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CHAPTER I
INTRODUCTION

In~this advanced technological age there are many useful
systems which have a natural instability; £for example missiles,
helicopters, aircrafts, torpedos, etc, . To stabilize these sys-
tems, for useful and safe operation, control systems are designed
and built to suit their individual requirements.

In recent years, especially since the advent of the micro-
computer, great advances have been made in the field of discrete
control systems. These systems differ from conventional, conti-
nuous Systems in that some of the signals are in the form of
either discrete values or numerical codes.

With the development of sophisticated, fast, inexpensive
computers and interfacing hardware, an impetus is given to the
study and development of discrete control systems. The extensive
arithmetical and logical capabilities of microcomputers make them
suitable for executing complex and extensive control algorithms.
Hence digital computers have gained significant importance as
control elements in control systems.

The object of this thesis is to develop and implement a dis-
crete control system for a naturally unstable system. An
inverted pendulum mounted on a cart was chosen for this study.
Controlling this system is similar to the problem of controlling
the attitude of a rocket during the initial stages o% the launch,

A d.c. motor was used to drive the cart. Power was tran-



smitted from the d.c. motor to the wheels of the cart by a belt
and pulley drive system. The movement of the cart is limited to
the X - direction and the- displacement of the pendulum is res-

tricted in the vertical plane along the X - direction.

This thesis is divided into eight major parts.

To know the dynamics of the system to be controlled the
mathematical model of the system is developed in Chapter II. The
paramaters of the model were obtained by frequency response ana-
lysis.

The discrete data model was obtained by applying the
Z-transform. The Z-transform analysis for the system is given in
Chapter III.

The physical system has one mode of instability and one mode
of neutral stability. Thé-system is stabilized by a compensation
technique, The compensation analysis is presented in Chapter
Iv.

The procedure and the results of a simulation of the system
are given in Chapter V.

The system was controlled by a microcomputer. The program
was written in assembly language. Emphasis was placed on making
the program as efficient as possible due to thértime constraint
for the execution of the computation. The main program and its'
subroutines are explained in Chapter VI. The programs are listed
in Appendix E.

The experimental arrangement and procedure are given in

Chapter VII.



IX.

The results of the experiment are given in Chapter VIII.

The conclusions-and recommendations are presented in Chapter



CHAPTER II
MATHEMATICAL MODELING
2.1 Introduction

The details of the system can be visualised from photo-
graphic Figure 2.1.

A d.c. motor is used to drive the cart which has seperate
excitations for the armatufe and the field. The armature voltage
was varied to control the speed of the cart while a constant vol-
tage was applied to the field. Power from the d.c., motor was
transmitted to the wheels of the cart by belt drives with a gear
ratio of 19.7:1. The position of the pendulum was measured by a
potentiometer which was mounted on the pivot of the ﬁendulum;
The speed of the cart was measured by a tachometer which was cou-
pléd to the shaft of the d.c. motor. |

In this chapter a mathematical model of the system is devel-
oped. To obtain a mathematical model it is necessary to analyze
the relationship between the system variables. 8Since the system
is dynamic, the descriptive equations are differential equations.
Necessary assumptions were made to linearize the system, in order
to simplify the analysis. The parameters of the system were det-

ermined by frequency response analysis.
2,2 Mathematical Model of the D.C. Motor, Drive and Cart.

A schematic representation of the d.c. motor and the drive

system is shown in Figure 2.2. An armature controlled d.c. motor



Figure 2.1 Photograph of the Cart Pendulum System
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rigure 2.2. Schematic Representation of the D.C. Motor,
Drive and Cart



is used to drive the cart. The transfer function of the d.c
motor is developed. Sebond order effects, such as hystersis,
inductance of the armature and the voltage drop across the
brushes are neglected. The spring constant, Kb, of the belt
drive is considered while the damping coefficient of the belt is
neglected because it is very small.

The input voltage, Va, is applied across the armature termi-
nals. The back voltage, Vb, is proportional to the speed of the

armature,
Vb(s) = Ks_*Wa(s), {2+d)

where Ks is the motor speed constant (volts/radian/sec), and

Wa is the speed of the armature (radians/sec).

The armature current , Ia, is related to the input voltage

applied to the armature by
Ia(s)=[va(s) - Vb(s)]/Ra, (2.2)

where Ra is the resistance of the armature,
The torque, Tm, produced by the motor is proportional to the
current through the armature. The motor torque is given by the

relation,
Tm(s) = Km*Ia(s), {2.3)

where Km is the motor torgque constant (Newton-m/ampere).
The motor torque is equal to the torque delivered to the

load. Applying D'Alembert's principle to the armature shaft



rotation yields the equation,

Ja*ﬁa + fa*wa + Kb*(Da - Kw*Dc) = Tm, (2.4)

where Ja moment of inertia of the armature (Kgm-mz),

fa = coefficient of friction (Newton-m-sec),

Kb spring constant for the belt (Newton-m),

Da = displacement of the armature (radian),

]

Dc = displacement of the cart (m),
Wc = speed of the cart (meters/sec), and

Kw = transmission ratio (radians/m).

The Laplace transform of Equation 2.4 yields,

2

(Ja*s“ + fa*s + Kb)*Wa = Tm*s + Kb*EKw*Wc. (2.5)

Similarly, applying D'Alembert's principle to the displacement of
the cart yields,
Mc*ﬁc + fc*we + Kb*sz*(Dc - Da/Kw) = 0. (2.6)

mass of the cart (Kgm) and

where Mc

fc coefficient of friction (Newton/m/sec).
The Laplace transform of Equation 2.6 yields,

(Mc*s? + fc*s + Rb*Kw2)*We = Kw*Kb*Wa . (2.7)

Rearranging the terms in Equation 2.7 yields the transfer
function relating the speed of the cart and the armature rotation

as,

------ =----—-5-—---———-—-----5-. (2.8)
Wa(s) Mc*s“ 4+ fc*s + Kb*Kw



Figure 2,3 is a block diagram representation of the elements
of the d.c. motor, drive and the cart. Applying block diagram
reduction techniques the reduced block diagram is shown in Figure
2.4, The transfer function relating the motor speed to the arma-
ture voltage is,

Wa(s) Km*(Mc*s2 + fc*s + Kb*xwz)

Va(s) Ra*(D3%a3 + D2vs? 4 Dita 4 00) 9
where D3 = Ja*Mc ,

D2 = Mc*fa + Ja*fc + Mc*Km*Ks/Ra ,
Dl = Ja*Kb*sz + fa*fc + Mc*Kb + fc*Km*Ks/Ra, and
DO = Kb*fc + Kb*fa*kw? + Kb*Km*Ks*Kw2/Ra
The coefficients of the transfer function are determined by

frequency response analysis, since it is a very difficult to mea-

sure the individual parameters accurately.

2.3 Mathematical Model for the Inverted Pendulum

The inverted pendulum mounted on the cart is illusﬁrated in
Figure 2.5. The differgntial equation describing the motion of
the pendulum is obtained by summing the moments about the pivot
point . In order to make the equation linear, the assumption
made is that the angle of rotation, P, of the pendulum is small.

The sum of the moments about the pivot peoint is,

m*llfﬁgc ¥ m*122t'§ - m*]_l*g*p=o (2.10)

where m mass of the pendulum,

11 length of the center of mass of the pendulum from
the pivot point ,

|
]

2 radius of gyration of the pendulum from the pivot
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Figure 2.4, Reduced Block Diagram of the D.C. Motor, Drive and Cart

Figure 2.5, A Cart and Inverted Pendulum
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point, and
g = acceleration due to gravity = 9.81 m/sec? ,
A uniform pendulum of length , L= 0.59 m, was chosen for the

system. Hence,

1, =L/2 and
1, = L//3.
Substituting the values of l1 and 1, in Equation 2.10
yields,
Wc + 2*L*B/3 - g*P = 0 (2.11)
or

We + 0.40%P - 9.81*P = 0 . (2.12)

The Laplace transform of Equation 2.12 is

. (2.13)

Equation 2.13 is the transfer function relating the dynam-
ics of the pendulum to the speed of the cart.

The d.c. motor used to drive the cart has seperate excita-
tions for the armature and the field. The armature voltage is
used for control of the speed of the cart and a constant voltage
is applied to the field. Since the dynamic characteristics of
the motor are affected by the value of the field voltage it is
important to establish the value of the field voltage before car-
rying out the frequency response analysis to determine the coef-
ficients of the transfer functions. An experiment to explore the
effects of the value of the field voltage is described in the

next section.
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2.4 Dynamic Response of the Speed of the Motor due to Change of
Voltage Across the Field wWinding

In this experiment the cart is driven by applying a sinusoi-
dal voltage to the armature of the d.c. motor. The field voltage
is increased in increments of 1 volt for each succesive observa-
tion. The voltage to the armature is a sinusoid with an ampli-
tude of 5 volts peak to peak and a frequency of 1.2 radians/sec.
The output from the tachometer is recorded on a strip chart
recorder, The values of the tachometer signal amplitude and the
frequency response amplitude ratio are given in Table 2.1 and
plotted in Figure 2.6.

Observation FPield Amplitude of Tachometer Amplitude

Number Voltage Signal in Volts Ratio
1) 6 | 2,61 0.52
2) 7 3.53 0.71
3) 8 4.75 0.95
4) 9 5.32 1.06
5) 10 5.70 1.14
6) 11 6.27 1.25
7) 12 6.67 1.33
8) 13 6.89 1.38
9) 14 7.03 1.41
10) 15 7.03 1.41
11) 16 7.03 1.41

Table 2.1 Experimental Reading of the Amplitude Ratioc of the

D.C. Motor Versus Field Voltade.
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From Figure 2.6 it is observed that the amplitude ratio
increases as the field voltage is increased. After a certain
value, the amplitude ratio does not continue to increase even if
the field voltage is increased. This is due to saturation of the
field windings.

For all future operation of the system the field voltage is
maintained at 14 volts which is the value at which saturation
first occurs. Small changes in field voltage setting will have

little effect on the performance of the system.

~ 2.5 Tachometer Gain

A d.c., motor is used to drive the wheels of the cart through
a belt drive arrangement with a gear ratio of 19.7:1. The speed
of the d.c. motor is obtained by a tachometer which is directly
coupled to the d.c. motor. Hence, to determine the gain of the
tachometer it is important to find a relationship between the
speea of the cart énd the voltage output from the tachometer.

In this experiment, the cart is supported such that the
wheels do not tpuch the ground. A constant 14 volts is applied
across the field of the d.c. hotor. To vary the speed the vol-
tage across the armature of the d.c. motor is varied. Various
readings for the speed of the d.c. motor are obtained by a stro-
boscope. The voltage outputs from the tachometer are recorded on
the strip chart recorder. The values of the speed of the d.c.
motor and the voltage output from the tachometer are given in

Table 2.2,
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Observation R.P.M. of Speed of Armature Voltage Output from

Number Armature in rad/sec the Tachometer
1. 64 6.7 0.475
2, 130 13.6 1.105
3. 235 24.6 1.56
4. 420 44,0 3.20
5. 540 56 .6 4.25
6. 990 103.7 7.0
7. 1300 136.1 ’ 9.77
8. 1460 152.9 10.87
9. 1530 160.2 11.37
10. 2180 228.3 16.00

Table 2.2 Experimental Data to find the Gain of the Tachometer.
A plot of the speed of the artmature v/s output voltage from
the tachometer is shown in Figure 2.7. It is observed that the
graph is almost linear, so it can be concluded from the graph
that the gain, Kt, of the tachometer is 0.072 volts/rad/sec.
The transmission ratio, Kw, of the cart is calculated by
Equation 2.14,
gr 19.7
KW = —=== = =—eccee- = 190.34 radians/m. (2.14)
rw 0.1035
where rw = radius of the wheels of the cart = 0.1035 m, and
gr = gearing ratio between the armature of the motor and

the wheels of the cart = 19.7:1.

All physical systems have nonlinearities. I£ is a well

established practice that providing a feedback around a system
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reduces the nonlinear effects., Therefore, the tachometer output
was amplified in an operational amplifier with a gain of 2.3 and
was fed back, summed with the control signal, and amplified by a
gain of 20 to provide the input signal to the power amplifier as
shown in Figure 2.8. The signal U is the control input and sig-
nal Vb is the output signal from the summing amplifier which
drives the the power amplifier to produce a corresponding voltage
across the armaﬁure of the d.c. motor. After applying feedback
around the system, an experiﬁent was conducted to determine the

coefficients of the transfer function of the system.

2.6 Experimental Determination of the Transfer Function of the
System Consisting of the D.C. Motor, Cart, Drive and Tachometer.
The first step in the analysis and design of a control sys-
tem is to develope a mathematical model of the system. In Equa-
tion 2.9 the transfer function relating the motor speed to the
armature voltage is given., Applying feedback around the system
as shown in Figure 2.8, yields a transfer function relating the
tachometer voltage to the control voltage of the form
Vt(s) Kc*(Hc*s2 + fc*s + Kb*sz )
------ e S S (2.15)
U(s) C3*s~ + C2*s“ + Cl*s + CO
where Kc = 46*Ka*Kt*Km/Ra,
Ka = Power Amplifier gain =1 ,
C3 = Ja*Mc,
C2 = fa*Mc + fc*Ja + Mc*Km*Ks/Ra + Kc*Mc, -

Cl = Kb*Mc + fa*fc + Ja*Kb*Rw? + fc*km*Ks/Ra + Kc*fc, and
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CO = fc*Rb + Kb*fa*Kw? + Km*KsKw2/Ra + KC*Kb*Kw2.

Observe that the form of this transfer function is the same
as before, eg, the feed back simply changes the values of the
coefficients and reduces the effects of nonlinearities. 1In order
to proceed with the analysis of the control system it is neces-
sary to obtain numerical values for the coefficients of the
transfer function. One way to do this is to make tests and mea-
surements to determine the values of the individual parameters
and compute the values of the coefficients. Several of the par-
ameters are rather difficult to measure. Another approach is to
make a set of measurements of the system and determine coeffi-
cient values which cause the transfer function model to fit the
measured response. The frequency response method follows this
approach.

