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CHAPTER I

INTRODUCTION

The problem of balancing a pencil on the end of one's finger is
not unlike the problem of controlling the attitude of a missile during
the initial stage of launch. This problem is the classic and intriguing
problem of the inverted pendulum mounted on a cart. The cart must
be moved so that the pendulum is always maintained i1h an upright
position.

In order to make the inverted pendulum remain in the upright
position, extremely.accurate coﬁtfol is needed. Digital control
provides a high degree of accuracy in sensing, computation, and control,
and is used in this stud?. It has been thirty-one years since the
first commercial electronic digital computer was built (Univac I, 195!)
(1)*. The increase in usage of the digital computer has had an important
impact in the whole society, especially in the field of enginee;ing.

The latest computer revolution has been the result of very large scale
integration techniques (VLSI), in which more than ten thousand elec-
tronic elements are put inte a single chip. The microprocessor or
microcomputer, which was invented eleven years ago, is now finding

new applications everyday, and the control engineer has been challeénged
to utilize these software programmable devices for controlling systems.

The objective of this research is to apply the digital control
method to generate a real-time control program for controlling a
naturally unstable system. An inverted pendulum mounted on a movable

cart is chosen as the naturally unstable system.

*Number in parentheses refers to reference in part X.
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A four wheeled, light weight aluminum cart (size 24 inch by 8
inch) was available for this projecé. An inverted pendulum was mounted
_ to the top of the cart by a pair of ball bearings which constrained the
motion of the pendulum to one vertical plane. The 8.25 inch diameter
wheels of the cart may be driven by an armature controlled  dc serveo
mator tﬁrough a 19.7 to 1 speed reducing belt drive system. The motion
of the cart is in the plane of the pendulum motion. A micro torque
potentiometer is used to measure the angular position of the pendulum
and a dc tachometer measures the speed of the servo motor (and hence
the gspeed of the cart). An operational amplifier connected as an
integrator provides a signal proportional to the displacement of the
cart from the tachometer signal. A dc power amplifier is used to
provide power to the control signal to drive the armature of the servo
motor. The photograph of the cart-pendulum system used in this research
is presented in Figure 1-1, as shown in the next page.

A microprocessof was programmed to control the motion of the cart.
Signals proportional teo the angular displacement of the pendulum and
a weighted sum of the velocity and displacement of the cart are sampled
periodically and provided the basis for computing the control signal
to drive the motor. The program stores the data of the pendulum
position in specific memory locations, and displays the speed of the
cart and the pendulum position on a CRT.
Objective

The objective of the work present in this thesis is to investigate
problems associated with the implementation of a microcomputer based

real-time contreoller of an inverted pendulum on a meotor driven cart.



Figure 1-1, The Cart Pendulum System




The study investigates the application of a locally optimal control
technique with digital compensation. Furthermore, observations are
made on the effect of the digital computer time lag on the stability
of the system,

The sampling period of 10 milli-second was chosen, and a
programmable timer is used toltime the sampling process:‘

Introduction to Sampled-data Systems

Sampled-data, or discrete-time systems are dynamic systems in which
one or more variables can change only at discrete instants of time.
Sampled-data systems arise in practice whenever the measurements
necessary for control are obtained in an intermittent fashion, or when
a controller or computer is time shared by several processes so that
a contreol signal is sent out to each process only periodically or
whenever a digital computer is used to perform computation necessary
for control.

The sampled instant is the time at which some physical measurements
are performed. The time. interval hetween sampled instants must be
short compared to the speed of response of the system and usually is
set to be at least 10 times less than the natural period of the system
that is controlled.

A sampled-data system may consist of a digital computer, analog
to digital converters, digital to analog converters, sensors, actuators
and the system being controlled. The analog signals are converted into
digital signals by the analog to digital converters. The digital
computer receives the digital values, performs specified computations,
and produces digital control signals. The digital control signals

are converted to analog signals by digital to analog converters.



The system is controlled by driving the actuators with the analog
control signals.
Preview

Analysis begins by developing mathematical models (in Laplace
form) that describe the actual system as presented in Chapter II.
Digital mo&els are then obtained from these Laplace equations by using
Z-transform techniques as detailed in Chapter III. Based on these
digital models, an optimal control law is formulated. The optimal
control law and an analysis of the stability of the system are
presented in Chapter IV. A computer simulation, using the equations
of the digital models and the optimal controller, is discussed in
Chapter V. The software logic of the real-time control program is
presented in Chapter VI, and the experimental procedures are detailed
in Chapter VII. The results of the experiment are presented in
Chapter VIII, and conclusion and recommendation are presented in

Chapter IX.



CHAPTER 1II

MATHEMATICAL MODELING

An important part of control system analysis is mathematical
modeling. During the modeling process, equations are developed which
describe the behaviour of each system element and also equations which
describe the intercconnections of these elements. For complex systems,
the development of these equations may be tedious. Although assump-
tions may be thought of as leading to less accurate results, with
properly made assumptions one can still predict the performance of
the system with little loss in accuracy. The objective of mathematical
modeling is to obtain the simplest mathematical description that
adequately predicts the response of the system to all anticipated inputs.
Modeling

The system consisting of an inverted pendulum on a motor driven
cart was divided into three models. These models are shown in Figure
2-1., The first model, Gl(s), is the transfer function of the motor
and cart with a feedback signal from the tachometer. Gz(s) is the
transfer function that describes the behaviour of the inverted pendulum
mounted on the moving cart. The third model, G3(S), is the transfer
function of the integrator. H(S) is the transfer function of a zero-
order-hold which represents the action of the latch and the digital
to analog converter. The value which results from the computation,
U*, is periodically placed in a latch which drives a digital to analog
converter. Each time the computation is performed, a new value is
placed in the latch. U represents the analog signal which is output

by the digital to analog converter. The signals Vt, Vx’ and Vp are the
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Figure 2-2, The Mcdel of DC Motor with Load



signals out of the tachOmeter,lintegrator and potentiometer
respectively. The symbol VS represents the sum of the signals

Vt and Vx. K5 represents a gain which produces a feedback signal that
is proportional to the signal Vx.

Modeling of a Motor

Figure 2-2 shows a"simpie model of an armature cont?olled
dc motor and the transmission system of the cart. The second-order
effects of the motor, sﬁch as hystersis and the voltage drop across
the brushes, are neglected.

By applying Kirchhoff's voltage law,

V. -V _=1R (2-1)

The torque developed by the motor,{Tm, was assumed to be proportional

to the armature current, Ia, as follows:

= ‘}—'
Tm KmIa (2-2)

T

The back electromotive force voltage, Jb’ is proportional to the

motor speed, Wa, therefore:
Vb = kbwa (2-3)

The effects due to the elasticity of the transmission is small
and negligible. The relation between the load torque and motor torque

may be expressed as follows:

JW +fW =T -T (2-4)

J. W, + f

A W, =T (2-5)

gl
where Tga is the torque that applies to the armature and Tgl is the

torque that applies to the load.



The T , is proportional to the Tga’ and may be expressed as:

gl

Tgl - KkTga (2-6)

where Kk is the gear ratio of the transmission,

The angular velocity of the cart's wheel, W, is proportional to

1’

the angular velocity of the armature, Wa.

