89,0x89,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,
0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00,0x00, };
/*

unsigned const char const angleTable[]={
0x00,0x01,0x02,0x03,0x04,0x05,0x06,0x07,0x08,0x09,0x0A,0x0B,0x0C,0x0D,0x0E,0xOF,
0x10,0x11,0x12,0x13,0x14,0x15,0x16,0x17,0x18,0x19,0x1A,0x1B,0x1C,0x1D,0x1E,0x1F,

0x20,0x21,0x22,0x23,0x24,0x25,0x26,0x27,0x28,0x29,0x2A,0x2B,0x2C,0x2D,0x2E,0x2F,
]
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0x30,0x31,0x32,0x33,0x34,0x35,0x36,0x37,0x38,0x39,0x3A,0x3B,0x3C,0x3D,0x3E,0x3F,
0x40,0x41,0x42,0x43,0x44,0x45,0x46,0x47,0x48,0x49,0x4A,0x4B,0x4C,0x4D,0x4E,0x4F,
0x50,0x51,0x52,0x53,0x54,0x55,0x56,0x57,0x58,0x59,0x5A,0x5B,0x5C,0x5D,0x5E,0x5F,
0x60,0x61,0x62,0x63,0x64,0x65,0x66,0x67,0x68,0x69,0x6A,0x6B,0x6C,0x6D,0x6E,0X6F,
0x70,0x71,0x72,0x73,0x74,0x75,0x76,0x77,0x78,0x79,0x7A,0x7B,0x7C,0x7D,0x7E,0x 7F,
0x80,0x81,0x82,0x83,0x84,0x85,0x86,0x87,0x88,0x89,0x8A,0x8B,0x8C,0x8D,0x8E,0x8F,
0x90,0x91,0x92,0x93,0x94,0x95,0x96,0x97,0x98,0x99,0x91,0x91,0x91,0x91,0x91,0x90,
0x90,0x90,0x90,0x90,0x91,0x91,0x91,0x91,0x91,0xA9,0xAA,0xAB,0xAC,0xAD,0xAE,OxAF,
0xB0,0xB1,0xB2,0xB3,0xB4,0xB5,0xB6,0xB7,0xB8,0xB9,0xBA,0xBB,0xBC,0xBD,0xBE,OxBF,
0xC0,0xC1,0xC2,0xC3,0xC4,0xC5,0xC6,0xC7,0xC8,0xC9,0xCA,0xCB,0xCC,0xCD,0xCE,OxCF,
0xDO0,0xD1,0xD2,0xD3,0xD4,0xD5,0xD6,0xD7,0xD8,0xD9,0xDA,0xDB,0xDC,0xDD,0xDE,0xDF,
OxEO0,0xE1,0xE2,0xE3,0xE4,0xE5,0xE6,0xE7,0XE8,0xE9,0xEA,OXEB,0XEC,0XED,OXEE,OXEF,
0xFO0,0xF1,0xF2,0xF3,0xF4,0xF5,0xF6,0xF7,0xF8,0xF9,0xFA,0xFB,0xFC,0xFD,0xFE,OxFF, };
*/

//0123456789ABCDEF1234
unsigned const char *const startupl =" INVERTED PENDULUM ";
unsigned const char *const startup2 =" SAJID,RAHEEL,SAAD ";
unsigned const char *const startup3 =" ;
unsigned const char *const startup4 =" SST,EED,UMT LAHORE";

unsigned const char *const blank = ;

unsigned char Voltage;

void Initialization(void);

unsigned char ReadADC (unsigned char ADC_Channel);

__CONFIG(0x1872);

void interrupt Globallnterrupt(void)
e
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{ //if (RCIF ) // 1f USART RX Interrupt

//RCIF=0;
if (ADIF)
{
ADIF=0;
}
if( TMRLIF )
{ TMRION = 0;
TMRIIF = 0;
}
if( INTF)
{
INTF=0;
}
}
void main(){