The procedure involved to obtain a frequency response of the
system is to excite the system with a sinusoidal input with mea-
sured amplitude. The'output amplitude is measured and the ampli-
tude ratio of the output to the input is computed. The measure-
ment is fepeated at different frequencies. A plot of the
amplitude ratio versus frequency is called a'Bode plot. The
coefficients of the transfer function are determined by fitting
the model to the Bode plot. An asymptotic log-magnitude curve
consisting of several segments is built., With some judgement and
experience it is usually possible to find a close fit to the
experimental data. =

Figure 2.8 shows the experimental arrangement for the fre-
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quency response measurement . The input voltage from the
function generator to the summing operational amplifier is a
sinusoid with an amplitude of 3,10 volts peak to peak, which is
maintained at all frequencies. A constant 14 volts is applied to
the field winding of the d.c. motor., The input signal , U, from
‘the function generator and the output signal, Vt, from the
tachometer are recorded on the strip chart recorder. Table 2.3
lists the frequencies and the corresponding output amplitudes and
amplitude ratios for which data were collected.
A Bode diagram of the experimental data is plotted on Figure
2.9. The frequency response of the transfer function chosen to
approximate the experimental data is shown on Figure 2.9. The
transfer function of the system can be approximated by,
vVt (s) 0.92*500*(52 + 11.5%s + 2285)
- o B e ———— i e s . (2.16)
U(s) (s + 500)*(s° + 21.4*s + 2362)
The pole at =500 is almost 50 times as far from the imaginary
axis as the two complex poles and will have a negligible effect
on the performance of the system. It will be ignored in the sub-

sequent analysis,

2.8 Block Diagram Representation of the System

In the previous sections of this chapter mathematical models
have been developed for each element of the system. Experiments
have been described by which the coefficients of these models
have been determined. 1In this section the form of the control
will be developed in preparation for the establishment of spe-

cific compensators in subsequent chapters.
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Frequency Qutput voltage Amplitude 20*Log (A.R)

No. radians/sec peak to peak Ratio=A.R

1. 6.28 2,75 0.887 -1.04
2, 12.18 2475 0.887 -1.04
xR 19.10 2,75 0.887 -1.04
4. 22,56 2.75 0.887 -1.04
5. 25.94 2.70 0.871 -1.20
6. 32,04 2,50 0.806 -1.87
7. 34.44 2,40 0.774 -2.23
8. 38.58 2:17 0.700 -3.10
9. 41.37 1.90 0.613 -4.25
10. 43.60 1.75 0.565 -4.96
11. 78.82 1.50 0.484 -6.30
124 49.52 1.85 0.596 -4.50
13, 52.34 2,00 0.645 -3.81
14. 54.66 2.02 0.652 -3.72
15, 61.20 _ 2,125 0.685 -3.29
16. 67.10 2,26 0.729 ~2+75
17. 72.75 2.4 0.774 -2.23
18, 84.88 2.6 0.838 -1.54
19, 100,98 i 2.71 0.874 ~1.17
20. 141.38 ‘2483 0.913 -0.79
21, 251,32 2,80 0.903 -0.89

Table 2.3 Experimental Frequency Response of the System.
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Figure 2.10 shows a block diagram of the system. The blocks
within the dashed line represent compensators implemented in the
microcomputer. The rest of the blocks represent the physical
elements of the inverted pendulum system. The value which
results from the digital computation is placed in a latch, which
drives a digital-to-analog converter. Each time the computations
are performed a new value is placed in the latch, U represents
the analog signal which is output by the digital-to-analog con-
verter. The zero-order-hold (ZOH) represents the action of the
latch and the digital— to—analog converter. The signals repre-
sented by Vt and Vp are the signals out of the tachometer and
potentiometer respectively. These two digital signals are sam-
pled by the computer and provide the signals upon which the digi-
tal computations are performed. The two digital values, vt * and
Vp* are produced by the analog-to-digital converters and corres?
pondent to the signals Vt and Vp.

The transfer function, Gl(s) relating the voltage output from
the tachometer, Vt, to the input voltage, U, to the summing oper-
ational amplifier was given in Equation 2.16,

 VE(s)  0.92%(s2 + 11.5%s + 2285)
Gl(g)e === e (2173
U(s) s“ +21.4*s + 2362
The block following Gl(s), with a transfer function 1/Kt
relates the speed of the armature of the cart with the output
voltage from the tachometer. Kt is the tachometer gain equal to
0.072 volts/rad/sec. -

Next, the values of the parameters in Equation 2.8 relating
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Wc to Wa can be established using Equations 2.17 and 2.14,
Therefore the next transfer functipn in the block diagram is,
Wc(s) 12.0
G2 (s)= ====—- e . (2.18)
wa(s) 8“ + 11.5*s + 2285
The transfer function, G3(s), relating the position of the
pendulum, P, to the speed of the cart, Wc, is given by Equation
2,13,
P(s) =2.5%8
G3(s)= —-————= e A . (2.19)
Wc(s) s8¢ = 25
The position of the pendulum is measured by a potentiometer
which is mounted on the pivot of the pendulum. The gain of the
potentiometer is represented by Kp in the block diagram. The
value of Kp is adjustable.

The control strategy requires that the velocity of the cart
be known. Since there is no direct measurement of the velocity
of the cart it is necessary to compute it from the measured value
of the speed of the motor. The digital model H3(z), developed in
Chapter III, provides a computed estimate of the velocity of the
cart., Hl(z) and H2(z) are compensation transfer functions which

are developed in Chapter IV to stabilize the pendulum-cart sys-

tem.
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CHAPTER III

Z-TRANSFORM ANALYSIS

3.1 Introduction

The role of the z-transform to sampled data systems is simi-
lar to that of the Laplace transform to continuous data systems.
The z-transform technique provides a mean of finding the output
of a systém at the k-th sample time, t=kT, in terms of the input
at the k-th sample time, t=kT, and the input, and the output at
previous sample times,t=(k-i)T . This technique is applied to
the problem of finding the voltage input to the d.c. motor in
terms of the position of the pendulum and velocity of the cart,
The z-transform technique is demonstrated below.

A time function x(t), shifted in time by an amount nT is
x(t-nT). The Laplace transform is,

©

f
L(x(t - nT)) =~)x(t - nT)*e"Stae, (3.1)
[ =]

Subsituting , h = t - nT, yields

=)

L(x(t - nT)) =‘J;(h)*e-3(h+nT)dh. (3.2)
-nT
Since x(h) = 0 for h <0, Equation 3.1 may be written as
©
L(x(t - nT)) = e‘snT:j;(h)*e'Shdh.
o]
= X(s)*e~8nT ' (3.3)

The z-transform is obtained from the Laplace transform by

substituting z= eST | rThus Equation 3.3 gives the z-transform of

X(t=-nT) as
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Z(x(t -nT)) = X(z)*z " . (3.4)

Taking the inverse z-transform yields x(t-nT)=2 1(X(z)*z D)
from Equation 3.,4. This is known as the shifting theorem of
z-transforms. The z-transfer function of a system, which repre-
sents the z-transform of the output over the z-transform of the
input is a ratio of the polynomials in z © thus,

X(2) ag + al*z'l + az*z'2 toaaes +oaprz "

Bt e e e e e e e {3.5)
¥(z) 1 +by*z7l 4 bo%aT2 4 ..+ b gD
where X(z) and Y(z) are the transforms of the output and input

respectively. Cross multiplying yields

(1 + by*z™1 + bz*z-z teaeenes + bo*z" ") *X(2)

= (ag + aj*z” 1 + a21l=z"2 * creees + aj*z” ") *¥(2) (3.6)

Taking the inverse z-transform and using the shifting

theorem yields,

x(t) + by*x (£=T) + bo*x(t=2T) + .u.0s. + bp*x(t-nT)

= aO*Y(t) o+ al*y(t-T) + az*y(t-2T) teeeot am*Y(t“mT} (3.7}

The output function, x(t), at time t can be written in

terms of the output and input at previous times t-iT as,

x(t) = ao*y(t) + ay*y (E=T) + ceececess + a *y(t-mT)
-{bl*X(t-T) + bz*X(t_zT)+ seseset bn*X{t"nT)) (3-8)
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For t=kT Equation 3.8 may be written as,
x(k) = ag*y(k) + a,*y(k-1) + ... + a *y(k-m)
- (bl*x(k-l) + bz*x(k-Z) + cuee + bn*x(k—n)) (3.9)

where the sampling period T is understood.

3.2 Z-Transforms of the System

The z-transform of the system is found from a table of
Laplace to z-transforms. The technique, used for transformation,
is to first find the partial fraction expansion of a Laplace
transfer function and then to obtain the z-transforms from the
table,

The s-transfer functions whose z~transforms are required,
are Vt(s)/U*(s), Vp(s)/U*(s) and Wc(s)/Vt*(s), as shown in Figure
2.10. The Laplace transfer functions of the system have been
derived in the previous chapter where,

Vt = output signal from the tachometer,
Vt* = sampled value of Vt,
Wc = velocity of the cart,
U = output voltage to the summing power amplifier,

U* = sampled signal of U, the control signal,and

vp output signal from the potentiometer.

3.2.1 Z-Transfer Function of Vt(s)/U*(s)
The transfer function of Vt(s)/U*(s) is equal to ZOH*Gl(s),

as shown in Figure 2.10. Therefore,

Vt(s) (1 - e-sT) 0.92*(52 + 11.5%s + 2285)
——gmm= @ eeccce———— R (3.10)
U (s) 8 (8 + 21.4%*s + 2362)
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Taking the partial fraction expansion of Equation 3.10 gives,

vVt (s) A B*s + C ]

_____ =0,92%(1 - e 8T)» + ————————— (3.11)

u”(s) s s2 + 21.4%s+ 2362

where A, B and C are the coefficients of the expansion. These

constant are, A= 0.9674, B=0.0326 and C = -9,2024.

Hence,
. S
vt (s) e 0.9674 0.0326*s - 9,2024 |
—g====0,92% (1= e °%) ¥ |ommmmee R b (3.12)
U (s) s 8° + 21.4*%s + 2362_j
The z-transform of Equation 3.12 is ,

Vi (z) -1 ( 0.9674%*z  0.0326% (2% - z* cos (bT) *e™3T))
el J,00% (1= & )W e * N AT TTIZam
U(z) z -1 z® = 2*z*cos (bT) *e al je7<8

where, a = 10.7 and b = 47.41.

Simplifying Equation 3.13 yields,

vt (z) 0.92% (22 - N1l*z + N10)
------ = e e e (3.14)
U(z) (z2 - D11*z + D10)
where,

N1l = 1.9574*cos(bT)*e‘aT + 0.2017*sin(bT)*e'aT + 0.0326 ,
N10 = 0.9674*e~ 22T 4+ (0.0326%*cos(bT)+0.2017*sin(bT))*e~3T ,

2*cos (bT) *¢~3T , and
= ¢—2aT

o

-

=
il
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3.2.,2 Z-Transfer Function of Wc(s)/U*(s)
The transfer function of Wc(s)/U*(s) is equal to

ZOH*Gl (s)*(1/Kt)*G2(s) as shown in Figure 3.1.

Therefore,
we (s) 153,3* (1 - e 57)
i e (3.15)
U (s) - 8*(8° +21.4*s +2362)
The partial fraction expansion of Eguation 3.15 is,
Wc(s) 153.3 T A B*s + C
- plalinmennd ol e LY oo lole By e i (3.16)
U (s) 2362 s s + 21 4*s + 2362
Where, A= 1' B=-1and C = =-21.4.
Therefore,
Wec(s) —sT i s + 21.4
—5—===0,0649* (1 -e ) * |m—— - B (3.17)
U (s) s 5° + 21 4*s + 2362

The z-transform of the partial fraction expansion is obtained

from the table as,

We (z) _1..| 2 #*(z-(cos(bT)-0.2256*sin(bT)) *e” 27T )
----- =0,0649% (1-2 1) # |mmm o e
U(z) z-1 z2 - 2%z%cos(bT)*e” 3%t + ¢~23T
(3.18)

where, a = 10.7 and b = 47.41.

Simplifying Equation 3.18 as,



32

wWc(z) 0.0649* (N21*z - N20 )
ittt e {(3.19)
= Dll*z+ D10 )

where

N21 = 1 - (cos(bT) + 0.2256*sin(bT))*e"3T , and

N20 = e238T _ (cos(bT) - 0.2256*sin(bT))*e 2T,

3.2,3 2-Transfer Function of Vp(s)/U*(s)
The transfer function of Vp(s)/U*(s) is equal to
ZOH*Gl (s)*(1/Kt) *G2(s) *G3(s) *Kkp. Therefore,

vp(s) (1 - e 5T) -0.92%(1/0.072)*12.0*2.5*%Kp*s
mmm—mE —m——————— S S SO (3.20)

vp(s) A B C*s + D

where the coefficients of expansion are, A = 4,0098%107° ’

B = -4,3859%10"2, C = 3.7607*10"% and D = -3.3937*10"% .

The z-transform of Equation 3.21 is,

Vp(2z) _1.| Al*z A2%z A3* (22 - z*cos(bT)*e 2T
—-—==-383,5%Kp* (1-z"1)l——-= b oo § e o —
u(z) z-e9T  z-¢™T z2-2%z%*cog (bT) *e~3T+e™2a"

e —=—=1%1073 . (3.22)
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4.0098, A2 = -4.3859, A3 = 0.3761,

where, Al

A4 0.8006, a = 10,7 and b = 47.41.

Simplifying Equations 3.22 as,

Vp(z) ~ +383.56*Kp*10™ % (z-1)* (N32%z% -N31*z + N30)

where,

N32=(Al+A3) *e OT +(A2+A3)*e T +2% (A1+A2) *cos (bT) *e~ 27

+ (A3*cos(bT)+Ad*sin (bT))*e 3T ,

=2aT +

" N31= (Al + A2)*e A3

+ (e75%4e5T) % (a3%cos (bT) +A4*sin (bT) ) *e ™27

=97 =BT

+ 2% (Al*e +A2%e ) *cos (bT) *e 3T , and

N30=(Al*e T+n2%e7T) *e~ 23T} (A3%cos (bT) +A4*sin (bT) ) *e~ 3T,

3.3 Transfer Function for the Block H3(z)

The symbol Wc represents the velocity of the cart, and Wc*
represents an estimate of the velocity of the cart that is gener-
ated by the microcomputer from the measurement of the tachometer
voltage, In order to obtain the estimated velocity, the digital
model H3(z) is developed. This digital model describes the rela-
tionship between the digital signal from the output of the
tachometer, Vt* . and the speed of the cart.