W1 = Wa/Kk (2-7)

In order to improve the performance of the motor drive system the
tachometer signal is amplified and feed-back to the input of the power
amplifier. GO(S) is the transfer function that describes the motor
without the feedback from tachometer. Figure 2-3 shows the block
diagram of the model of Gl(s)' The relationship between Gl(s) and

GO(S) may be expressed as:

Vt(s) _ KaaKaKt GO(S)

1
~
(R

i
[0 0]
~

Uc{s) 1 + KaaKppKgKGp(s)
where Kaa and Kbb are the gains of the operational amplifiers, and

Kt is the gain of the tachometer.

v vt
=é e 28 ko F21agesy R ke

Kbb

Figure 2-3, The Model of Gl(s)
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Taking the Laplace transformation of the above equations,
substituting Equations (2-1), (2-2), (2-3), (2-6), and (2-7) into and
combining Equations(2-4) and (2-5), yields the transfer function of

GO(S)

W _(s) K.
a - ]
v (s) (s + K)

GO(S) = (2-9)

where

2,
Kj = Km/[Ra(Ja + Jlka 1]

_ 2 : 2
K = (F, + fl/Kk + Kme/Ra)/(Ja + Jlllxk)
Substituting Equation (2-9) into (2-8), yields

Vt(s) Kg
Ty T ®, KRy (2-10)

where

The gains of the operational amplifiers Kaa’ and Kbb were set to
2 and 4.7. The gain of the power amplifier, Ka’ is 5. The gear ratio
of the transmission Kk is 19,7 revolutions of the motor/revolution of
the wheels. The gain of the tachometer, K. » is 0.45 volts/revolution
of the motor/sécond. Based on the above information, the root of the
Equation (2-10) is at the location far away to the left of the imaginary
axis. Hence, the transfer function, Gl(s), may be expressed in ;?e
simpler form:

G (s) = R /(K + K K) =K (2-11)

An experiment was conducted to obtain the value of the gain, K.

This value is the ratio of the output voltage of the tachometer, Vt’



to the input voltage, Uc. .. -Based on this experiment, the gain, Ki,

was obtained

G,(s) = K, = 0.89

i

Modeling of an Inverted Pendulum Mounted on a Moving Cart

Figure 2-4 shows an inverted pendulum mounted on a cart. The

Tt
-

pendulum has length "d" and mass "m The cart, of mass M, moves

with a velocity V. The mass of the cart is much greater than chat

of the pendulum.

Mass of the Cart

Mass of the Pandulum
Length of the Pendulum
Veloctty of the Cart
fngle of ths Pendulum

P < a3z I
| I I B B ]

M ——p ¥

(@) Q)
T i T i

Figure 2-4

Schematic Representation of an Inverted Pendulum on the Cart

The Lagrange method is used tc obtain the equation of motion.

The total kinetic energy, KE, is

-

- *
KE = LMV° + %Igaz + %mvi (2-12)

where Vg = V- + d262f4 + dVé Cos 8, and Ig = mdi/lz.



The total potential energy, PE, is
PE = 'smdg Cos 9 (2-13)

The Lagrange equation is

Al oy oo g (2-14)

where L = KE - PE
Substituting KE and PE into Equation (2-14), assuming small 8, and

linearizing, yields

V + 2d8/3 - g6 = 0 (2-15)
Rearranging Equation (2-15) and taking the Laplace transformation,

yields,

Kfs
= {(2-14)

9(s) _ -5 -
(2d82/3 -2 32 - e

v(s)

2

where K. =-3/(2d), and b

£ (3g)/(24).

The voltage out of the potentiometer, Vp’ is proportional to the
angular displacement of the pendulum, 9.
Vp(s) = Kp&(s) | (2-17)
where Kp is the gain of the potentiometer,
~ -* The output voltage of the tachometer, Vi, is pygportionallpoythe
velocity of the carﬁ, V.
V. (s) = (KK /270)V(s) (2-18)
where r is the radius.of the cart's wheel,
Substituting Equation§(2-17) and (2-18) into (2—16); yields the
transfer function of the second model, GZ(S)’ as shown below.

YP(S) KZS
Gy(s) = = . (2-19)
2 V.Y 7 _ .2
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where K2 = KpKfr/(Kth).

The length of the pendulum, d, is 2 feet, the gain of the
potentiometer is 5.76 volt/radian, hence

K 1.04.

2=
The transfer function of the integrator, G3(s), may be expressed

ass

e

G3(S) ™ e (2-20)

where K3 is the gain of the integrator.



CHAPTER III

DIGITAL MODELING

Digital models are employed for the purpose of devéloping the
control equations. In order to obtain the digital models, the Z-
transform technique is used. Tﬁe introduction of the Z-transform
technique is provided in the next section, and the development of the
digital models is présented afterwards.

Z-Transform

The anaiysis of sampled-data systems can be carried out by using
the Z-transform approaﬁh. The Z-transform approach has the same
relationship to linear time-invariant sampled-data systems as the
Laplace transform approach bears to linear time-invariant continuous
time systems (2). The Z-transform technique has become the most widely
used method for the analysis and synthesis of sampled-data systems.

To analyze sampled-data systems by the transfer function method,
it is essential to know how to derive Z-trénsforms from time functions
and Laplace functions for the building blocks or the components of
a system.

The equations of the Z-transform can be obtained from Laplace
equations by using the definition or a table of Z-transforms. From
the Z-transform equations, recurrence equations can be found. 1In this
research, these recurrence equations were used in the computer
gsimulation and the real time control program.l

Digital Modeling

Figure 3-1 shows the block diagram of the system. The blocks

within the dashed-line represent the physical elements of the inverted

14



15

wa3sig

[o43uD]

{ewiadg

3yl ‘1-g @4nbiy

(z)ba

+
;/m>mu
+

A

(S)EH

(5329

Sy

(s)Ion

N

(S)H

31| 043u0]

|ewy 3dg




16

pendulum system. The rest of the blocks represent computations carried
out Iin the microprocessor. The analog signals‘vs and Vp are sampled

by the computer and provided the signals upon which the digital
éomputatio§s are performed. The two digital values, Vs* and Vp*’

are produced by the analog to digital converter, and correspond to

the signals VS and Vp. Da(z) is the model of the digital compensator,

g * * *
which transfers the digital values Vs to ¥V, . The symbol Vq

d
represents the sum of the digital wvalues Vp* and Vd*' This digital
value is fed to the optimal controller. Based on this value, the
optimal controller produces a new control value, U*, and places this
control value in a latch in the digital £0 analog converter. The value
i is the output of the digital to analog converter which controls
the motion of the cart to balance the pendulum.

In order to develop the c@mputer algorithms for the compensator
D4 and the optimal controller it is necessary to convert the Laplace
models shown in Figure 3~1 to Z-transform models. Figure 3-2 shows
the digital models Dl(z), Dz(z), Da(z), and the optimal controller.
The digital model, Dl(z), describes the relationship between the

output signal from the potentiometer, Vp, and the control signal U.