DelayMs(200);
Initialization();
// PORTD=0;

lcd_init();
DelayMs(20);
lcd_clear();
DelayMs(200);
cmd_lcd(LCD_DISP_OFF);

cmd_lcd(LCD_DISP_ON); // Cursor off

lcd_print(LINE1,startupl);
lcd_print(LINE2,startup2);

lcd_print(LINE3,startup3);
e ——————————
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lcd_print(LINE4,startup4);

DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);
DelayMs(250);DelayMs(250);

DelayMs(250);DelayMs(250);

lcd_print(LINE1,blank);
lcd_print(LINE2,blank);
Icd_print(LINE3,blank);

lcd_print(LINE4,blank);

while(1){
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Voltage=ReadADC(4); /!
gotoxy_lcd(1,6);
lcd_puts("ANGLE:");

BinToHexAscii(angleTable[Voltage]);

led_puts(" ");

DelayMs(250);DelayMs(250);

}//while(1)
}//main

void Initialization(void)

{

ADCON1 =0b00000110; // ADC Off

// ADCON1 = 0b00000010; // ADC On

TRISA=0xFO; //--

TRISB=0xFO; //-- Port B bit 0 to 3 as output

PORTC=0B11111111; //- bits 0 - 2 used for keyboard array bit 3 for Beep
TRISC=0B11000000; //- bits O - 2 used for keyboard array bit 3 for Beep

CCP1CON =0;

// PORTB=0;

// TRISA = 0b110000;
// TRISB=0b11111111;
// TRISC = 0b11110000;
// ADCON1 = 0x07;

// CMCON = 0x07;

T1CON = 0x30; // TIMER 1 CONTROLL REGISTER
]
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// bit 5-4 TICKPS1:T1CKPSO: Timer1 Input Clock Prescale

// Select bits 11 = 1:8 prescale value

// Osci 4Mhz

// 4000000 / 4 = 1000000 (4 is Internal divider)

// 1000000/ 8 = 125000 ( 1:8 prescale value ) 125000 clocks in 1 Sec

// 125000 /10 =12500 12500 clocks in 100mSec

// 125000 /100 = 12500 1250 clocks in 10mSec
TMR1H =(65536-1250)/256; // hibyte(timer_val); //
TMR1L =(65536-1250)%256; // lobyte(timer_val); //

// INTCON REGISTER
TMRLIIE = 1; //TMR1 Overflow Interrupt Enable bit
TMR1ON = 1; //Timer1 On bit
// OPTION_REG=0b11000100; //GENERATE INTERRUPT EVORY 8.192 MSEC
// INTCON=0b00100000;
// PIE1=0b00000000;
// PIR1=0b00000000;
PEIE=1;

GIE=1;

unsigned char ReadADC(unsigned char ADC_Channel)

{

ADCON1 = 0b00000010; // ADC On

// pic16f676 ADC setting is not same as pic16f87X
// A new reg ANSEL
// for pic16f87X ADCONO = (ADC_Channel << 3) + 1; ADGO =1;

// for pic16f676 ADCONO = (ADC_Channel << 2) + 1; GODONE = 1;
e

Page 104



volatile unsigned int ADC_VALUE;
/* Selecting ADC channel */

ADCONO = (ADC_Channel << 3) + 1; /* Enable ADC, */

ADFM  =0;
ADIE = 0; /* ADC interrupt Disable */
ADIF =0; /* Resetting the ADC interupt bit */
ADRESL = 0; /* Resetting the ADRES value register
*/
ADRESH = 0;
// delay for sample and hold capcitor charge
asm("nop");asm("nop");asm("nop");asm("nop");asm("nop");
asm("nop");asm("nop");asm("nop");asm("nop");asm("nop");
GO_DONE =1; /* Staring the ADC process */
while(!ADIF) continue; /* Wait for conversion complete */

ADC_VALUE = ADRESH ; /* Getting LSB of CCP1 */
ADCON1 = 0b00000110; // ADC Off
ADIF =0;

return (ADC_VALUE); /* Return the value of the ADC process */
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