This relationship is obtained by dividing Equation 3.19 by
Equation 3.14, thus,

H3(z) = ==—-- e (3.24)
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The next chapter contains the stability analysis of the sys-
tem in the z-domain. The compensating transfer functions H1(z)

and H2(z) are developed to stabilize the system,
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CHAPTER IV
STABILITY ANALYSIS IN Z-DOMAIN

4.1 Introduction
A linear continuous feedback control system is stable if all
the poles of the closed loop transfer fﬂnction lie in the left
half of the s-plane. The z-plane is related to the s-plane by
the transformation
z = esT
or
z = e(F¥IWIT (4.1)
This relationship may also be written as
|z]| =T, (4.2)
For the left - half s-plane, r < 0 , the relative magnitude
of z varies between 0 and 1. Therefore, the imaginary axis of the
s-plane corresponds to the unit circle in the z-plane and the
inside of the unit circle corresponds to the left half of the
s-plane. Thus a sample data system is stable if all the poles of
the closed loop transfer function lie within the unit circle (6).
A sampling period of T=0.01 secs is selected for the system.
The frequency of sampling is 12 times the natural frequency of
the drive system, and hence the reconstruction of the sampled
signal is quite accurate;
The naturally unstable pendulum-cart system is stabilized by
a feedback compensation technique. The stability analysis is

given in the rest of this chapter.
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4,2 Stability Analysis

The stability of a closed loop control system is directly
related to the location of the roots of the characteristic equa-
tion in the z plane. Therefore, it is necessary to determine the
roots of the characteristic equation for a check on stability.
The root locus method was introduced by Evans in 1948 and has
been developed and utilized extensively in control engineering.
The root 1locus technique is a graphical method for drawing the
locus of the roots in the s and z planes as a parameter is var-
ied. If the root locations are not satisfactory the necessary
parameter adjustment to stabilize the system can be readily
deduced from the root locus.

The block diagram of the system is shown in Figure 4.1. The
transfer functions Vt(z)/U(z), Vp(z)/U(z) and WwWc(z)/Vt(z) are
derived in Chapter III. Substituting T=0.01 secs. into the above
transfer functions yields,

Ve(z)  0.92%(z® - 1.688*z + 0.89)

D1(2) = ==mmm= =mmmm e e , (4.3)
U(z) (z2 - 1.599%z +0.807)

vp(z) -3.835%10 TOaRp* (2-1)* (1.562*%22+5.862%z+1.4033)
D2(2) S S e e e e e (4.4)
U(z) (2-0.9521)%*(2z-1.0513)*(2%-1.599%2z+0.807)

and

Wec(z) 0.0077*(z + 0,931)
H3 (B} m g . (4.5)
vt(z) (z® - 1.688*z + 0.89) )
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4.2.1 Stability Analysis of the Inner Loop.

The transfer function of the inner loop of the system shown

in Figure 4.1 is,

vt (z) D1(z)
T (4.6)
Cl(z) 1 + D1(z)*H2(z)*H3(2)

Therefore, the charactersitic equation of the inner loop is,

1 + D1(z)*H2(z)*H3(z) =0 (4.7)

The compensating transfer function, H2, is unknown, and

hence needs to be chosen to have a stabilizing effect on the
inner loop of the system.

Substituting D1(z) from Equation 4.3 and H3(z) from Equation

4.5 into Equation 4.7, yields,

H(2)*0.0077*(z + 0.931)*0.92(z% -1.688*z +0.89)
e SE e E———— e ————— =0  (4.8)
(22 - 1.688%z + 0.89)*(z% - 1,599%*z + 0.807)

or

H2 (z)*0.0071*(z + 0.931)
1 + —mmegme— e ———————— =0 . (4.9)

(z° - 1.,599*z + 0.807)

If H2(z) is a gain compensation, then Equation 4.9 has a
zero at Z1 = -0.931 and a pair of complex conjugate poles at Pl =
0.7995+0.409j and P2 = 0.7995-0.4097.

Therefore, the characteristic equation is,
z2 - 1.599%z +0.807 + H2*0.0071*(z + 0.931) = 0 . (4.10)

In order to determine a suitable gain, H2, the roots of the

characteristic Equation 4.10 are plotted for 0 < H2 <=, Figure

4.2 shows the location of the poles and the zero, as well as the
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Figure 4.2 Root Locus of the Inner Loop of the System
with a Gain Compensation
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locus of the roots of the inner loop of the system for increasing
gain, H2. The roots have a tendency to move out of the unit cir-
cle as the gain H2 is increased. This causes a destabilizing
effect on the inner loop of the system. Therefore the approach
at this point is to choose a transfer function, H2, such that the
roots do not have a tendency to move out of the unit circle.

Hence H2 is chosen as,

c2(z) Kl*(z - 0.85)2
H2(Z) = ===== = =cceeecccece——————— ; (4.11)
We(z) (z + 0.931)*%(z -1)

where K1 is a variable gain which is determined by root locus
analysis.
Chosing H2(z) above is also due to the following reasons:

a) A pole (z + 0.931) of the transfer function H2(z) cancels
the zero of H3(z). This reduces the computation time in
the real time controller and simplifies the analysis.

b) The pole (z - 1) in H2(z) provides digital integration
of the velocity, Wct of the cart, eqg., a signél
proportional to the displacement of the cart,

c) Second order zeros need to be placed such that the roots of
the characteristic equation of the inner loop remain inside
the unit circle. Hence the zeros (z - 0.85)2 are chosen in
the transfer function H2(z).

Substituting H2(z) in Equation 4.10 yields the charactéris-

tic equation of the inner loop as

2

(z° = 1.599*z + 0.807)*%(z - 1) + Ki*(z - 0.85)2 =0 (4.12)

where Ki = K1*0.0071 . (4.13)
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Figure 4.3 Root Locus of the Inner Loop of the System in the
I-Plane with a Compensation Transfer Function
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Figure 4.3 shows the locus of the roots of the characteris-
tic equation of the inner loop of the system as the gain, Ki, is
increased. The values of the roots of the characteristic equa-
tions for increasing gain, Ki, are given in Appendix A. From
Figure 4.3 it can be deduced that the inner loop of the system
has a tendency to stabilize, as the gain Ki is increased. A gain
of Ki = 0.69 is selected for further analysis of the system.
Therefore the value of K1 as deduced from Equation 4.13 is

97.18.

4.2.2 Stability Analysis Of The Entire System

The characteristic equaﬁion of the entire system shown in

Figure 4.1 can be deduced as,
1 + D1(2z)*H2(z)*H3(z) + D2(z)*H1l(z)=0 . (4.14)
The compensating transfer function, Hl(z), is selected as
Cl(z) K2*(z - 0.85)
Hl (2)= —==== = ===—————eeeee- , (4.15)
Vp(z) (z - 1.1)
where K2 is the variable gain which is determined by root locus
analysis.

Substituting Dl(z), H3(z), H2(z), D2(z) and Hl(z) from Equa-
tions 4.3, 4.5, 4.11, 4.4 and 4.15 respectively into Equation
4.14 yields,

0.69%(z% -1,7%z +.7225)

(z-1)* (22 -1.599%z + 0.807)

Km*(1.552*z3 + 4.3%z% - 4.4587%z - 1.4033)*(z-0.85)

Fmmm e ————————————— G =0  (4.16)
(z=0.9512) *(2-1.0512) * (z~1.599*z+0.807) *(z-1.1)
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where Km =-3,835*10 *Kp*K2 (4.17)
Simplifying Equation 4.16, the characteristic equation of the
entire system is,
2% -5.0506%2° + 10.5483%z% - 11.7148%z3 + 7.3588%22 -
2.5133%z + 0.3716 + Km*(1.562%z° +1.4097*z% -

3 2

11.8069%z7+10.5019%z° -1,194*z -1.192) . (4.18)

A plot of the root locus of the characteristic equation of |
entire system is shown in Figure 4.4. as the gain Km is varie
The values of the roots are given in Appendix B. From Figure 4.4
is observed, that the poles of the characteristic equation of |
system lie within the unit circle in the z plane for 0.005 < Kn
0.020. Hence the pendulum cart system is stable for values of
within this range.

Therefore from Equation 4.17, K2*Kp, can be deduced to
within -521.5 < R2*Kp < -130 , for the system to-be stable. With
assumed value of K2 equal to =256, the range of Kp is between 0.
and 2.0# in order for the system to be stable. The next chapt
discusses the simulation analysis, where the effect of varying t

gain of the potentiometer, Kp, is studied.
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CHAPTER V
SIMULATION OF THE SYSTEM

5.1 Introduction

If a model is available for a component or a system, a com-
puter can be utilized to investigate the behaviour of the system.
A computer model of the system in a mathematical form suitable
for demonstrating the system's behavior may be utilized to inves-
tigate designs of a planned system without actually building the
system itself. A computer simulation uses a model and the actual
" condition of the system being modeled and actual input commands
to which the system will be subjected (6).

The simulation program was written on a Hewlett-Packard
9845B series desk top computer in Basic Language and is listed in
Appendix C, This program was later modified and implemented in
Assembly Language on a Z-80 microcomputer for the real time con-
trol.

The system equations are represented by recurrence equations

by taking the inverse transformation as described in Section 3.1.

5.2 Recurrence Equations
The transfer functions of the system were presented in Chap-
ter III and the compensating transfer functions to stabilize the
system have been developed in Chapter IV. Figure 4.1 shows the
block diagram of the system. The transfer functions are,
ve(z)  0.92%(22 - 1.688%z + 0.89)

D1(z) ===~ T - (5.1)
u(z) (z2 - 1,599%z + 0.807)
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where D1(z) describes the relationship between the output signal

of the tachometer and the control signal, U.

| Vp(z) =-3.835%10 O%Kp*(1.562*z> +4.30%22 -4.4587*z-1,4033)

D2(2) =====-= i S P S
u(z) (z® - 3.601%z° + 5,009*%z“ -3.216*z + 0.807)

{5.2)
where D2(z) describes the relationship between the output signal
from the potentiometer and the contrel signal, U.

Cl(z) =-256*(z - 0.85)
Bl (2] mesmomsniim: g sk mbid o i s i s 3 . (5.3)
Vp(z) (z - 1.1)
where Hl(z) is the digital compensator which generates the values
Cl, by sampling the signal, Vp, of the potentiometer.
c2(z) 0.75% (22 -1.7%z +0.7225)

H2 (z) *H(3) = A b o e e A : (5.4)
Vt(z)  (z°- 2.688*z%+ 2.578%z -0.89)

where H2(z)*H(3) is the digital compensator which generates the

values C2, by sampling the signal, Vt, from the tachometer.

In a recurrence form the above equations can be written as,

ve(k) = 1.599*Vt(k-1) - 0.807*Vt(k-2) + 0.92*(U(k)
- 1.688*U(k-1) + 0.89%U(k-2)) (5.5)
vp(k) = 3.601*Vp(k-1) - 5.009*Vp(k-2) + 3.216*Vp(k-3)

-0,8075*Vp(k-4) -3.835*Kp*10_5*(1.562*U{k-1)
+4.30*0U(k=-2) - 4.487*U(k-3) - 1.403*U(k-4)). (5.6)

Cl(k) = 1.1*Cl(k-1) - 256*Vp(k) +217.6*Vp(k-1). (5.7)
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C2(k) = 2.688*C2(k-1) - 2.578*C2(k-2) + 0.89*%C2(k-3)
+ 0.,75*%(Ve(k=1) = 1.7*Vt(k=2) + 0.7225*Vt(k-3)) . (5.8)

The recurrence Equations 5.5 through 5.8 are used in the

computer simulation.

5.3 Simulation

It is assumed that there is no delay between the time the
data is sensed and the time the control signal is computed. The
control signal, U, is computed based on the signals available
from the potentiometer, Vp, and the tachometer, Vt. Figure 4.l
shows the digital models of the components of the system. The
control signal, U, at instant k is the input to the block Dl(z).
Dl1(z) produces a signal representing the output from the tachome-
ter, Vt, and the next block, with a transfer function D2(z)/D1l(2z)
produces, Vp, both at time k., Vt and Vp are processed by the
digital compensators E1l(z) and H2(z)*H3(z) respectively. The
corresponding computed digital values Cl and C2 are sent to the
summer which produces a new control signal, U, at time k. This
process is repeated to describe the behavior of the system.

The simulation program took into consideration the satura-
tion of the control signal, U, equai to- 10 volts., The discreti-
zation of the D/A and the A/D converters were also accounted for.
The pendulum was given an initial angular displacement of 10°
from the upright position. Results of the simulation were
obtained for various gains of the potentiometer, Kp.

From the simulation of the system, it was observed that the
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system was stable for a gain of the potentiometer, Kp, between
0.55 and 1.875 and unstable for all other gains, However, at the
end of Chapter IV, it was concluded that the values of Kp, should
lie within 0.51 and 2.04 for stability. This reduced range of Kp
is due to the discretization of the sampled data and the satura-
tion effect of the control signal which have been taken into
account in the computer simulation of the system.

The simulation results of the position of the pendulum, the
output control voltage, speed of the d.c. motor and displacement
of the cart vs., time were plotted as shown in Figures 5.1, 5.2,
5.3 and 5.4 for a variable gain, Kp, equal to 0.55, 1.0 and
1.875.

From Figure 5.1 it is observed that the overshoot of the
position of the pendulum for a gain Kp equal to 0.55 is large
compared to a gain of Kp equal to 1. For a gain of Kp equal to
1.875 ,the position of the pendulum is observed to fluctuate more
compared to gains of Kp equal to 0.55 and 1.0. For Kp equal to
1.0, and with an initial angular displacement of the pendulum
equal to 10° ,the pendulum is brought to within 1° of the
upright position within 0.75 sec, and is limited to this range
for all greater time,

Figure 5,2 shows the simulation results for the output con-
trol voltage vs. time, for a variable gain, Kp. From the graphs
it can be deduced that for gains of potentiometer, Kp, equal to
0.55 and 1.0 less control voltage is required to stabilize the
system. However for gains of Kp greater than 1.875 the satura-

tion of the control signal makes the system unstable.
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Refering to Figure 5.3, the plots of the speed of the d.c.

motor shows a very small change for increasing Xp from 0.55 to
1.0, but for a value of Kp equal to 1.875 the response is oscil-

latory, which is consistent with the inference from Figures 5.1

and 5,2,

Figure 5.4 shows the results of the displacement of the cart

Vs, time. It is observed that changes in gain, Kp, do not have

significant effects on this parameter,
From the above analysis of the Plots, it was decided to set
the values of the gain Kp equal to 1.0 for the experiment,

The next chapter deals with the development of the assembly

language real time control program.
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CHAPTER VI

SOFTWARE

6.1 Introduction

The computer used in this research was a 2Z-80 from Digital
Group. The real time control of the system was done by this
computer., The control program was written in assembly language.
The Assembler occupies addresses from 0 to 2FFF in hexadecimal.
The programmer source and object code could be placed at any
address above the assembler. Additional facilities were
available to store and retrive the programs from a floppy disk or
Aan audio cassette, Listing of the program was possible on a
printer.