Dl(z) may be derived as follows:

sT

Vp(s) H(s)G,(s)G,(s) K K,s(l - e )
= . = (3-1)
U*(s) 1+ KSGI(S)GB(S) (s + K1K3K5)(s + b){(s - b)
where
1 e-sT
H(s) = (3-2)
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Optimal u Vp
Contrullern DI(Z)
+
Vs vd
Da(Z) D4 (Z)— D
Vg
Figure 3-2
The Digital Models
Performing the Z-transform on Equation (3-1) results in
vV (z) (z +C.)(z - 1)
3
D,(z) = —F— =K I - - I (3-3)
1 U(z) 10 b o a'l‘)(z e bT)(z B ebT)
_ 2 2
KlO = K1K2A3/2(a - b7)
a = K1K3K5
b = 4.91
A3 = {a + b)e‘bT + (a - b)ebT - 2ae-aT
83 = -2a + (a + b)e(b—a)T + (a - b)a-{a+b)T
Cq = B,y/A,

The relationship between the signal VS and the control signal,
U, is described by the digital model Dz(z). The derivation of the

'digital model Dz(z) is as follows:
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s _ _ 3 _
Vt(s) =1 + GB(S) S (3-4)
V (s) K (1 -e’%
kot (3-5)
*
U (s) s + a
The product of Equations (3-4) and (3-5), yields
V.(s) K (1 -eT8(s +K)
5% _ "1 3
U*(s) s(s + a) (3-6)
Hence,
V() K (z+Dy
D,(2) = 4y = —aT (37}
zZ — e
where

o -aT
Dy = K3(1 -e Dfa-1

The digital model, Da(z), serves as a digital compensator. 1In
order to derive the digital model, D4(z), the relationship between Vq
and U is first developed,

* * *
The gignal Vq is the sum of the signals Vd and Vp , hence

Vq(z) Vp(z) Vd(z)

i - i T i (3-8)

Substituting Equations (3-7), and (3-3) into (3-8), yields

Vv (z) ] Klo(z + 03)(2 - D o Kl(z + D3) Da(z) .5
Uz (z - e-aT)(z = e“bT)(z - e T) 2 = @ BF

To simplify the Equation (3-9), the digital compensator, Da(z),
is decided to have the form as shown below.
Vd(z) ) Kllz + K12
Vs(z) {5 - e—bT)(z _ ebT)

Dh(z) = (3-10)
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The values of Kll and Klq mav be adjusted in order to obtainstability.
i “

Substituting Eaquation {3-9) into (3-10), vields

v (z) P Pzt B
1 - Lo - (3-11)
z (z - e di)(z ~e 7Yz e )
where
Pl = KlD + K,Kll
- w4 ta * Lr 7
Py = RglCy = 1) + KyDayy + Kpp)
By = KyPeRia ~ Byg%
08 \
| \
- \
y Unit Circle #_A*‘Q\\
\
/ "\
N,
\l
]L \
{l \\
,lf/—Kl(,: 2.0 t}/-Kzo = 0.005
¥ - ———g b 34—
l{ k) CAJ] B
= f
l\ : 2 T //
'L \\ B = a ° i
l '\\ c -aT ’//'J'l
‘\\ = € A /
-} D " E!. 5 /‘/ /'
';‘ \‘\ fj/' .‘/
-0.51 e P /
Figure 3-3, The Locations of the Roots
Figure 3-3 shows the location =f the poles and zerces of the
Equation (3-11) In order to stablize the system it is degirable

; aT .
to cancel the pole z = e by a zero, and place a zero at the
: ; o . -bT o R
location between the origin and the pole z = e , as shown in Fizure

. , -aT . ’
3-3. Assuming the zeroces are at .5 and e , Equation (3-11)

may be rewritten as follows:
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V (z) KZO(Z - 0.5)
i 6T BT (3-12)
(z - e Yz - e )
The characteristic equation is
4.?. _bT bT Lz - -
z" - (e + e - KZO)Z + (1 - @kzo) = 0 (3-13)
The system is stable for 0.0048 <K,yg< 2.668. For Kyg = 2
the roots are at z = 0 and z = 0.0024, hence,
- -aT ;
Plz + P2z + P, = 2{z - 0.5)(z - e ) (3 -14)
therefore
P1 = K10 + KlKll = 2 (3-15)
_ , R Py A a1z
P2 = KlO(C3 - 1) + Ki(D3I\11 + Klz) = =2 (e + 0.5) (3-14)
, . —aT
e ™ Bilgs - Ky — ® (3-17)
In the case of Kl = .89, K2 = 1.04, K3'= 1, and K5 = 1.1, the

S 5
coefficients of Kll and KLZ are 2.

Based on Equation (3-3), the

model, Dl(z), is deriwved.

2368 and -1.1133 respectively.

recurrence equation of the digital

- 1) + XN V’(k - 2) + K10U<k)

vp(k + 1) vap(k) + szp(k ¥,
+ KlONéU(k._ 1 + KlONSU(k = .2} (3-18)
where
Nl _ e—bT o eb'I‘ + eaT
N, = -1 e—aT(ebT‘+ —bT)
N3 = e_aT
N4 = C3 -1
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From Equation (3-7), the recurrence equation of the digital model,
Dz(z), may be expressed as:

Vs(k) = Mlys(k - 1) + MZU(k) + MBU(k - 1) (3-19)

where

M3 = K1D3

The recurrence equation of the digital compensator is:

Valk + 1) = BV (k) + BV, (k ~ 1) + H3Vs(k) + BV (k-1 (3-20)

where

Hy =Kpy

jas]
i

TSy
The recurrence equation of Equation (3-~12) may be written as

= £ — - -1 et
Ve + D) = BV U0 -V (k- 1)+ KyaUGk) = ARy 00G = 1) )

where

The development of the optimal control law will be discussed in

next chapter.



CHAPTER IV

THE OPTIMAL CONTROL

The concept of control system optimization comprises a selection
of a performance index and a design which vields the optimal control
system within limits imposed by physical constraints (3). ' The
performance index is a function whose value indibate?how well the actual
performance of the system matches with the desired performance. An
optimal control is defined as one that minimizes the performance index.
In this research, the performance of the system is evaluated by

an index of the form

3= IV gk + 1) = VoG + D12 (4-1)

where qu is the desired ogtput value. This would mean that the
performance of the signal Vq at the instant (k + 1) is decidéd.

The performance index is minimized by differentiating Equation
(4~1) with respect to control signal U(k), and solving for U(k) after

setting the differentiated equation to zero. Hence,

a7 oV (k + 1)
Eﬁ?ﬁjﬂ —[qu(k + 1) - Vq(k + 1)] ——%ﬁfiy-—— =0 (4-2)

Equation (3-21) shows the relationship between Vq and U, hence,

avq(k + 1)
0@ K20 T 2 (4-3)
therefore, Equation (4-2) requires
= il
qu(k+1) vq(k+1) (4-4)

Substituting Equation (4-4) into (3-21), the optimal control law
can then be established as

U(k) = %[0k - 1) - Elvq(k) + Vq(k - 1) +V q(k + 1)] (4-5)

d
22
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The Z-transform expression of Equation (4-5) is given by

42 (Elz - 1)
u(z) = (3;—:-T)qu(2) S P Vq(Z) (4-6)

Figure 4-1 shows the block diagram of the optimal control system.

vad 2?2 Vge +~ U 2¢(2-8.5) vg
2(z2-8.5) N (Z-e BT) (Z-e~®T )
E1Z~1
2(2-2.5)

" Figure 4-1, The 0ptimal Control System
The symbol qu represents the desired output value. The closed

loop transfer function of the system shown in Figure 4-3 is

[ 22 ][ 2{(z - 0.5). . ]
g® 2209 (M) =)
Toa(®) (B2 - D

1 +

(z - Ty (z - e7T)

which means that the actual output signal, Vq, always follows the
desired output signal, qu, if there is no constraint on the control
signal, U.