The software developed for this research was one of the
major tasks. The programming was done in assembly language.
Since memory was limited, the software was divided into many
parts and stored on the disk. The object code of each part was
assembled and stored separately. These object code parts were
later linked in the correct order. The memory used by the object
code was 2.2 K. The object code was placed from address 3000 Hex
to 38D3 Hex.

A floating point binary representation with a 15 bit
mantissa and an 8 bit exponent was used for numerical
calculations. This provided a resolution of 1 part in 32,764.
By using this type of representation the accuracy of computation
was maintained.

The control program consists of a main program and

54
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subroutines. Memory addresses 3E00OH to 3E7FH were used for
storing the «coefficients, variables, and parameters of the
program. A memory map that shows the memory used in the first
page of 3E is given in Appendix D. The starting addresses of the

main program and the subroutines are also shown in Appendix D.

6.2 Main Program

A flow chart of the main program is given in Figure 6.1 and
the assembly langauge program is 1listed in Appendix E. The
memory used for the object code of the main program is 0.94 K.
bytes.

The function of the main program is to read the digital signals
of the speed of the d.c. motor and the position of the pendulum
from the A/D converter, perform specific computations, and send a
digital control signal to the D/A converter. The main program is
divided into three parts:

l) The Initialization,
2) The Computations, and

3) The Updating of the Parameters.

6.2.1 Initialization

The flow chart of this program is shown in Figure 6-2. The
first step of this program is to initialize the output voltage
from the D/A converter to zero, so that the cart remains
stationary. The next operation resets memory block 3E00H - 3E7FH
to zero. Then the subroutine INITI and PENDIS are executed. By
executing the INITI subroutine, the zero reference of the

pendulum position and the bias are determined. The =zero
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@ C INITIALIZATION )

SET QUTPUT VOLTAGE WHICH

' DRIVES D.C. MOTOR TO @
INITIALIZATION
INITIALIZE MEMORY LOCRTION
3EBEH TO 3EVFH TO @
COMPUTATION

READ Vi (4) AND Vp(4)

OUTPUT Va(4) :
CALL INITI

CALL PENDIS

UPDATING PARAMETERS ;
INITIALIZE ALL THE

COEFFICIENTS

y

GO TO THE COMPUTATION
PROGRAM

Figure 6-1 THE MAIN PROGRAM Figure 6-2 THE INITIALIZATION PROGRAM
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reference is the output voltage from the potentiometer
corresponding to the vertical position of the pendulum. The
subroutine PENDIS helps in fixing the 1limits of the angular
displacement of the ﬁendulum. Details of these two subroutine
are given in Section 6-3,

The next operation stores all the coefficients and the
variables required for the software program into appropriate
memory locations.

The initialization program is executed once at the beginning
of each experiment. The execution time of this program is not

critical because it is not a part of the sampling pericd.

6.2.2 Computation

The computation program is the most important part of the
main program. This program samples the velocity of the cart and
the position of the pendulum from the A/D converter and performs
computations of the equations shown below for generating a

control signal U(4).

Cl(4) = 1.1%*C1(3) - 256*Vp(4) + 217.6*Vp(3) (6.1)

C2(4) = 2.69*C2(3) - 2.58*C2(2) +0.89*C2(1) + 0.75*Vt(4)
=1.275*Vt(3) + 0.542*Vt(2) (6.2)

U(4) = C1(4) - C2(4), (6.3)

The coefficients in the above equations are obtained based
on the computer simulation, as derived in the previous chapter.

The values of the coefficients, which are in decimal, are
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_RESET THE TIMER
TO COUNT 18 ms.

A

READ C2(3), C2(2), C2(1)

Vt(3), V&(2) AND ITS COEFF

CALL MULT, EXP, STAD & COMP

X=AC¥2~(-2)%C2 (3)-Aa¥2A(-2)¥C2(2)+

+39%2(~2)#C2(1)-A3%24(-3)%V4 (3)+
+8B¥2~(-4) ¥4 (2)

RERD Vi(4)

RERDY ?

READ Vi(4)

INITIALIZE A/D TO READ Vp(4)
CONVERT V£(4)TO 2’s comp AND
SUBTRACT THE BIRS

y

READ X,Vt(4) AND ITS COEFF
CALL MULT,STAD
C2(4)=Xk2A(~4) 3427 (-2 )4Vt (4)

CALL DISPLAY
CALL STORE

READ C1(3), Vp(3) AND ITS COEFF
CALL MULT , EXP, STAD & COMP
Y=BD¥2~(-2)*C1(3)+D9%Vp(3)

READ Vp(4)

RERDY ?

READ Vp(4)

INITIALIZE A/D TO RERD Vt(4)
CONVERT Vt(4) TO 2‘s comp AND
SUBTRACT BIAS

RERD X, Vt(4) AND ITS COEFF
C1(4)=Y-2(B)¥Vp(4)
Ut4)=C1(4)-C2(4)

MODIFY U(4) AND OUTPUT TO D/R

GOTO THE UPDATING PARAMETER
PROGRAM

Figure 6-3 THE COMPUTRTION PROGRAM
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converted to hexadecimal and stored in the memory location shown

in Appendix D.

The eduations are represented in hexadecimal as,

Cl(4) = 8D*2”7#Cl1(3) +D9*vp(3) - 28*vp(4) (6.4)
C2(4) = AC*272%C2(3) - AS5*272%C2(2) +39%272#C2(1) -

~A3*2 3wyg (3)+8B*2 " d2yve (2) *27% & 3%272aye(4) . (6.5)
U(4) = Cl(4) - C2(4) . (6.6)

The flow chart of the computation program is shown in Figure
6-3. The first step of this program resets the timer to count 10

ms. The next step performs the computation of,

X = AC*272%C2(3) - A5%*2°2#C2(2) +39%2 2#C2(1) - A3*2 3yt (3) +
+ 8B*2 4wy (2). (6.7)

In the next operation, the A/D is initialized to read Vt(4)
and the 'BUSY' signal of the A/D converter is checked to verify
if the signal Vt(4) has settled down, If signal Vt(4) has
settled, then it is read by the A/D converter. The A/D converter
is initialized to read the signal of the position of the
pendulum, Vp(4). The value of Vt(4) is converted to 2's
complement form and adjusted by subtracting or adding the bias.
Then, Vt(4) is stored in memory and computations are performed to

yield,

C2(4) = 274%x + 3%#27 2%yt (4). (6.8)
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In the next operation Subroutine DISPLAY is executed to
display the the position of the pendulum, speed of the d.c.
motor, and the output cohtrol signal on the CRT. Then Subroutine
STORE is executed to store the data Vvt(4), Vp{(4), U(4), Cl(4),
and C2(4).

In the next opération the computation performed is,
Y = 8D*2”7*C1(3) + D9*Vp(3). (6.9)

The A/D is initialized to read Vp(4). Then the 'BUSY'
signal is checked until the value of Vp(4) is ready to be read.
The next operation reads Vvp(4) from the A/D converter., The A/D
is now initialized to read the speed of d.c. motor, Vt(4). The
value of Vp(4) is converted to 2's complement form and adjusted
by subtracting or adding the bias. Then Vp(4) is stored in

memory and computations are performed to yield,
Cl(4) = Y - 256*Vp(4). (6.10)
The contreol signal U(4) is obtained by solving the equation,
U(4) = Cl(4) - C2(4) . _ (6.11)

The control signal calculated in Equation 6.l11 is in 2's
complement form with a 24 bit mantissa. This value is modified

and sent to the D/A converter.

6.2.3 Updating Parameters
The parameters have to be updated before executing the

computation program in the next sampled period. By executing



. (:: UPDRTING PARAMETERS _j:)

CALL SHIFT TO UPDATE DATA

READ C2(4), C1(4)

CALL TRANS

STORE C2(4) IN MEMORY LOCRTION
OF C2(3) AND C1(4) IN C1(3)

CHECK IF NO
SAMPLING TIME
OVER ?

YES

GO TO THE COMPUTATION '
PROGRAM

Figure 6-4 THE UPDATING PARAMETER PROGRAM
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Subroutine SHIFT explained in Section 6.3.6, the values shift one
step down; that is the data of Vt(3) shifts to Vt(2) and the
computed values C2(3) and C2(2) to C2(2) and C2(1l) respectively.
The value of Cl(4) and C2(4) are in 2's complemnent form with 24
bit mantissa. These values are converted into the 15 bit
mantissa, a sign byte and an exponent byte by executing
Subroutine TRANS which is explained in Section 6.3.5. The
converted value of Cl(4) is stored in memory locations Cl1l(3) and
C2(4) is stored in memory locations C2(3).

The next step in the program is to check if the 10 ms
sampling time is over. If the sampling time is over, then the

operation will return back to the computation program.

6.3 Subroutines

The main program is supported by eleven subroutines. They
are, a fifteen by eight bit multiplication routine; a 24 bit
signed addition routine; a routine for performing the 2's
complement operation; a routine to shift data; a routine for
converting a value from a fixed point representation to floating
point; a routine to update values; a routine to halt the
execution of the program; a routine to display data on the CRT; a
routine to store the data in specific memory blocks; a routine to
find the zero reference of the pendulum when it is in the upright
position and a routine to adjust the range of the angqular

movement of the pendulum about the vertical axis.

6.3.1 Subroutine MULT

This subroutine performs the multiplication of a 15 bit by an
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8 bit unsigned binary number. Figure 6.5 shows the flow chart of
this subroutine, Basically, the multiplication routine is a
series of tests and shifts of the multiplier and multiplicand.

To use this subroutine, the 15 bit multiplicand is 1loaded
into the DE register pair and the 8 bit multiplier is indirectly
addressed by the IX register A, B,lC, D, E, H and L registers are
utilized by this subroutine. The maximum time for performing a
multiplication is 0.298 ms. The final result is placed in the

CHL registers,

6.3.2 Subroutine STAD

This subroutine converts an unsigned 23 bit binary Qalue
stored in the CﬁL registers into a sigped value, The sign bit of
the 23 bit unsigned data is loaded in the least significant bit
of the A register. Then this subroutine adds the two 24 four bit
signed values which are loaded in the CHL and C'H'L' registers.
The result of the adding operation is placed in the C'H'L'
registers, A, C, D, E, H, L, C', D', E', H' and L' registers are
utilized by this subroutine. A flow chart of this subroutine is

given in Figure 6,6.

6.3.3 Subroutine COMPLEMENT

Figure 6.7 shows the flow chart of this subroutine., This
subroutine converts a twenty-three bit binary number loaded in
the CHL registers to 2's complement form. The result of this
operation is placed in the CHBL registers. A, C, H and L

registers are utilized by this routine,
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6.3.4 Subroutine EXPONENT

The subroutine Exponent divides a twenty-three bit binary
number stored in CHL registers by four. It then shifts the
remaining value in the CHL registers to the left a number of bits
depending on the value placed in the B register before this
subroutine is executed., The final result is placed in the CHL

registers, Figure 6.8 shows the flow chart of this subroutine,

6.3.5 Subroutine TRANS

This subroutine converts a signed three bytes wvalue loaded
in the CHL registers into a fifteen bit unsiéned mantissa stored
in the HL registers, a sign byte, and an exponent byte. The sign
byte is placed in the memory location pointed to by the 1IY
register and the exponent byte is placed in the memory location
pointed to by IX register. Before calling this subroutine, the
value is loaded in the CHL registers and the IX and 1Y are
loaded. A, C;, D, H and L registers are utilized by this
subroutine., A flow chart of this subroutine is shown in Figure

6.9.

6.3.6 Subroutine SHIFT
Figure 6.10 shows the flow chart for this subroutine. The
updating of the values in the program is done by this subroutine.
This subroutine shifts the magnitude and sign of Vt(3) to
memory location for Vt(2); the magnitude, sign and exponent byte
of C2(2) to C2(1) and C2(3) to C2(2). A, H and L registers are

utilized by this subroutine.
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6.3.7 Subroutine STOP

This subroutine is used to halt the execution of the main
program. The flow chart of this subroutine is shown by Figure
6.11. |

If key 'S' is depressed from the keyboard when the main
program is being executed , the entire execution of the brogram
is terminated. At the same instant the control voltage output
from the D/A converter, which is used to drive the d.c. motor, is
initialized to 0. The past values of the position of the
pendulum, velocity of cart and the control voltage remain
displayed on the screen. If the key 'A' is also depressed, the
system is reset and then the contents of the register are

displayed on the CRT,

6.3.8 Subroutine DISPLAY

This subroutine displays the pendulum position ,lspeed of
the motor and the control voltage output from the D/A converter
on the CRT. This was useful in debugging the software and to
verify the correct functioning of the hardware. Signed binary
values that represent the pendulum position, speed of the motor
and the control voltage are converted to a hexadecimal ASCII
codes and then displayed on the CRT with positive or negétive

signs. Figure 6.12 shows the flow chart of this subroutine.

6.3.9 Subroutine STORE =

The store routine is written to store the data of Vp, Vt,
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Cl, C2 and U in certain memory blocks. This routine is used for
-error diagnostics and data acquisition.

The signal from the tachometer, Vt, is stored from memory
locations 3EB0H to 4000H and the signal from the potentiometer,
Vp, is stored from memory locations 2E80H to 3000H. Each of
these data is stored in three bytes., The first two bytes contain
the magnitude and the third byte contains the sign. For the sign
byte, 0lHE indicates negative values while 00H indicates positive
values.,

Computed values Cl(4) are stored from 3980H to 3BOOH, C2(4)
from 3BOOH to 3C80H and U(4) from 3CBO0H to 3E80H. Each of these
values is stored in three bytes and are signed numbers.

The subroutine also stops the execution of the program after a
certain number of sampling events have passed. The desired
number of sampling events are stored in memory locations 3E44H
and 3E43H. A, D, H, and L registers are utilized by this
subroutine., The flow chart of this subroutine is shown in Figure
6.13. When the subroutine is entered a pointer is decremented.

The pointer gives the address off set for storing these values,

6.3.10 Subroutine INITI

This subroutine is executed before the main program is
executed. This subroutine has further access to three more
subroutines CHECH, INC, and DEC, Figures 6.14 and 6.1l5 show the
flow chart for the subroutines.

This subroutine initializes the reading of the position of

the pendulum to 0 when the pendulum is almost vertical by a bias
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from the D/A converter which is the input to the A/D converter.
The A/D converter is set to be in differential mode with one
input from the potentiometer and the other from the D/A
converter,

The values of the current readings of the position of the
pendulum and the reading of the velocity of the cart are
displayed on the CRT. The program periocdically executes
subroutine CHECK which checks if key 'I','D' or 'S' is depressed.
If the key 'I' is pressed then the output voltage from the D/A is
increased for biasing the reading of the pendulum position by
subroutine INC. If the key 'D' is pressed then the output
voltage from the D/A is decreased for biasing the reading of the
pendlum position by subroutine DEC. Since the value of the
position of the pendulum is displayed, the biasing can be
adjusted continuously. Since it is extremely difficult to get an
exact 0 reading from the A/D converters when the cart is
stationary, the zero error readings of the pendulum position and
velocity of the motor are stored. These error readings are used
as correction factors for correcting the readings of the pendulum
position and the velocity of the armature when the main program
is executed.

Key 'S' is depressed to return back to the main program.

6.3.11 Subroutine PENDIS
This subroutine is executed immediately after execution of

subroutine INITI. ' -



e,

INITIRLIZE A/D TO RERD
PENDULUM POSITION

l

DISPLAY “P=* ON CRT

1

RERD A/D (PENDULLM POSITION)

l

DISPLAY PENDULUM POSITION ON CRT

INPUT FROM KEYBOARD

COMPARE INPUT WITH ‘R’

IF INPUT FROM

KEY BOARD = R

YES

Figure 6.16 SUBROUTINE PENDIS
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This subroutine displays the position of the pendulum on the
CRT and hence helps in fixing the 1limits of the angular
displacement of the pendulum about its mean position. The limits
of the penduluﬁ are fixed by adjusting the two screws at the
bottom of the pendulum, Afteg the desired adjustment is
achieved, key 'R' is pressed to return back to the main program.

Figure 6,16 shows the flow chart for this subroutine,



Chpaterv VII
EXPERIMENTAL PROCEDURE

7.1 Introduction
In this chapter the equipment used for experimentation will
be explained first. The following section will contain a

description of the testing procedure.

7.2 Equipment Arrangement

The inverted pendulum is mounted in two ball bearings on top
of a light weight four wheeled cart, To measure the angular
position of the pendulum, a micro torque potentiometer is
attached to the pendulum shaft which provides a voltage, Vp, pro-
portional to the angular position of the pendulum. A 10 volt
power supply is used to energize the potentiometer,

The cart is driven by a d.c. servo motor, mounted on the
bottom of the cart, through a speed reducing belt drive, The
field of the motor is energized by a 14 volt d.c. power supply.
The armature of the motor is controlled by the output of a d.c.
power amplifier which is supplied by a* 35 volt d.c. power sup-
ply. A permanant magnet d.c. tachometer is attached to the motor
shaft which provides a voltage , Vt, proportional to the speed of
the motor. Electrical signals are passed to and from the cart by
a flexible cord.

The Real time control of the system is accomplished by a
Digital Group, 2-80 microcomputer. The analog signals Vp and Vt

are sampled and digitized by a 12 bit A/D converter. The digital

78



79

control signal is delivered to the system by a 10 bit D/A con-

verter. An 8253 programmable timer was used to time the 10 ms
sampling period. Two operational amplifiers were used to provide
feedback around the power amplifier and the d.c. motor. Figure
2.7 shows the arrangement of these amplifiers. Strip chart

recorders were used for data collection.

7.3 Experimental Procedure

T™wo Z=80 microcomputers were used for this research. One
was used as the real time controller described in the previous
section. The other was used for program development. The pro-
gram development computer operates under the DISKMON Operating
System with two floppy disks for file storage. Both microcompu-
ters are equipped with audio cassette recorder interfaces. By
connecting the audio cassetté output from one computer to the
audio cassette input of the other, files can be transferred
directly between the two microcomputers. |

The assembler program is loaded into both the microcomputers
from the disk and the cassette drive. The object code of the
real-time control program is then loaded from the disk and is
placed in memory locations starting from 3200H in the development
computer. By executing the instruction 'SAVES' on the develop-
ment microcomputer and the instructions 'l0OADS' on the real-time
control microcomputer , the object code program is transfered
through the audio cassette interface to the real-time control
microcomputer. At this point, the program is in the real time

controller and is ready to be executed. Before executing the
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program the inverted pendulum is made vertical to find a =zero
reference voltage. This is accomplished by attaching a plumb
line to the top of the inverted pendulum and'adjusting the two
screws at the bottom of the pendulum until the pendulum becomes
vertical as checked by the plumb line. After removing the plumb
line the real time control program is executed. By pressing keys
'I' and 'D' on the keyboard the digital value of the position of
the pendulum , displayed on the CRT, is adjusted as close as pos-
sible to 800 H, which dorresponds to a zero reading of the pendu-
lum position. After biasing the potentiometer output the key 'S
is pressed. The position of the pendulum is displayed on the
CRT. The angular displacement of the pendulum in either direc-
tion from the upright position is fixed by adjusting the two
screws which are at the bottom of the inverted pendulum. The
computation of the control signal to stabilize the system is
started by depressing Key 'R'.

It is not possible to adjust the pendulum to a perfectly
upright position. Hence there is a bias present in the reading
of the pendulum. This bias is defined as the reading of the
position of the éendulum when it is in the per.fectly upright
position or the actual position of the pendulum when the reading
is zero.It is evident from the model of the pendulum and cart,
Equation 2.12, that the pendulum can be maintained at a nonverti-
cal position by maintaining a constant acceleration of the cart.
The larger the angle, the 1larger the required acceleration.

Since it is not possible to completely eliminate the bias in the
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pendulum position measurement there is a tendency for the cart to
move in the direction of the bias. If a slight, upward curvature
is built into each end of the surface on which the cart runs the
effect of the bias is eliminated and the cart will find an equi-

librium position about which it will operate.



Chapter VIII
PRESENTATION OF EXPERIMENTAL RESULTS

8.1 Introduction

Data obtained from the testing described in the previous
chapter is discussed in this chapter. Data of the position of
the pendulum, speed of the armature of the d.c. motor which
drives the cart,distance of travel of the cart and the control
signal from the D/A converter which control the speed of the d.c.
motor are obtained on strip chart recorders at different chart

speeds.

8.2.1 Results of Position of Pendulum versus Time

The pendulum was given an initial angular displacement of
about 10° from the upright position. The computation for the
control signal to stabilize the pendulum was started by depress-
ing key 'R' on the keyboard. The signal from the potentiometer
which gives the angular displacement of the pendulum was recorded
on the strip chart recorder for different speeds of 1 mm/sec, 5
mm/sec and 25 mm/sec. The sensitivity of the strip chart
recorder was held constant at 50 mv/division., Figures 8.l1.1,
8.1.2 and 8.,1.3 show the results of the pendulum position versus
time for the different chart speeds. The results indicate that
at all times the position of pendulum is within 2.5° from the

upright position of the pendulum,
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8.2.2 Results of Speed of the D.C. Motor versus Time

The signal from the tachometer which is coupled to the
shaft of the d.c. motor was recorded on the strip chart recorder
for different chart speeds of 1 mm/sec, 5 mm/sec and 25 mm/sec.
The sensitivity of the strip chart recorder was maintained at
200 mv/division. Figures 8.2.1, 8.2.2 and 8.2.3 show the speed
of the d.c. motor versus time for different chart speeds. The
maximum speed of the cart is 1.0 m/sec. It was observed that
the output signal from the tachometer is periodic in nature with

an almost constant amplitude.

' 8.2.3 Results of Distance Moved by Cart versus Time

The signal from the tachometer was integerated by an opera-
tional amplifier and was recorded on a strip chart recorder. The
results thus obtained from the strip chart gave the distance
moved by the cart from the starting position. The readings were
recorded for chart speeds of 5 mm/sec and 25 mm/sec, The sensi-
tivity of the strip chart was maintained at 500 mv/division.
Figures 8.3.1 and 8.3.2 show the results of the distance moved by
the cart versus time. For all times, the cart was observed to
move back and forth through a distance of about 1 meter on either

side of the mean position.

8.2.4 Result of Control Signal versus Time
The control signal from the D/A converter was recorded on
the strip chart recorder for chart speeds of 5 mm/sec and 25 mm/

sec., The sensitivity of the strip chart was maintained at 500
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mv/division. The output control voltage from the D/A converter
was limited to 10 volts, Figures 8.4.1 and 8.4.2 show the
results of the control signal versus time., It may be observed
that the output voltage from the D/A converter is large when the
pendulum is initially at about 10° angular displacement from the
mean position Subsequently, when the cart moves and when the pen-
dulum displacement becomes smaller, the output voltage also

becomes corresponding smaller.



CHAPTER 1IX
CONCLUSIONS AND RECOMMENDATIONS

9.1 Introduction

This chapter provides a conclusion of this research and

recommendations for further study.

9.2 Conclusions

From the experiment it is observed that the digital compen-
sation is succesful in stabilizing the naturally unstable cart
pendulum system. A comparison of Figures 5.1 and 5.2 (for a
gain Kp= 1.0) with Figures 8.1 and 8.4 show that the response of
the pendulum and the control voltage matches with the result of
the computer simulation during an initial period of about 1.5
seconds. Subsequently, the effects of the bias, the non-lineari-
ties and the discretization of the sampled data makes the actual
response deviate from the predicted response. It is believed
that in the absence of these three effects, the actual response
could match with the computer simulation for a much longer per-

iod.

9.3 Recommendations

There are several recommendations which can be made to
improve upon the research conducted for this thesis, and to
expand upon the system for further research.

A major time of this research was spent in writing and
debugging the assembly language software control program. Hence

it would be advantageous to work on a more advanced microproces-
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sor (16 bits) or a microcomputer having a Fortran or Basic
compiler.

If a higher stiffness belt is used, then the transfer func-
tiBn relating the speed of the cart to the speed of the d.c.
motor can be modeled by a gain alone. This would simplify the
stability analysis considerably.

Resolution of the accurate output control signal will pro-
vide smoother control. Hence, it is recommended that a 12 bit
D/A converter be used instead of the 10 bit D/A con&erter used in
the present research.

Two problems which were frequently encountered with the phy-
sical system were the drive belts and the potentiometer. Due to
misalignment or fatigue, the life of the belts were short and
hence needed replacement periodically. It would be worthwhile to
modify the driving mechanism, The microtorque potentiometer,
which was used to measure the position of the pendulum, failed.
Therefore,a different method of measuring the angular displace-
ment of the pendulum should be considered.

Since the mathematical model of the system is developed and
adequate software is available, the technique of adaptive optimal

control may be applied to the system
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APPENDIX A
VALUES OF THE ROOTS OF THE INNER
LOOP OF THE SYSTEM
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IMAGIHNARY

-2.447985%E-01
-1.760296E-01
2.44799BE~-01
-1.448874E~-02
1.440874E-p2
1.760298E-01



ROOTS:

ROOTS: K = .013

REAL

9.187764E~-01
5.256715R8E-0@1
9.187764E-01
9.776E52E-91
9.776651E-01
€.267158E-01

ROOTS: K = .814

RERAL

9.8294387E-01
6.3353825E-01
9.029457E-01
9.778449E-01
9.778448E-01
6.335825E-01

ROOTS: K = .813

REAL

B.988857E-01
€.367193E~-01
B8.988857E~01
9.779898E-01
9.779898E-01
6.,367193E-01

ROOTS: K = .016

REAL

£.975191E-01
2.975191E-01
5.554988E-01
9.7816035E-01
9.781885E-061
7.138814E-681

K = .817
REAL

§.977534E-01
8,977534E-61
S.2106561E-81
9.7320868E-01
9.7820868E~-01
7.510882E-01

ROOTS: K = .018

€.938720E-01
8.98872BE-01
4.967412E-01
9.782893E-61
9.782893E-01
7.714385E-01

IMAGINARY

-2.683c88E-01
-1.427613E-81
2.6886068E-01
-1.278519E-82
1,278519E-@2
1.427613E-01

IMAGIMARY

-2.943885E-81
-1.6808692E-01
2.943885E-01
-1.16318%9E-B2
1.183118E-082
1.806692E-01

IMAGINARY

-3.193989E-081
-3.2430824E-62
3.193989E-061
-9.335428E-63
9.335429E-03
3.243024E-02

IMAGINARY

-3.426622E-81
3.426822E-01
4.594287E-12

-7.54115%E-063
7.541155E-83

-2.5088806E-17

IMAGINARY

-3.639845E-61
J.63964SE-01
-€6.68113B5E-12
-5.485795E-83
S5.485795E-83
2.5644006E-15

IMAGINARY

-3.£348B5E-01
3.834885E-01
-6.851178BE-13
-2.581534E-03
2.501534E-83
-4,97162BE-15

ROOTS:

ROOTS: K = .819

RERL

9.004623E-01
9.004628E-01
4,774001E-01
9.822457E-21
9.744726E-01
7.858957E-01

ROOTS: K= .02

REAL

9.022944E-01
9.0822944E-01
4.611418E-01
9.842804E-01
9.725573E-01
7.9680899E-81

ROOTS: K = .0821

REAL

9.042351E-01
9.042351E-01
4.470187E-01
9.856676E-01
9.712728E-81
B.B853854E-01

ROOTS: K = .822

RERL

9.862891E-081
9.062091E-01
4,.344820E-01
9.867416E-01
9.702880E-0!
8.123227E-081

K = .,823
REAL

9.881717E-01
9.0881717E-01
4.,231772E-01
9.876197E-01
9.694876E~-01
8.18662BE-01

ROOTS: K = .824

REAL

9.100968E-01
9.18@968E-01
4,128619E-01
9.883609E-01
9.688148E-01
8.228962E-01

98

IMAGIHARY

-4.014802E-081
4.814802E-21
4.911958E-15

-5.818711E-13
S5.292850E-13

-3.23108306E-14

IMAGINARY

-4.182112E-01
4.182112E-01
2.139395E-15

-3.399471E-13
3.746179E-13

-3.450530E-14

IMAGINARY

-4.338762E-01
4.338763E-06!
6.344000E-156

-2.99€%53E-13
3.315348E-13

-2.87577BE-14

IMAGINARY

-4.486374E-01
4.486374E-01
-3.9390080E-1S
-1.425239€E-13
1.640565E-13
-2.1426€BE-14

IMAGINARY

-4.626228E-061
4,626228E-01
-6.845635E-15
-1.864870E-14
2.921156E-14
-4,24268BE-15

IMAGINARY

-4,759352E-01
4, 759352E-81
1.840071E-13
€.204886E-12

-€.586492E-12
1.154250E~14
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1@
20
Se
€0
7o
e
100
111

120
130
148
158
158
i7e
18@
198
208
210
220
230
240
258

260
270
288
298
308
3le
320
330
340
358
3€0
378
380
390
488
418
4208
438
440
458
468
478
480
499
See
Sie
520
S3e9
S4e
558
=117
S 7e
See

100

FEEFEFFEFF TR FRLERRF R TR RREF RN FEFFFFF IR AREFTNF I RATFIR IR AR R R ESSE

#

*

* THE SIMULARTION PROGRAM
*

L e Ty T L s T ey
IMAGE B<DDD.DDD,2X>
=.810 | Sampling Interval.
Saturation=S=106 I Maximum and minimum output voltage from the
pouwer supply to the cart,
Qutresolution=,0818 | Resclution of the Output Control Signal “U-
Velresolution=.830 | Resolution of the Signal,¥t, from Tachometer.
Posresolution=.820 ! Resolution of the Signal,V¥p,from Potentiomete
Bias=.8308 | Bias for the reading of the pendulum position
Kz=256 ! This gain is used in the microcaomputer.
INTEGER Pi,¥i,Ci5
VpllosVp(2i=vYp(3i=ipidd=yYpi(3r=Vpicdr=,3

Kp=1.45 ! Gain of the potentiometer.