If the control signal is bounded, the output signal may follow the
desired output, which depends on the initial condition of Vq and the
rate at which the desired output signal varies with its value.

To analyze the effects of the bounded control signal on the
stability of the system, a gain, Keq’ is added to the system as shown

in Figure 4-2



24

Vae +~ u 2(Z-8.5) Vg
Keq (Z-e PN (Z-e B9

E1Z-1
2(Z~8.5)

Figure 4-2, The Optimal Control System with the. Gain, Keq

The stability of the system can be determined from the locations
of the roots of the characteristic equation.

) ] _
z° + El(Keq - Dz + (1 - Keq) =0 (4-8)

The bilinear transformation maps the unit circle of the z-plane
into the entire left half of the r plane, with the transformation, the
Routh stability criterion may be applied to the polynomial in r in the
same manner as continuous-time systems. The definition of the bilinear

transformation is

_r+ 1
z =T (4-9)

Substituting Equation (4-9) into (4-8), yields

2 .
$,T° + 8,r +.5, = 0 (4-10)
where
s =2 - Keq - El(geq -1)
S, = 2Keq

]
[a%]
1
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The Routh array of Equation (4-10) is:

r2 s 8
"1 3
r Sy
ro s
3

To stabilize the system, it is necessary and sufficient that 8y»
Sos and 3 be positive. Hence, the following conditions have to be

satisfied.

3) Keq < (2 + El)/(l + El)

If all the above three conditions are satisfied, the system will be
stable, but the actua} output signal, Vq, may not be identical with the
desired gutput.

If the initial condition or the desired output is large, the
system will become unstable when the control signal is bounded.

In this research, the desired output signal, V is set to zero,

qd’

in order to minimize the signals of the potentiometer, Vp, and the

tachometer, Vt. This would mean that the angular displacement of the

pendulum, the velocity and the displacement of the cart are minimized.



' CHAPTER V

SIMULATION

When a model is available for a component or system, a computer
can be utilized to investigate the behavior of the system. A computer
model of a system in a mathematical form suitable fbr demonstrating
the system's behavior may be utilized to investigate various designs of
a planned system without actually building the system itself (&).

A computer simulation uses a model and the actual conditions of the
system being modeled and actual input commands to which the system will
be subjected. If a model and the simulafion are reliably accurate, the
system performance can‘be observed under a variety of conditions. A
system may be simulated using analog or digital computers. In this
research, a digital computer simulation is used.

Simulation

A computer simulation was done before running the physical
experiment, This simulation is based on the digital models shown in
Figure 3~2. The instantaneous computéticn of the control signal, U,
after measuring the sigﬁais Vp and Vd is assumed,

In this simulation, the time delay due to the computation .
and sensing in the real system is not taken into account. |

In Figure 3-2, a control signal, U, is produced by the optimal
controller. This signal is sent to digital models Dl(z) and Dz(z)
land which produce signals Vp and Vs respectively, The signal v, is
then sent to digital compensator, Dé(z). Vd is the signal produced
by the digital compensator D4(z). The sum of the signals Vp and Vd

is then fed back to the optimal controller. The optimal controller

26



27

receives this feedback signal, computes, and produces a nmew control
signal, U.

The recurrence equations of the digital models Dl(z), Dz(z),
DA(z) » and the optimal controller are presented in Equations (3-18),
(3-19), (3-20), and (4-3) respectively.

In the computer simulation program, the saturation condition of
the control signal and the limitation on the angle of the pendulum
have been taken intc account.

The computer simulation program was written in the BASIC language.
The listing of this program is presented in Appendix A.

Figure 5-1 shows the output of the potentiometer which is
proportional to the angular displacement of the pendulum vs time.
The initial position of the pendulum is 1 v, and Ehe control signal is
limited to *10v. The gains K

Kz, K3, and K. are 0.89, 1.04, 1, and

1* 3

1.1 respectively. Thé sampling périod is set to 10 ms. It is observed
from Figure 5-1 that the pendulum is brought back to zero position in
less than 0.4 seconds.

Figure 5-2 shows the control signal, U, vs time. This signal
converges to zero as time increases which implies that after a period
of time, the input voltage to the motor is zero and the cart is
stationary.

The response of the signal Vs is shown in Figure 5-3, This
signal represents the sum of the signals from the tachometer, Vt’ and
the integrator, Vx' _This Figure shows that, after a period of time,

VS goes to zero, which means that there is no output from the

tachometer, and the cart is stationary.



Figure 5-4 shows the signal Vd vs time. Vd is the signal

roduced by the digital compensator, D,{(z). As the input signal of
2 4 &

the digital compensator approaches to zero, the signal Vd goes to zero,
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CHAPTER VI

THE SOFTWARE

The development of the software for this research was one of the
major tasks. The programming of the microcomputer was done in Z-80
assembly language. By using the resident, Z-80 Assembler, the
assembly language program was converted to machine image code. A
floating point binary representation with a 15 bit mantissa, an 3
bit exponent, and a gign byte, was used for all digital values. This
provides a resolution of 1 part in 32,768. By using this type of
representation the accuracy of the computation was maintained.

Two Digital Group Z-80 microcomputers were used in this research.
One which uses floppy disks as secondary storage was used for proegram
development, and the other which uses cassette tapes as secondary
storage was used for the real-time control. The DISKMON Operating
System is used in the microcomputer with the disk drives. DISKMON
provides a set of executive routines which allow user programs easy
access to files. This operating system proved to be very helpful for
linking the machine image code programs together,

The assembly language program and the corresponding image code
were stored on the disk. When the experiment was conducted, the image
code program was loaded into the memory of the development computer
from the disk, and then transfered to the real-time control umicro-
computer. All of the interface devices such as the A/D converter, the
D/A converters, and the timer were connected to real-time control
microcomputer.

The real-time control program consists of a main program and nine

subroutines. The memory required for the real-time control program is
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2.5 K. Memory addresses 3EQ0H to 3E7FH where used for storing the
counter, the coefficients, the signs, the exponents and the mantissas.
A memory map that shows the memory used in the first page of 3E is
presented in the Appendix C.

Main Program

The functions of the main program are to read the digital signals
from A/D converter, perform specific computations, and send a digital
control signal to the D/A converter.

The memory addresses from 3000H to 32DFH are occupied by the main
program. A flow chart of the main program is shown in Figure 6-1. The
assembly language program along with the image code is listed in Appendix
B along with the rest of the software used in this research.

The main program can be divided into four parts: (1) the initial-
ization, (2) the computation, (3) the modification of the output control
signal for the D/A converter, and (4) the updating of all of the
paraméters.

Initialization

_The initialization sequence was necessary to define certain
quantities everytime the microcomputer was reset. By the end of this
initialization all variables and coefficients used during the compu-
tation are given their respective initial wvalues. ' The flow chart of this
program is shown in Figure 6-2. The first step of this program is to
initialize the output voltage of the D/A converter to zero so that
the cart remains stationmary. Tﬁe next operation initializes memory
block 3EQQOH-3E7FH to zero. Then the subroutines LAST and PENDIS are
called. By executing the LAST subroutine, the zero reference and the

bias are determined. The zero reference is the output voltage from the
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potentiometer corresponding to the vertical position of the pendulum.

The PENDIS subroutine saves the initial position of the pendulum.

Details of these two subroutines are given in the section on Subroutines.

The next operation stores all the coefficients and variables
required by the software program into appropriate memory locafions. The
last step of this program initializes the 8253 programmable timer in the
condition of: (1) accessing registers twice, (2) binary mode, (3) timer
0, and (4) mode 0. -

The initialization program is executed once at the beginning of
each experiment. The execution time of this program is not critical,
because this execution time is not part of the sampling period.
Computation

The computation program is the most important part of the main
program, This program samples the signal Vs and the position of the
pendulum from the A/D converter, Vp’ and performs computations of the

equations shown below for the generation of the current control signal

U(3).
(1 Vd(3) = Alvd(Z) + szd(l) + A3VS(2) + Aavs(l)
(2) ¥ (3) = V4(3) + v (3)
(3) U3 = BIU(Z) + Bzvq(B) +B3.'Jq(2)

The coefficients of the above equations are obtained from the analysis
in earlier chapters. The flow chart of the computation program is shown
in Bigure 6-3.

- The first step of this program resets the counter to time 10 milli
seconds. The programmable timer counts down from the specific value to
zero at a clock rate of .4 p seconds per count. When the timer counts
to zero the output signal from the timer is set to HI (logic 1). The

next operation initializes the A/D converter to read Vg (3), and sets
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Figure 6-3, The Computation Program
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the C'H'L' registers to zero. The C'H'L' registers must set to zero
before computation of each of the equations. The next step commands
the A/D converter to read VS(3) again, which results in an increased
settling time of the analog signal, thus increasing the accuracy of
the reading from the A/D converter. The next operation checks the
"BUSY" signal of the A/D converter. This signal indicates that the
value of VS(B) has settled down and is ready to be read. The next
step reads VS(B) from the A/D converter, and converts it to a 2's
complement value. The reading from the A/D converter is 11 bits
long plus a sign bit.

The A/D converter is then initialized to read Vp(3). The next
operation performs the computation of Vd(3). The A/D converter is
now commanded to read VP(S) again, which results in an increased
settling time of the amalog signal, thus increasing the accuracy of the
reading from the A/D converter. Then the "BUS&" signal from the A/D
converter is continuously checked until the wvalue of Vp(3) is ready
to be read. The next operation reads Vp(B) from the A/D converter,
converts to 2's complement value, and adjusts the value by subtracting
or adding the bias, based on whether this value is greater or smaller
than the zero reference. This bias value was obtained after execution
of the subroutine LAST in the Initialization program.

The value of VP(B) is stored in memory, and is added to Vd(B)
which is stored in the C'H'L' resisters. The next operation converts
this result to a 15 bit mantissa, a sign byte, and an exponent byte.
The next operation performs the computation of U(3), The result of

this computation, U(3), is converted to 15 bits mantissa with sign
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byte and an exponent byte. The last operation of this program saves
this value in memory.

Executing the computation program produces the digital control
signal U(3). This controi;signal has to be modified to satisfy the input
format of the D/A converter. The program which accomplishes this
modification is described in the next section.

Modification

The modification program modifies the three byte control value
U(3) to fit the input format of the D/A converter., The D/A converter
can only take 10 bit values. A digital value of 0 represents an
output voltage of +10V; a digital value of 1FFH represents a 0 volt.
output; and a digital value of 3FFH represents an output voltage of
-10V. A flow char; of the modifiication program is shown in Figure
6-4.

The first step of this program checks the sign of the control
value. If the sign is negative, a 2's complement operation is per-
formed, and the saturation condition is checked. If the control
value is saturated, then the input to the D/A converter is 3FFH
{-10 volts). If the ccntrol values ié not saturated, then the control
value is modified to fit the input format of the D/A converter. If
the sign of the control value is positive, the saturation
condition 1is checked. _If the value is saturated, then the input to
the D/A converter is 0 (+10 volts). If the control value is not
saturated, then the control value is modified to fit the input format
of the D/A converter.

In order to modify the control value to fit the input format of

the D/A converter, a 2's complement operation is performed. Then,
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the control value in bits & through 13 is transfered to register A,
and the bits 4 and 5 of the control value is transfered to bits 3 and
4 of the register L.

The last step of this program inputs the modified control value
to D/A converter. After this step, an updating program is executed
to keep all the parameters updated.

Updating

All of the parameters have to be updated before executing the
computation program in the next sampling period. By executing the
updating program, the values are shifted one step down; that is, the
value of VS(Z) is shifted to Vs(l), the value of Vs(l) is shifted to
VS(O), etc. A flow chart of the Updating program is shown in Figure
6-5.

The first three steps of this program update the signs, the
exponents, and the mantissas of the parameters. The memory blocks
of 3E30H through 3E39H, 3E40H through 3E49H, and 3E50H through 3E63H
are shifted to 3E31H through 3E3AH, 3E41H through 3E4AH, and 3E52H
‘through 3E65H respectively. The operation of updating of the signs
and exponents is illustrated in Figure 6-6 (a) and the updating of
the mantissa is illustrated in Figure 6-6 (b). Then a check is made
to see whether the 10 milli-seconds sampling time is over; if so, the
computation program will be executed. If not, the next operation is
deferred until it is over.

The nine subroutines that support the main program ﬁill now be

discussed individually.
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Subroutines

There are nine subroutines that are used by the Main program,
These are two fixed point arithmetic routimes for multiplication and
addition; a floating point operation routine for shifting the data;
a routine for converting the value from fixed point representation
to floating point; a routine for storing the data in a specific memory
block; a routine for displaying the data on the CRT; a routine for
performing the 2's complement operation; a routine for finding the
zero reference and the bias; and a routine for ?eeping the value of
the initial pendulum position. The following sections describe those
subroutines.

Subroutine TTT

Subroutine TTT converts a signed, three byte value stored in
C'H'L' registers into a 15 bit unsigned mantissa stored in the H'L’
registers, a sign byte, and an expecnent byte. The sign byte is
placed in the memory location pointed to by the IY register. The
exponent byte is placed in the memory location pointed to by the IX
register. Before calling this subroutine, the data must be in the
Q‘H'L' registers, and the pointers must be loaded into the IY and IX
registers. A flow chart of this subroutine is shown in Figure 6-6.
The list of the subrputine is given in Appendix B.

Subroutine SHIFT

Subroutine SHIFT shifts the mantissa stored in C H L registers
to the left or right a number of bits according to the sign and
magnitude of the exponent. . The mantissa is shifted until the value

of the exponent becomes zero.
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A flow chart of this subroutine is shown in Figure 6-7. The
list of this subroutine is given in Appendix B.