Gld=l1.1 | Coefficients of Transfer Funtion H1{2)
Gin=.85

Kl=.?5

H2d=.85

M=Z=CB(3>=CAc4>=CB(3>=C1(32=C1(4)=C2(3 »=C2¢42=UC10=U(2)=0
UC3i=UC42=2U(S)=V1 (3i=Vt (4 =¥t (S)=Us(1)=Us(20=Us(3=s(4)=
=Vi(2)=Vi(3)=Vi(4>=0

PLOTTER 1S 13, "GRAPHICS"

GRAPHICS

PLOTTER IS 7,5,"9872R"

PRINTER I8 7,5

PRINT "¥yg5"

LOCARTE ©,123,8, 188

CSIZE 3.1,.45

SCALE -.5,5,-.32,.32

AXES 1,.1,0,0

FRAME

PRINTER IS 16

FOR I=1 TO 5

MOVE I-.,12,-.04

LABEL I

HNEXT I

FOR I=-.3 TO .3 STEP .1

MOVE -.3,1

LABEL I

NEXT 1

LI ey Y sttt i T T I T
Statement 510 to 750 are developed in Chapter 3. The coefficient
of the transfer function are calculated in this part of the program
The nomenclature used for calculating the coefficients are similar
to that used in chapter 3.

LRI R R I E T I R Ry L T T T T e ar e
A=18.692

B=47.409293

N11=1,96733491%EXP(-A*T)*COSCB*T)+.2017093%EXP(-A*T )*#SINCE*T)+,B22650
N18=,9673491%EXP(-2#A*TO+EXKP(-A+*T)*(.B326509%COS(B*T)+.2017093%SINCE%

Di1=2%EXP(-A*T)*COS(B*T)

DI@=EXPC(-2%RA*T) -
Al=4,009816

A2=-4, 385888



S96@
600
€l

628
638

640
658
EED
670
&g8@
€38
788
vlie
vz
738
740
758
7ED
rard
41"
[4-1"
808
g8le
826

836

B840
850
BE@
878e
gga
g9e
988
g1@
920
938
948
958
117
97e@
988
998
1060
1010
iBze
1838
l1@4@
1e58e
leea
187e
1880
lega
lles
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A3=,378&

R4=,7998549

NZ=C(RL+ASI *ERFP(-0%TO+(AZ+AZI*EXP(S*#T)+(AL+AZI % 2% EXP(-A*TI*COSCE*To+
+EXP(-A*T)>* (A3*COS(B*T)+A4%SINCB%T2)

H1=2% (EXP(-S5#TO)*A1+EXP(S*TI*A2)*#EXP(-A*T>*COS(B*TH+(Al1+A2) #

#EXP(-2%A*TI+AS+C(EXP(S#THI+ERP(-5#T ) #(A3*COSCB*Tr+A4*SINCEB*T) 2 *EXP(-A

NO=C(EXP(=S#TO¥AL+EXP(S*#TO)#R2)*EXP(-2%A*TO>+EXP(-A*T)*(A3*COSCEB+To+
+A4#SINCB#T))

D33=EXP(=5%T)+EXP(O#T)+2%EXP(-A*T)*COS(B*T>
D32=1+(EXP(S#TI+ERP(=-5#T) )% 2%EXP(-A*T)*COS(B*TI+ERAP(-Z2#A%T)
D31=EXPC-2%A*TI*(EXP(-S#TI)+EXP (ST )+2%EXP{-A*#T)*COSCB*T>
D3B=EXP(-2%A*T>

N33=N2

N32=N2+N1

N31=N1+N@

H3@=N@
NZ1=1+EXP(-A#*T)%(COSCRB*#T)-, 2255254 *#SINC(B*T) )-2%EXP(-A*T)*COS(B+T>
N2B=EXP(-2#A*T)~EXP(-A*T)*(COS(B*T)>-,2255254%SIN(E*T)J

D21=D11

D2p=D18

Statement 798 to 938 prints the transfer function of the svstem and
the various constant of the transfer functions.

PRINT "Wt (z) U(z)=,92(2~2=N11%#Z+N10)-(2~2-D11%Z2+D1@2"

PRINT "Nii=",Ni1l,"NlG=",Nil&,"DI1=",D11,"D1G=",018

PRINT "Weclzi V¥t (z)=,0655009%(N21%Z2+N2B)/(Z2~2-D21%Z+D2H>"

PRINT "N21=",N21,"HM2B6=",N26,"D21=",D21,"D2B=",Dz20

PRINT "Vpcz)sU(z)=383.85#Kp#18~(-3)%(N33%Z-3~N32%Z~2+N31#2-H3B}~
A(Z~4-D33%2~3+D32%2~2~-D31%2+D3@>"

PRINT "H33=",-N33,"N32=",-N32,"N3i=",-N31,"N3B=",-N3@,"D133=",D33%,
“p3z=",D032,"D31=",D31,"D36=",D36

MOVE 1.7,.3

| Statement 1648 TO 12260 prints the various practical limitation
! and the compensating transfer function used on the plot.

LABEL "SAMPLING TIME =" T

LABEL "Saturation volts =";Saturation

LABEL "Outresolution "i0utresolution

LABEL "VYelresolution "iYelresolution

LABEL "Posresolution ";Posresolution

LABEL "Bias in Pot volts="{Bias

MOVE 1,-.12

LABEL " Glez)=Cliz) Ypi(z))=K2%(Z-Giln>-(2=-Gld»"

LARBEL " H2CZ20=C2¢z) Yti(z)=K1*%(Z~2-2#H2d%2+H2d~22/(2~2=-CxZ+C12"
LABEL ""

LABEL "K2=";K2z,"Kp=";Kp

LABEL "Gin=";G1in

LABEL "Gid=";Gid

LABEL ""

LABEL "Kl=";K1

LABEL "Hzd=";H2d

[ Ly Y Y T
! The equations used from lines 1876 to 1228 are developed in

I Chapter 5.

A LI e L s It
FOR X=8 TO 300000

FOR Y=8 TO 18 -~

M=M+T

Clia)=G1d#C1(3)-K2%#(Vpi(4)-GLin*Vpi(3))



1118

1120
1138
1148
11506
1168
117@
1188
1158
1200
1218
1220

- 12380

1248
12506
12¢€0
1278
1288
1290
1300
1310
1326
1330
1340
1358
1368
1370
1380
1390
1400
1418
1428
1438
1440
1450
1460
14708
1480
1490
1508
1518
1520
1530
1548
15358
1570
1580
1598
1688
1610
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| C2¢d)0=2,.69%C2¢(3)-2,.58%C2(2)+,B89%¥C2C1)+K1%(Vti{4)-HZd#2*V¥t1i(21+
H2d~2%Vti¢2)) -
UC4>=C1c(4>-C2(C4>

UsCar=UcC4)

I Statements 1168 and 1178 simulates the saturation of the output

| voltage from the D/A converter.

IF Us(4>>S THEN Us<(4)=S

IF Us<4><{-5 THEN Us(4)=-S5

| Statement 1220 to 1238 simulates the resolution of the DA Conuert
Ui=Us{(4>70utresolution

Us(4)=Ui*0utresolution

Ve (S)=D11%Vt(4)-D10¥Vt(3)>+,.92%¥(Us(4>-N11%Us(32+N1B%Us(2)>>
P(S5)=D33%#P(4)=-D32#P(3)+D31*#P(2)-D30+*P(1)-383,.5%Kp#18~(-5) %
#(N33#Cs5¢(4)-N32#Cs5(3)+H31%Cs5(2,-N3B*Cs5(1>>

| Statements 1270 to 1318 simulates the resolution of the A-D

' converters for the reading of the velocity of the cart and

| pendulum position. The bias in the reading of the pendulum

| position is also included.

Vpi=V¥p(3>sPosresolution

Vpi(3)=VYpi%Posresolution

Vpil(S)=Vpi(S)+Bias

Vti=Vt(5>/Velresolution

Vti(S)=Vti*¥Velresolution

! Statements 13408 to 1550 shifts the values of the various varaibles

I from K+1 instant to K instant.

Ypi(3r=ypil4)

Vpildi=ypi(S)

Vtid2i=Vti(3)

Yei(3)=Vti(4)

Veiddr=¥ti(5)

Cl¢3>»=C1¢4>

Vpdli=vpl2

Vp(2i=Vp(3>

Vp(3i=Vpid)>

Yp(4)r=Vp(S)

Y1 (2=V1 (3

Y1 (3)=V1(4)

Ve (4)=yYt (3>

c2¢13=C02¢2>

C2¢2>=C2¢(3>

C2(3>=C2¢4>

Ucli=ud¢2>

Ucz2>=U¢3>

U3 =uc4>

UsCli)=Us(2>

Us(2)=Us(3>

Us(3>=Us(4)

PLOT M,Vpc5D

NEXT Y

PRINT USING 90;M,Yp(5),¥t(5),D,C1¢4)>,C2¢4),Uc4,Us4)

NEXT X

END
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LIST OF PROGRAMS AND SUBROUTINE

Address
3000 - 33AD
3400 - 341B
341F - 342D
3431 - 3440
3444 - 345E
3462 - 34Ad
34A8 - 34DE
34DF - 34F7
3530 - 363D
3640 - 36E6
3700 - 37CB
37CC - 37E4
37E5 - 37EF
37F0 - 37FA
3814 - 384A
3850 - 38D3

MAIN PROGRAM
MULT

STAD
COMPLEMENT
EXPONENT
TRANS
SHIFT

STOP
DISPLAY
STORE
INITI
CHECK

DEC

INC

SCREEN
PENDIS
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MICROCOMPUTER PROGRAM LISTING



GEGED
@l
G
BEIA
Gad
eesc
Gacd
BaE7e
eazs
GES
B1GE
@1ia
AL
G136
@lac
a1
Blea
B17G
@g1ae
@1ae
@z
@21
@22
Bz3d
@24
@zsa
GeQ
@270
e
G2aG
GIEG
@azio
azza
@IeaE
Ba4E

258
@IEE
a37e
A3
Ao
G4EG
@416
@42
@426
@446
A4SE
Gd4EE
A4
a42a
B4
asEa
as1a
a5z
#8524
@546
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MAIN PROGREAM

it

¥ THIZ

1% THE MAIM FPROGRAM TC STRBILIZE AW IMUERTED FEM-

¥ DULUM MOUNTED OM A CART BY DIGITAL CONTROL.

g S e P S S e
MILT  EQU 4o
STAD  EQU  241CH
COMP EQL Z4ZEH
E¥P  EQU  J4a1d
LAET  EGQU T7eEH
PEMDIS EQU  TESEH
ST 3@ # OFCODE STORED FROM ZE@IH
LT A, 7FH # OUTFUT COMTROL DOLTREE=® LOLTS
LI (GFFFIY L A
LI (GFFFIHLA
Ln B9 # MEMORY LORCATICN TEGEH TO ZE&EH
LD B.38H # 1% INITIALISED Td @
LT HL. FEGGH
LOOP LD (HLL R
NG HL
DIMZ LOCP
LI A, 12H # CHRMMEL ! AMD RAMPLIFICATION 4
LD (3ESBHLE # TC REARD POSITION OF PEMIULLE
LD A@ # CHAMMEL & ANDI AMFLIFICATION 1
LD (TEGFHL & # TO BEAT UELCCITY OF CRRT
CALL IMITI # IMITIALIZE PEMILLUM POSITION
CALL PENDIZ # TO DISFLAY PEMIULUM FOSITION
LI A, GFFH # IMITIALISE COUNTER
OUT  1EH
CALL BE@I4s # CLESR SCREEM
LY A EDH # STORE CCEFF OF C10Z 0
LD (JE@EH I A
LD A, @IS # STORE COEFF OF F(3 3
LI (JE@IHL A
LD R GACH # STORE CCEFF OF C2(3)
LD (JEEIHL A
LT A, GASH # STORE COEFF OF C2(2)
LD (FEGTHL A
LI F, 32H # STORE COEFF OF 201
LD ZE@4H L F
LD A, 36H # STORES COEFF OF (3
LD (ZEBSHL &
LD A, 17H # STORES COEFF OF WO 27
LT ( ZE@EH L A
LT A, @1H # IMITIALISE FOR SUBROUTIME STORE
LD (3ESEHI  # AMD DISPLAY
LD ( TE4EH 1 Fi
LD HL,@FFFH  # SAMPLIMG EVEMTS TO TRKE FLACE
LD (JE4TH L HL
L A, G3H # INITILISATION FOR SUB DISPLA
LT (ZE4FH L, A
LD A, 36H # TIMER COUNTER I% IMITI IM MODE @



aoEe
8574g
asee
- @59
geod
e
eezs
. BBzZE
ae4a
BeZa
BEES
aesa
aeze
aeo
a7as
a71a
@728
a7z
av4a
avoe
aves

a7ve -

@raa
gy
tal
ae1a
as2g
eg3e
ag4a
aase
aees
gava
@ete
aeaG
BaaE
aa14
Aoac
a93a
g4
@a5a
G3ed
vy
agza
aaa
1@aE
161a
162a
16za
1646
1658
1869
1674
1626
169G