The first step of this subroutine checks whether the exponent
is equal to zero. If so, then né shifting operation is carried out
and the control is returned back to Main program. If the exponent
is not zero the sign of the exponent is checked. 1If the sign of
the exponent is negative, it is changed to positive and the mantissa
is shifted to the right and the exponent decrements until the exponent
reaches zero. If the sign of the exponent is positive, the data
is shifted to the left and the exponent decrements until the exponent
reaches zero. The saturation condition is cﬁecked during the left
shifting operation. 1f a saturation condition occurs, the maximum
value of 7FFFFFH is placed in the CHL registers.

Subroutine MULT

The multiplication subroutine multiplies an 8 bit unsigned
multiplier with a 15 bit wunsigned multiplicand. To use this sub-
routine, the multiplicand must be in registers DE , and the multi-
plier is in the memory location pointed to by the IX register. The
result of the multiplication is placed in CHL registers. Basically,
this subroutine carries out a series of tests and shifts of the
multiplier and multiplicand. Figure 6-8 shows the flow chart of this
routine. The listing of the multiplication subroutine is given in
Appendix B.

Subroutine COMP

The subroutine COMP converts a twentyv-three bit unsigned binary
number stored in the CHL registers to 2's complement form. The

result of the operation is placed in the CHL registers.
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Figure 6-92, Subroutine MULT
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Figure 4-9 shows the flow chart of this subroutine. The listing of

this subroutine is given in Appendix B.

Subroutine ADD

Subroutine ADD adds two twenty-four bit signed binary numbers with
one number in the C H L registers, and the otherlin C'H'L' registers,
result of the adding operation is placed in C'H'L' registers. A flow
chart of this subroutine is shown in Figure 6-10. The assembly
language program of this routine is listed in Appendix B,

Subroutine STORE

The STORE routine stores the values of the pendulum position VP(S)
in certain memory locations. This routine is used for data acquisition
and for error diagnostics. The routine is called at the end of the
modification program and is able to record a data value every other
time the Main program is executed, for up to 256 readings. These data
value may subsequently be displayed to show the dynamic response of
the system.

The flow chart of this routine is shown in Figure 6-11. The
listing of this routine is given in Appendix B.

Subroutine DISPLAY

A subroutine that displays the pendulum position Vp(Bj on the CRT
was developed to assist with debugging the software and verifying the
operation of the hardware, A signed binary vaiue that represented
the pendulum position is converted to a hexadecimal ASCII code, and
then displayed on the CRT with a positive or negative sign. Figure
6-12 shows the flow cha;t of this routine., The assembly language

listing is given in Appendix B.
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TO ASCII CODE. THEN
CONVERT LOWER NIBBLE
TO ASCII CODE.

GUTPUT THE RSCII CODE

CONVERT BITS 4 - 7
TO ASCII CODE. THEN
CONVERT LOMER NIBBLE
TO RSCII CODE.

OUTPUT THE ASCII CODE

RETURN TO MAIN PROGRAM

Figure 6-13, Subroutine DISPLAY
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Subroutine LAST

Subroutine LAST is called during execution of the Initialization
program. The bias voltage is the output from a D/A converter which
is connected to the input of an A/D converter. The A/D converter is
set to be in the differential mode with one input from the potentio-
meter and the other from the D/A converter (the bias). The pendulum
is set to vertical position before execution of the.LAST subroutine.
During execution of the subroutine LAST the position of the pendulum
is displayed continuously on the CRT. By executing this subrcutine,
the bias voltage is adjusted to match the voltage from the poteﬁtio—
meter, and the zero reference voltage is found. The bias vcltage can
be adjusted by depressing certain keys on the keyboard. The bias
voltage can be decreased by depressing the key "D", and increased by
by depressing the key g, By appropriately depressing these two
keys, the value displayed on the CRT is adjusted as close to 800 H
as possible, thus minimizing the error between the bias and the
potentiometer voltages. The key "E" is then depressed to transfer
control to subroutine PENDIS,

The listing of subroutine LAST is given in Appendix B.

Subroutine PENDIS

This subroutine is executed immediately following the execution .
of the Subroutine LAST. The initial position of the pendulum is saved
as a digital value by execution of this subroutine. The limits of
the displacement of the pendulum are fixed by adjustment of the set-
screws provided near the pivot of the pendulum. The digital value
is displayed continuously on the CRT so that an overflow condition

caused by oversetting the initial position of the pendulum can be avoided.



After the adjustments are made, the key "R" is pressed to return
control back to the Main program. A listing of this subroutine

is given in Appendix B.



CHAPTER VII

EXPERIMENTAL PROCEDURES

In this chapter the equipment arrangement will first be presented.
Next, the experimental procedures which were followed throughout this
research will be discussed.

Equipment Arrangement

The inverted pendulum is mounted in two ball bearings on top of
a light weight four wheeled cart. A microtorque potentiometer,
attached to the pendulum shaft, provides the voltage, Vp, proportional
to the angular position of the pendulum. A 36 volt dc power supply
is used to energize the potentiometer. The cart is driven by a dc
servo motor, mounted on the bottom of the cart, through a speed
reducing belt drive system. The field of the motor is energized by
a 20v dc power supply. The armature of the motor is controlled by
the output of a dc power amplifier which is supplied by a + 30v de power
supply. A permanent magnet dc tachometer, attached to the motor shaft,
provides the voltage, Vt, proportional to the motor speed. Electrical
signals are passed to and from the cart through an umbilical cord.
Real-time control of the system is provided by a Digital Group,
Z-80 microcomputer. Analog signals Vp and VS are sampled and
digitalized by the A/D converter. The digital control signal is
delivered in analog form to the system by the D/A converter. The
specification of the A/D and D/A converters are given in Table 7-1.
An 8253 programmable timer was connected to the microcomputer for timing
the sampling period. Four operational amplifiers were used to provide

feedback signals around the power amplifier, motor, cart system and

51
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TABLE 7-1

Specification of Amalog to Digital Converter

Manufacturer Burr-Brown
Model ' SDM-856
Channel 16 (single)

8 (differential)

Maximum Input Voltage 5V

I+

Resolution 12 bits

Specification of Digital to Analog Converter

Manufacturer Analog Devices
Model DAC-102Z
Channel 2

Maximum Output Voltage 10V

Resolution 10 bits
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to generate the signal Vs' Figure 7-1 shows the arrangement of these
amplifiers with the rest of the system. Strip chart recorders were
used for data collection.

Experimental Procedures

Two 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 program development
computer operates under thé DISKMON operating system with two floppy
disks for file storage. Both microcomputers are equipped with audio
cassette reco?der interfaces. By comnecting the audio cassette output
from one microcomputer to the audio cassette input on the other, files
can be transferred directly between the two microcomputers,

The machine image code of the real-time control program is
developed on the disk based microcomputer and stored in a disk. When
the experiment is conducted, the Assembler is loaded into the develop-
ment microcomputer and the real-time controller from the disk and
cassette tape respectively. Then the machine image code of the real-
time control program is transferred from the disk to the development
microcomputer and is placed in memory starting at address 3200H.