¥

MHIM

IHC
CALL
LD
INC
CRLL
Lo
INC
CALL

LD
INC
CALL
LD
LAl
LD
INC
CARLL
LD
INC
CALL
LD
INC
CALL
LD

i

f. @
14H
A. 9
1aH
EC. seg7H
DE. SE3EH
HL. SEGEH

A &
C. &
H, A
L:#

DE. ( 3E24H )
1K, 3E32H
MULT

R (3E12H
B R

B ¥
Exp

A {3ELI2H !
STAD
DE. { SE2€H J
Ik

MULT

A, (3E19H

B.‘H

E

EP

A, (TELTH 3
B

STAT
TE. { FEIEH )
1y

MULT

A, (3ELIRH Y
B. A

B

ExP

M. (JEL4H 3
STAT

DE, (3E2RH }
Ik

MULT

A (3ELISH Y
a

STAD

DE, (ZE2CH }
Ix

MULT

A, (3E1EH

3+ H I

#

# C'H
# 70 @

LoD
LORDS
MULTI
LOADE

LORD

L]

LORDE

MULTI
LoADE

LoD

LOAD
ADIRE
MULTI
LORD

LoAD

LOATE
ADDRES

LOADE
LOADE
ADDRE

LOADS

. CONT OF MEIM PROGEAM

L' REGISTER IS IMITIALIZED

MULTIPLICAMD OF C2¢ 73
AIDRESS OF MULTIPLIER
PLY C2(3 Y ANDl COEFF OF X

EXPOMENT OF C2(321

"
ta)

v

SIGH OF C2021
MULTIPLICHMD OF C2( 21

PLY CH21 F!HI“ COEFF OF
EAPOMHENT OF C 21

i)
k]
| Du]

SIGH OF C2032)

MM TIPLICAWD OF C2M 1%

o= OF MULTIFLIER

FLY C201 1 AWMD COEFF ﬁF Ly A
ESPONENT OF C201 1

SIGH OF C2H 11

MULTIPLICARMD OF 1M 21
S OF WED

TIEH OF Wz
MULTIPLICAMD OF W21
T2 OF MULTIPLIER IM I¥ REG

SIGH OF W21

108



1loe %
1114
112e
1138
1148
115e
11ea
117&
1186
113@
1266
121@
1226 LOOP?
1236
1246
12356
1266
12749
1286
1294
1366
1216
1328
133

1348
1356
13eG
137G
13c@
1356
1466
1416
14243
1426
la4e
1456
ld4ge
1476
1428
149
1566
1516
1528
123a
1546
1356
1566
1576
155
1356
1666
161a

STRD

SHIFT

LOOPG

LOOPE

LOOPT

LOCPE

LOPF

LOOFF

Equ
gQu

ST

CALL €

EXi
LD

AHI
IR
SRL
FH
FF
IINZ
IR
HWOE
SRL
=i
FR
DIMZ
Lo
oF
Lo
L

L
CALL
M
AHI!

LD
ouT
Lo
T
LT
auT
LD
LI
LD
AN
IR
LD
AND
IR
LD
AND
IR
Lo

Lo

. COMTD OF

S41CH
J4ASH

A, (SESFH !
(GFFF3H YL &
A (BFFFLIMH )
geH

Z, LOPF

A (BFFFIH}
SEH

HZ. LQOPF
A. {BFFF2H ]
GeH

Zs LAMP

A, (BFFFEH )
L.fA

A (OFFF2H |

MAIM PROGEAM

# OPCODE STORED FROM 3106H
LOAD COUMTER BY S
CHECK IF SIGH +UE OR -UE

IF -UE THEM TUMP TP LOOPG

DIVIDE CHL REGISTER BY 32

#* 3 #* ¥

$ DIVIDE CHL REGISTER EY 22

# OR GFCH BECHUSE CHL REGIZTER I
# =UE BHD IS IN 2Y COMPLEMEMT

WAIT IF lg
TIME QUER:

MILLI SECS { SAMPLING

B

# IHITIALIZE TIMER COUNTER IN MOTE &
# LORDS MOST SIGHIFICAMT EYTE OF

# TIMER COUNMTER AMD THEH THE LEAST

# SIGHIFICAMT EYTE TO MAKE SAMPLIME
# TIME g MILLI SECE.

# IMITIALISE A<D TO READ WELCOCITY

# THIZ AMD THE HEXT LOOP CHECE!
# WHETHEFR THE A-T COMUERZICON IZ
# OUER

# CHECK TIGH

# IF SIGH -UE THEM TUMP TO LaMF
# U4 IS MULTIPLIED BY =t.

# COMUERTS SHIFTEL EZIMRRY IMTO
# 2 COMFLEMENT FORMAT.

i09



162G ¥
163G
1646
165G
t6EE
1676
1626
1696
1766
1716
172G
1726
1746
17EE
17EE
1776
178G
1796
1866
1816
1826
1836
1846
1856
1866
1876
188
1896
196G
1316
1926
1936
1946
135@
196@
147
19E05
199@ B2
2063

201G

2626

20326

2046

2056

2066

2070

2056

209G

2166

211@

2126

2136

2146 LOOPP

El

LAMP

LD
EPL
L

CPL
AMT
]

L0
LD
LD
ADD
LD
Lh
LD

CPL

LD
EPL
LD
LD
LD
ADD
ADC
LI
Lo
HOP

oM

Hf

A ( TE@ZH !
(GFFFIHL A
DE. (3ET7IH }
HL.DE

A H

L IEISH L A
DE, ( ZETZH §
A, EL3ETTH Y
HL. IE

@
CEETIRL H.
{IE?SHL A
Laope :
A (BFFFaR )

LR
B CBFFF2MH

@7H

H. A

A, ( JEGEH ]
(GFFFaHL A
DE.(3ETIH !
HL. DE

( SEIRH L. ML
A, 81H
{3EISH L H
A L

LA
A, H

H.R
DE. ({ JE7ZIH !
A. ( TETTH )
HL., DE

8FFH

110

. COMTD OF MAIM PROGESM.

STORE MAGMITUDE OF M0 4) IH W0 3]
STORE +VE SIGM FOR W31

IV gy IS -UE IT I% COMUERTED IH
IN 2/ COMPLEMEMT

BIfz IS RDDED TO W41

STCORE THE MAGHITUDE OF W41 I
WZE STORE -UE ZIGH FOR L0310
I WE

{3E73HLHL # STORE C204)

t3E7SH LA



21z
2iEa
2178
21
213@
2203
218
2228
2228
2242
2256
22ea
227G
Jzen
2298
2308
21a
32328
it
2348
2358
3ee
378
33ea
3338
2460
2416
2420
2438
2444
2458
2460
2476
2426
2438
256
2518
52a
536
25446
2556
a5
a7
526
2599
2e84d
261a
2E20
2636
2E40
2858
26e0
287G

MULT
coMe
STRL
DIZPLA
STORE
STOP

LOCOPE

LOOPM

LOOPM

EQu
Equ
Ea
EQU
EQu
EQu
ST
Lo
LD
CALL -
LD
LT
HID
CPL
{

SRL
RR
rR
DIHZ
LD
FRF
IR
CHL

| =4 LW

[T

LD
INC
CALL
!

—-—

SRL
RR
RR
DINZ
LD
CRLL

By

T

LD
LD
LI
LD
LD
LI
INC
aMD
LD
IR
CALL
CALL
Lo
INC
Lo

T T e

111

COMTDR OF Meld PROGRAM,

ZdeeH
242EH
3d1CH
3=30H
IE40H
340FH
S1E6H

DE. (ZE2@H )
M. JEJed
MULT

B, GF7H

A, {IE17H !

Lo

E L 2E23H

i
(= e

£l
] K

LOOPM
A, (SEL1LH]
=TAD

( SE7EH 1, HL
A

( TETZH L A
HL, ( ZE41H ]
A, GREH

A, ( IE4EH
;i

B1H

( TE4EH 1, A
2. SKIF
DISPLA
STORE

HL, { ZELEH I
HL

{ FELBH L HL

# LOAD MULTIPLICANT OF C103}
# LORD RDDRESS OF C1r3) IH I REG
BMULTIPLY CIO3! AMD COEFF OF £ 3}

LORDT COUMTER WITH EMPOMENT
DIVIDE THE REZULT OF C1(3)
BY THE REMRINDER.

3 % 4

TEST WHETHER C1(Z) IS +UE OR -LIE
IF -UE THEH TARKE 2¥ COMPLEMENT
IF MOT -UE THEM JTUMP TO LOOFE

RESULT IS STORED IM C'H'L" REE
LOARDE MULTIPLICAMD OF P(3)
AUDREZS QF P21 IH Ik REGISTER
MULTUPLY P(3 1) AMD COEFF OF FI33
BIVIDE THE RESULT OF PL3 1 WHICH
I% STORED IM CHL REGISTER EY 2

E 4k #F uE

MEMORY LOCATION ZETZH, JETIH SND
2ETEH '
IMITILISATION FOR SUE DISPLAY
INITIALISE COUNTER FOR TELRY
THI® PART OF THE PROGRAM STORES
AMD DISPLAYE ALTERNATE URLUES OF
DATR OH SCREEN AMID IH MEMORY

HHFEHFEFEE



pitois
2ET8
2700
2716
2726
3G
274@
2756
768
277a
e
273
28816
214G
2824
23
2840
2058
28eE
287G
2820
2896
29
291e
2926
2936
2946
2958
2864
2974
29gd
2996
gl
el
ez
3836
3@4a
3a5a
Jece
307
3gza
Jaa
316
311
312a
313a
3t4@
3156
316
3176
2186
3196
326
321G

¥

Fac)
S lP

LooPa

LOPY

TRAME
MAIM

td
]

CALL
Mz

LD
AN
IR
Lh
AN
IR
HCF
HOE
NOF
MCF
NOP
MO

Eou
EQU
LD
At
TR
LD
LD
Lo

- AMD

Lo

. COMTD OF

B P

STOP

SKIP

A, { SEQEH )

(BFFF3H L R
f(BFFFLH
=iy

Z. LOOPG

f (BFFFIH !
oeY

NZ. LOPUY

Ta7eH
T45FH
TEED

AL CBFFF2H
BEH

2. LOOPR

A { BFEFEH )
L.A

Al { BFFF2H |
@7H

H. A

Al ( ZEGFH )
{ GFFF3H 1. A
DE. { 3E7EH )
HL. DE

A. H

SEH

Z. B3

HL. DE

A E

L

L. A

B4

( FE22H 1 HL
A @
(ZELIHL A

IrITrIir

AL
LA

MAIM PROGRAM.

3* dk g 3

R R R

£

3k ot 3 b 3k 3 a

DELAY TIME 20 THRT THE A<D HAZ
EMOQUGH TIME FOR SETTLIMG TO
READ CHAMMEL FOR PEMDULLR POEI-
TION. INITIALIZE A-T1 TO RERD
PEMILLUM POSITION.

TEST THE MSE TO CHECK IF RA-T
COMUERZION IS QUER.

TEST IF VALUE OF Pld 1 15 +JE OF
_UE

IF PL 31 -UE THEM TUMP TO LOOFR
LOADE THE LEAST SIGHIFICAMT BYTE
OF PUZ) IM L REG. LORD THE MOST
SIGHIFICAMT MIBELE IM H REZISTER
RESET THE UFPER MIEELE

IMITIALISE THE A-T TO RERD
LBELOCITY OF CRRT

LOAD RIAS FOR PEMDULUM POSIT
SUETRACT EIAT FROM WALUE OF
CHECE IF MREHITULE OF EIAT
GREATER THAM THE WALUE QF FI
IF EIFS LEZS THRM PILZ 1 THEHM
IF BIAS > THRM P41 THEM
SUBTRRCT PUZ 3 FROM EIRS AWD %
STORE -WE SIGH FOR Pl a1

STORE MAGHITULE OF Fid1
STORE +VE (@aH } FOR SIGH OF P4

MULTIPLY PO41 EY &

112



~E s

256
T2
3274
3240
3256
I2EE
3276
3266
3256
300
IT16
3326
3320
3346
3356
IIEE
3376
3380
33a
3466
2416
3426
2436
3440
3450
3460
3476
3420
3496
IS0
KRS
52
353

354
Ka1s
3TER
3570
3526
3596
G0
3616
3620
3670
3640
3656
366
3676
3626
36596
3766
3718
3726

¥

LOOPR

B

4

Lo
LY
CPL
LD
L
Ln

DT
anc
LD
LD
LIt
LD
Lo
IR
LD
CPL
&
LT
CPL
AHD
LD
LD

LD
RDD
LD
LD
SLA
RL
SLE
RL
ELA
FL
LD
L
ADD
Anc

LD

Ln
LD
HOP
LD

CPL
Ln
LD
o
LD

113

COHTD OF MAIM PROGRSM.

DE, { ZEDGH |
B H

H. 8

C. 8FFH

DE. { 3EP@H !
A. (ZE72H 1}

HL, DE

c

c.A

{ SE?EH L HL
(ZE72H L A
{ SETEH L HL
{ JE7EH L A
LOCPS

A, (GFFFeH !
L. #

8, (BFFF2IH )
GTH

H. A

A. ( JEGFH )
(BFFFEH L A
DE. { SETEH !
HL. DE

{ SEQ2H 1, HL
f. 81H
(SEIIHL A

(af (] o) Cs)
-J - ~J
0Oy b

o~ """ T ITITIr
m
=3

Dmmimm

-

DE, (3ET3H)
A E

E. f
A, Ir

I.a

3F 3k 3F 9 3 3 3 E 3k 4 3 W

S

3 3t 8 3k

3+ 3 3 3

STORE THE WALUE OF C10Z ) I
MEMORY LOCARTICH ZETZH. ZETLH RMD
JETEH ALEC0 ETORE IT IM ZFETZH.
JETVH ANMDN ZEVEH

LOARDE PO4 1 MOST SIGHIFITRAWT BYTE
SIHCE A-D0 1S IM SHIFTED EIMARY
AMD WALUE IS -UE COMPLEMENT U
THE WALUE TO GET CORRECT MAGMIT-
TUDE. I THE SRAME FOR UPFER
HIBELE. RESET THE UPFER EYTE

IMITIARLISE A-T TO RERD MELOCZITY
CF CRRT

LOAD BIAT OF PEMIULUM POSITION
SIMCE P(471 I3 -UE ARDD BIAS T
STORE MAGHITUDE OF Pi41 IM PLZ1
SINCE ZIME -ME STORE (E1HY FOR
SIGH COF Pi4)

MULTIFLY Fi4 ¥ EY &

LOADS INCOMPLETE C3( 4]

TG GET VALUE OF CZ04)

STORE Ci(41} IH ZTEVIH., ZETIR aHD
JETEH. ALTSO STORE Ciid4 1 IN JETEH
SETVH AMIDN ZETEH.