Then by executing the instruction "SAVES" on the developement computer,
and "LOADS" on the real-time controller, the machine image code program
is transferred throughithe audio tassette interfaces-to.the real-time
controller, The starting address of the machine image code in the
real-time controller is changed to 3000H. Then the instruction "NEWFILE"
is executed in the real-time controller. At this point, the program

is in .the real-time controller and ready to be executed.. The next

step of the experiment is to hold the inverted pendulum in the upright
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position, and to find the zero reference voltage. This is
accomplished by attaching a plumb line on the top of the inverted
pendulum and adjusting the two set-screws at the bottom of the
inverted pendulum until the pendulum is vertical as checked by the
plumb line. Then the plumb line is removed and the subroutine of
the real-time control program is executed. By depressing the "I"
and "D" keys on the keyboard the value of the bias voltage added to

the pendulum voltage is increased or decreased. The sum of the

pendulum voltage and the bias voltage is continuously digitalized

by the D/A converter and the digital value is displayed on the

CRT. The bias voltage is adjusted until the displayed value is as

near 800 H (corresponding to O V) as possible. Then the "E" key is
pressedvand the limits of the pendulum motion are fixed by adjustment
of the set-screws. The experiment can now be started by depressing

the "R" key and supplying power to the motor. Everytime the experiment

is re-run, the bias in the real-time controller is reset.



CHAPTER VIII

PRESENTATION OF THE RESULT

1 A Z-plane stability analysis of the system was given in Chapter IIT.
The mathematical model developed in Chapter IIT includes three.poles:
and two zeroes. The poles at ebT and e_bT arise from the dynamics of
the pendulum. The pole at ebT is outside the unit circle and represents
the unstable-chéracteristic;of’the'inverted.pendu;um.;hmhe

location of the third pole at ehaT is determined by the characteristic
of the motored cart and by the gains of the opérational amplifiers

(a = K1K3K5). The location of the two zeroes are also controlled by

the values of the gains of the operational amplifiers and digital
compensator. In order to simplifiy the analysis in Chapter IIIL, one

of the zeroes was located so as to cancel the pole at e_aT. For the
experimental work presented in this chapter, slightly different values
of the amplifier gains were used. The root locations corresponding

to the exponential values are shown in Figure 8-1. The gains Kl’ K2’

K3, K5, and Ké are 0.89, 1.04, 7, 1.3, and 2 respectively. The coeffi-

0

cients of the digital compensator X,, and K1 are 2.237 and -1.115

11 2

respectively.

Untt Circle

E
- e
A= g ~8T D CA B
BwgbT
Cwmg ~aT
D= @a.5
E=p.93

Figure 8-1, The Location of the Roots
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An experiment based on the digital models without the optimal
controller was performed. No data has been taken during this experi-
ment, The cart was first allowed to move on the flat carpeted flcor,
and the system was found to be unstable. The cart was then allowed .to
move on the carpeted floor with a pilece of plywood underneath the
carpet and both ends of the floor were elevated. Under this con-
dition, the system stabilized. Some observations were made during
this experiment.

1) The displacement of the cart was limited in the range of t 3.5

feet,

2) The pendulum oscillated at small amplitudes and low

frequencies.

A second experiment was-conducted applying the optimal control.
The results of this experiment are presented in the next section (
Results of the Optimal Control). Two strip chart recorders were used to
record the control signal, U, the output signals of the potentiometer,
Vp,and the tachometer, Vt' The cart was first allowed to move on the
flat floor. The system was unstable, and the cart moved in only one
direction. A suspicion arose that the bias was not taken care of
appropriately. The cart was then allowed to move on the carpeted floor
with elevated ends. The system then became stable. Some limited data
was taken and is presented in the next section. The results of the
above two experiments are compared and conclusions can be drawn as
below:

1) The displacement of the cart during the second experiment was

‘much - smaller.

2) The oscillations of the pendulum in the second experiment
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were less.
3) The velocity of the cart in the second experiment was less.
Hence, it may be concluded that, although the system was stablized in
both the instances, the overall performance of the system can be

enhanced by using the optimal control.

Results of the Optimal Control

Figures 8-2, 8-3, and 8-4, show the output voltage of the
potentiometer vs time for different speeds of the recorder. The gain
of the potentiometer is 5.73 v/radian, the chart speed for these three
recordings are 125, 5, and 1 mm/second respectively. The sensitivity
is held at 50 mv/division, which in turn corresponds to 0.5 angle
degree/mm. The initial position of the pendulum is 0.218 radians away
from the vertical 1ine. It is observed from the Figure 8-2 that the
pendulum is brought back to vertical position in less than 0.3 seconds,
which then oscillates with a very small amplitude. Figure 8-4 shows
that the pendulum position remains stable even after two minutes.

Figures 8-5 and 8-6 show the response of the control signal. This
signal is sent out from the D/A converter. The chart speeds are 125
and 5 mm/second respectively. The sensitivity is 500 mv/division.
Figures 8-7 and 8-8 show the output voltage from the tachometer vs time.
The chart speeds for these two recordings are 5 and ! mm/second. The
sensitivity is 100 mv/division or about 0.024 ft/sec/mm. The maximum
speed of the cart is about 0.5 ft/second, The displacement of the
cart may be found by integrating the curve shown in Figure 8-6. This
curve can be approximated to a sine wave. Thé area under the curve
is the displacement of the cart from its initial position. In this

case, the displacement is found to be about 2 feet on either side of



of the initial position.

The above results lead to the following conclusion.
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CHAPTER IX

OBSERVATIONS, CONCLUSIONS AND RECOMMENDATIONS

Observations

During the final evaluation of the real time contrel program,
an error that has been overlooked thfoughout the research was
detected. The control signal is represented by a 23 bit binary value,
whereas the D/A converter is capable of accepting only a 10 bit long
value. Hence, in order to fit the format of the D/A converter, and
setting Keq to 0.5, the bits 4 through 13 of the control signal
were to have been transferred to thé D/A converter. However, bits
2 and 3 of the control signal were placed in the D/A converter in
locations where bits 4 and 5 should have been placed, with the other
bits occupying correct.locations. The effect of this mistake on the
analog output of the control signal is presented in the form of a
graph in Figure 9-1.

Hhen the pendulum is in near vertical position, the output signal
from the potentiometer Vp is small, which produces a small control
signal. It will be observed from Figure 9-1 that for small digital
values of the control signal, the gain Keq is 2.0 or 0. But,
discussions in Chapter IV showed that the system will not stabilize if
Keqis greater than 1.33 or equal to 0.

When the pendulum moves away from the vertical position, the
strength of the control signal increaseé, which makes the gain, Keq,
fall within the range of 0.5 to 1.0, which has a stabilizing effect

on the system,
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Therefore, the pendulum 1s unable to stay in an upright position

but oscillates in a limit cycle within a small range. This fact

can be observed from the various graphs presented in the preceeding

chapter.
Conclusions
1) The technique of the optimal control with digital compen-
sation is proved to be successful in stabilizing the naturally
unstable cart-pendulum system.
2) For this research, the behavior of the motor can be adequately
described as a gain.
3) The bias of the anguiar displacement of the pendulum is téken

4)

care of by allowing the cart to move on the carpeted floors
either end550ﬂwwhicﬁ.are propped up like a small ramp.