UA = Ci04) - Cli 4§,
GET WARLLVE OF C2( 4]
TAKE COMFLEMEMT AND AT TO C104 3
Clt41 IS PRESEMT IN CHL REGIZTER

LOAD CZnd



TR

L oy

3726

I73a
I7dE
IS
IVeE
377
yecit]
I
868
3216
3826
Jaza
2240
806
ged
2876
3820
89
39@ﬁ

()

Ju
[
05

KX ot R o o

DDA R T R TR T R R T T v
a0

= G 00 -~ ML B i) D

£ o o) Cof o] Cof Cod o Gad 6] €

-
KA

4@
4@z
4@
41
4116
4126
4178
4148

415& b

4166
4176
4126
4136
4260
4210
4226
42701

—— L

*

PEG

SAT

B LOae

Lo
CPL
ADD
ABC
LD
LD
Lh
AMD
IR
LD
AHD
IR
LD
ANT
IR
LI
CPL
ANT
LD
sLH
RL
Iz
LI
Ln
CrPL
AT
IR
LD

s

Lo
18
Ln
CPL
R
TH
LD
CRL
AW
IR
Ln
CPL
AMI
LD
SLA
L
DINE
Lo
Lo
CPL
(] 2]
IR
HOP

. COMTID OF MAlH PROGROM

A, { 3ETVSH 1

HL. DE

“

TEEIH L &
JEEGH L HL
C:A
2eH

HZ. LOOPY

~

FIHFI'
A, C

Kids
MZ. SATL
A. H

GFaH
NZ. SRT}

L

m
Wm0
£
i

-~

i D0

nQ RrEZTrmg
D
L

—

3 o4k 3 o o3F 4 3t 3 ok 3 A dE gl

S dt o b 4k 8k 3 3 3 W & 4

VAL 4 3 I“ IM RHL REGISTER

VRC4 1 IS STORED IM ZEE2H. TEELH
AMD TECEH _

WAL 41 IS IM 25 COMPLEMENT.
CHECK IF URI41 1 +UE OF -UE.

IF UAC 41 12 —UE THEM TUME TLOOFU
VA4 1 1S PRESEMT IM 24 RITS OF
CHL REGIZTER. IF URL 41 KRS &
MRGHITUDE > THEM 11 BITS (2842
IM BINARY THEM THE CUTFUT TO IR
15 SATURATED TO +UE 16 LOLTS.
CHECY FOR 1°S IM TOP {3 BITS OF
CHL REGISTER.

@EEH=18 VOLTS AND IFFH=-18 LOLTS
FOR DA TO CRART. COMUERT URC 43

HCCORDINGLY . DIUIDE VALY BY 1&

THIZ GIVEZ THE MeRNIMUR QUTFUT
VWOLTARGE TC DA . ( LORDS A.H GEH

IF MAGHITUDE OF UR(41 IS
GREATER THEW 2&432 IM EBIMARY OF
MORE THAM 11 RITS THEM THE QUT-
PUT LOLTARGE TO DA TO MOTOR IS
SHTURATED TO -1g UOLTES.

SIMCE WAL 41 IZ -UE AHD 275 COMP
CHECE IF ANy a'% I ﬂH’T
SIGHIFICAMT BITS. IF TRUE THEM
JUMF TO SHTL.

gEEH=1a WOLTZ AMD ZFFH=-1& LTS
HEMCE COHUERT RCCORTIIMELY.
DIVIDE WR(41 BY 1e

114



4227 % COMTD OF MAIM PROGRRM.

4227 %

427G TATT LT L, GCH # OUTPUT TO D-F 15=-10 UCLTS HEMCE
4240 LT A GFFH # STORE ALL 1'% IM A AND C REGI
4250 FIMAL LD (GFFFIM LR # THE MSE & BITS OF THE I-A IS
4260 LD H.A # ADDRESZED BY @FFF1H AND THE 2
4276 LI A (ZEGEDH' # LSE BITS ARE THE TRIRD AMD THE
4223 R L # FOURTH BITS. AHD 1T 13 ADDRESSED
425 LD (@FFF2HL R # BY BFFF2H

43610 SRL L

431G SPL L

4320 LIl (FE41H L HL  # STORE QUTPUT TO DA

4330 LI A, (ZE7?SHY  # LOAD C2A I IM AHL REGISTER

4340 LL ML, (TE7IH

4356 LD I¥,TE19H  # RODRESS FOR EXPOMENT OF €20 3
4360 L IY.IEISH 4 ADDREST FOR SIGH OF C20 31

437a CALL TRAMZ

438G LD (ZEI4H L HL  # STORE MAGMITULE OF C2¢ 3

4353 LT A, (IE7ZHT  # LOAD THE VALUE OF C1i3: IN

4461 LIl HL.(TE7EH) 4 AHL REGISTER

441 LT IM,ZEL7TH  # ATDRESS FOR EXPOMEMT OF C1( 3]
4420 LD IY.3E16H  # ADDRESS FOR SIGH OF CLe3

44736 CALL TRAMS

44406 LT (FEXEH ), ML # STORE MAGHMITUDE OF Ci03 1.

4450 TP MRIN

456G

4570 FEEEREREESE SRR R R SRR SRR R R R SRR SR S

115



4586
459
4€08
461G
4628
4636
4640
- 4ES@
46E0
46706
4620
4E3@
4700
4716
4728
473@
47489
4750
4768
477778
4786

© 473

4860
4c16
4326
4836
424@
4850
48E0
4876
4286
4296
4 S
4310
4920
4936
4946
4356
4966
4376
4930
4538
Seae
Sa1e
Se2e
Se3a
Sa4a

b 2

Seee
S@ve
SEge
Sese
Slee
Slie
5128
-513@

116

¥ SUEBROUTIME MULT.

FREEER R F R RN R
% THIS SUBROUTIME PERFORMS A 1€ BY € BIT MULTIPLICRTION.
¥ THE 1€ BIT MUWLTIPLICAMT I3 PLACED IM DE REGISTER AND

¥ THE @ BIT MULTIPLIER IS IMDIRECTLY RUDRESET BY IX RESG
¥ BEFORE THIS SUBROUTIME IS CALLED. THE FIMAL RESULT
¥ OF MULTIPLICARTION IS PLACED IM CHL RESISTER.
SHEHBHHHU BB SRR B UPU VSRR BB P LU SRS R LR R R U BB E B R R B SR BBRR RSB PY
ST J4@EH
STOF EQL  3Z4TFH
CRLL STOF
LD E. azH # COUMTER IS IMITILIGET.
LD F, @ # IMITILIZE A.H.L RAMD C REGI TO 4.
LD H. A&
L L.H
LD cC.A
LOOFPL SRL [ IX+&) # SHIFT RIGHT MULTIPLIER IMOIRECTLY
IR HC. SKIP # AODRESSED BY I REG.
ADDY HL.IE
AT C
SKIF A E # THE MULTIPLICEMD IS ROTATED LEFT
RL I # THROUGH CRERY, THE CAREY IS SHIFTED
FL C # LEFT IH THE 'E* REGISTER.
BIME LOOPL
Lhn C.A
FET
b snarttantatarddatot kb otk ol oa dod ootk ool el s Aok bk st ot kot A kel
E 3 SUBRCUTIME ZTAD.
¥¥§*ﬁﬁ#ﬁ#*#ﬁ#***ﬁ##*¥¥$$$$§§$%§**#**ﬁﬁﬁ*&#*ﬁiﬂ*##**ﬁﬁﬁ**##
¥ THE SIGH BIT OF A 23 BIT URLUE IS FLACED IN 'A° REG.
¥ AND THE MAGHITUDE 1% PLACED IM CHL FREGISTEFR. IF THE
¥ SIGH 1% -UE THEW A/ 2 COMFLEMENMT IS TAKEH BY SUBROUTIME
# COMP.  IT THEM AIDS CHL REG TO C'H'L' REG. THE RESULT
% IS FPLACED IM C'W' LY RECISTER.
FHEHABHRRBEL BB LB SRR PB VPP R B BR BB LB AR S B BB YRGB B AR U AR BB RSR LSy
RER # CHECK SIGH.
IR HC. LOgET # IF SIGH +UE THEH JUMF TO LOOFC.
CRLL 34284 % REG. IF THE SIGH ERIT IS -UE R
LOCPC LD & C % 2COMP IS TRKEM OF THE CHL REGS
PUSH HL # SHVE HL OM STRCE.
Ex
FOF  TE # GET UALLE FROM STRCK IM DE.
ARDT HL.IE <
ADC C
LD C.H
Exx # EXCHAMGE B.C,ILE.H. AMD L REGI
PET # WITH B'.C°.IVL.E'.H' AMD L REG.
FEEREEEEENS uﬁﬁaﬁﬁﬁ*gaﬁa”*”ﬁﬂﬁﬁhﬁ A AR Aot o Gttt s ot il d o
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Sl4@ ¥ SUBROUTINE COMP

=} 815 :

S1E@ FEEEFFEFFEEEF R S E R E SRS R R RN R
5170 ¥ THIS SUBROUTIME THRKES THE 2' COMPLEMEMT OF CHL REGISTER
Sige ¥ AMD STORES IT BACK IM CHL REGIETER.

S19@

S200  FEEEREREEEEEEEEEEERE R R R R R
S21e

S22 L AL

S22 cPL

S2448 ADI @iH

=] L  L.A

Sz Ly A.H

5278 CrL

S2ce AnC @

S29e LI H.R

=X cl LD H.C

3316@ CRL

S=32e ADC @

S238 L C.H

3348 FET

3358

gEBE FEE RN R F R R PR R R SRR R Rk
2708

SEze

S35 :
3460 ¥ - SUBRCUTIME EXP
5416

320 FEEEERREREEE R FRER R R
3438 # THIS SUBROUTIME DIVIDES THE CHL REGISTER EY &. IT THEM

S44@ * MULTIPLIES THE CHL REGISTER BY 2 EXPOMEMTIMALULE). THIS

3458 % (LVALUE ! 1% PLACED IM CHL REGISTER. THE FIMAL RESULT IS

S466@ * STORED IM CHL REGISTER. '

247

JG2E  EEEEEREREREEE R R R SRR R R R R AR
S498

556 SRL C # CHL REGISTER IS DIUIDED BY 2.
5510 RR H

5526 RR L

5536 SRL C

5546 RR H

5558 RR L

5SS SRL C

5578 RR  H

553 RR L

5596 LOF  SLA L

SEEE RL  H

SE€16 RLC

5620 IVHZ LOP | 5
56326 RET

5648

SESO  EEEREEREERERE R R R R SRR SRR



SEED #
se7e
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SUBRQUTIME TRAMES

Seee *#******?*#**‘**+¥%§§*$#***%+$*****#*#*#**&»#%##**#%%+§***

Seoe
SVes
571@
3728
3V3e
Sv4e
SVSe
S7VEd
S77a
STee
37968
Seed
Sele
Se2e
e
Seaa
5u la
SgEd
ae7e
Seee
Seae
S0
3218
Sa20
Sa36
Sad4@
SeSe
SHEe
597G
STEe

**iﬁ-**i‘:

S50 LOOPY

el
e 1E
s@ze
6638 LOC
EE4E
6650
BEEE

ea7e LOOPY

geze
ga=0
6166
6116 LOM
Bl12e

6138 LOOPZ

6144@
E156
Blee
617G LO
6186

COMUERTS 275

LD
SLA
IR
LD
Lo
Lo
RECH
LD
Lo
CPL
ROD
LD
LD
CPL
AnC
Lo
LIl
CPL.
RO
AT
JE
LD
LI
Lo
Lo
LI
Lo
LD
LI
SLA.
JH
IEC
DTHE
LD
LTI
SREL
RE
rE
OIHZE
RET

I A

D

HC., LOCP:
H. 81H
CIY+@ L A
AT

C.A
A. L

@1
L. A
A H

CIY+& L A
H»D

LS
— Q@ DD
W
8 g

DOOWDED
=
32

Loopy
E.fA
(Ik+@ L A
I

H

L

Loops

AND T4 FROM :
12 PLACED IM AHL REGISTER INTO 15 BIT MASHITUDE.

SIGH BYTE RHMDY EXPOMEMT EYTE.

THE SIGH BYTE IS INDIRECTLY ADIRESSED EBY IY REGISTER AND
THE EXPOMEMT BYTE IS INDIRECTLY ADDRESSED BY
THE 15 BIT MAGHITUDE IS STORED IM HL REGISTER.

HHEEIH

3 ¥

HHHFxH

# SIGH +UE AMD HEMCE

24 BITS AMD 2¥ COMPLEMEMT WHICH

Ix REGISTER

¥¥¥¥$$$¥$¥¥¥¥¥¥¥§¥¥¥$¥$¥¥¥$$$#ﬁﬂ*#i*ﬁ**ﬂ***ﬁ#**ﬁ*#*#**ﬁi?#

LOAD MOST SIGHIFICANWT BYTE.
CHECK SIGH

IF +UE SIGH THEMW JUMF TO LOOF-
SIGH -UE ANWD HEMCE =TORE @1H

IMDIRECTLY ADDRESED BY IY REGISTER

TAKE 2* COMPLEMENMT OF RHL REGISTER
TG GET MAGHITUDE.

STOPE G&H
IMDIRECTLY ARDDRESED EY 1Y REG.

STORE EXPOMEMT WALUE IMDIRECTLY
ADDRESED BY IX REGISTER.

IF MAGHMITUILE GREATER THAHW 15 EITS
THENM SAVES THE FIRT 15 BITS IM HL
REGISTER. -
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1666 LT FR.(BFFF2HY  # LOARDS MOST SIGHIFICANMT HIEELE.
16786 CPL
1e36 AML @7H
1e96 LD H.A
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ABSTRACT

In recent years, especially since the advent of the micro-
computer, great advances have been made in the field of discrete
control systems. A real-time, discrete controller was developed
and implemented to stabilize a naturally unstable system. An
inverted pendulum mounted on a motor driven cart was used.

A mathematical model of the system was developed and the
parameters of the model were obtained by frequency response ana-
lysis. The discrete model was obtained by applying the Z-trans-
forms. The naturally unstable system was stabilized by using
compensators developed by the Z-plane analysis technique. Simu-
lation results were obtained for various values of the system
gain,

A Z-80 microcomputer, was used as the real-time controller
for the experimental investigation., The results of the experi-
mental investigation compare favorably with the result predicted
by the analysis and the simulation. Recommendations for further

study are provided.