The oscillations of . the pendulum and the cart could have
been caused by the varying characteristic of the gain Keq'
A comparison of Figures 5-1 and 5-2 with 8-2 and 8-5 shows

that the responses of the pendulum and control signal match

~with the results of the computer simulation during the first

0.4 seconds. Subsequently, the effects of the bias and the

varying value of Keq and the nonlinearity of the system make
the actual response deviate slightly away from the predicted
response. It is believed that in the absence of these three
effects, the actual response could exactly match with the

computer simulation.

Recommendations

- There are several recommendations which can be made to improve

upon the research conducted for this thesis, and to expand upon the
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system for further research;

The accuracy of the computation may be improved by using true
fleating point arithmetic operations in the multiplication and addition
routines. A task of writing the real time control program can be
eased by employing a more advanced microprocessor (16 bits) or a
micrcomputer with a FORTRAN :compiler.

Two problems that was encountered with the physical
system  were regarding the belt and the potentiometer. The belt that
couples the motor with the wheels of the cart broke .down. It is
recommended that either the belt materiai be changed or the dfiving
mechanism be modified. The microtorque potentiometer failed
occasionally. A different method for measuring the displacement of the
pendulum is recommended.

lSince all the design work has been done with the assumption that
the value of Keq equal to one, an experiment conducted with this falue
of the gain, Keq’ would be worthwhile. |

For further research, the technique of adaptive optimal control

may be applied.
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The Simulation Program

69



14

29

8

4@

34

=17

e

84

38

18
118
128
138
148
158
18
178
138
198
28e
218
228
234
248
258
268
278
2389
298
388
318
229
336
348
358
3e@
g
328
258
488
418
4za
428
448
438
464
478
484
438
Saa
518
528
538
S48
558
564
578
584

70

S S S PSS ST IS EISISSSITESIESTISILIES

£% $%
£% SIMULATIOHM FROGRAM $%
K $¥

S E PSP SIS EIITITISLISESIITSIFIISSES
PLOTTER IS 13, "GRAPHICS"

GRAPHICS

PLOTTER IS 7,5,"9872R"

PRINTER IS 7,5

PRINT "WSS5"
LIMIT 25,175,25,125
FRAME

SCALE -10,108,-12,12

ANES 19,1,0,0,5,4

Init=1

Ki=.39

K2=1.04

K3=1

KS=1.1

T=.81

A=K1*K3#KS

E=24,15~.5

A3=(A+BI#EXP(—E+T)+(A-B)%EXP (BT -25A*EXP(-A+T

B3=-2%A+(A+B)Y#EXP({B-AI*T)+(A-E)#EXP(~CA+BI*T)

C3=B3-R3

K1B=K1%K2%A3/ (2% (A~2=B~2))

D3=K3%(1-ERP(-A*TY ) A-1

Ki1=2.2368

Ki2z=-1.1133

N1=EXP(B*T)+EXP(~B#*TI+EXP(-A#T)

M2=—-1-EXP(-A%T )% (EXP(B#T)+EXP(-E*T )

N3=EXP(-A*T)

M4=C3-1

NS=-C3

M1=EXP(~A*T)

M2=K1

M3=K1%D3

H1=EXP(=~B#T)+EXP(B*T)

H2=-1

PRINTER IS 16

H3=K11

H4=K12

$E$$3$555358%  INITIALIZATION S$$55$3555555553

Vp(l)=Yp(2)=Y¥pl@r=Init

VA1) =vd(2)=Yd(3)=Ys1)=Ys(2)=V=(3)=0

U¢1y=U¢2y=U(3)=¥ql=Yqi2r=Yqi3)=0

$E$E$$E553535$5  COMPUTATION $$$5$53555558555

FOR W=@ TO 180

WpC3)=H1#Vp (2 +HZ#Vp (1) +N3# VR (B +K18%UC2)
FK1B¥ME*UC1 D +K1B%NS*UCB)

PLOT W,UC¢2)

V(3 =HL#Vd (20 +H2#Yd (1) +HB#Ys 20 +He =Y (1)

Vq{3r=Yp (3 +¥Yd(3)

UC3)=,5%UC2) -, S#CEXP (B#TO+EXP(-B#To 0 #V g 30+, S£43(2)

WS (3I=M1#Vs (2D +M2% (3D +MI£UC2)

IF UC3)>18 THEN U(3)=10

IF U¢3><-18 THEN U(3)=-18

PRINT Vp(3>,UC3),vd(3),¥s(3)
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508
6le
528
538
648
658
560
£70
680
£908
=1
7ig
rze
r3d
748
758
768
7’7
=1
798
308
218
Bz
538
348
356
2€4
870
a8g9
8908
%1%
914
328
338
948
958
368
ara
380
998
leee
la18
1828
138
148
1858
1668
1878
1088

Ucas=udis

Ualy=U¢2s

Uez2r=UdC3)

Ys(Bir=Vsd(l)
Yalla=Wad(2>
Va(2)=Vs(3)
Vdlar=vdd{lo
Yd{la=vdi2)
Yd(2i=¥d(3)
Yqlli=vqglzl
Vgizi=¥ql3d
YpdBr=vplld
Ypllr=Vpl2d
Ypd2i=Yp(3d

HEXT W

S3FEFFSFSFESSF PLOTTIHG $3IFIIFFTEF5F
S=.2

®=18.5

FOR A=8 TO 4

MOVE X,-1

LABEL S

K=Rr+28

§=5+.2

HEXT A

MOVE 33,-4

LABEL "Time (Seconds)"
MOVE 28,-18

LABEL " Figure 5-2"
LABEL "The Contraol Signal ws Time"
DEG

LDIR 98

CSIZE 2.75

®=-18

¥Y=-18.5

FOR A=@ TO 4

MOYE -2,Y

Y=Y+3

LABEL X

H=R+53

NERT A

CSIZE 3

MOVYE -5.5,-5

LABEL “"The Control Signal <uwaltso®

LDIR ®

MOVE 38,9

LARBEL "Ki =";Ki;", K2 ="3K2;", K3 ="3K3
LABEL

LABEL "T =";T;"Sec., Init, Position = 1 %"
END
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The Real-Time Control Program
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EM
LD DE.{ TESIH) & I
LD Ik TE@EH % R
CALL MULT
LT B GFEH

O
ag

[ O I O B S M W e B

| (O SR SR I (SR e (A

[ QS T R R I )

[ et R Y

Do e W e R e |
£ M et e A TR
5

. 4

Lo mm T

r

=
s

0T =3 T b I b2 S b bl T RO
]
o o

SUR X B

LS 00 3 N w OO YR O P O O O L B R Y

o VLA
e Uod
mim
fosy

—
-
w0 o b
ot ot pob L ek ek b fd frb ek ek b o bbb el [ b ek p pek b e ek 2 bt e b

RS 0% Y I O R 8

Taf

s,



75

314@ &F
3141 2R F2 FF
3144 ZF

Lo LR
LD A LOFFFaH :
CRL

U e o0 -3 ST R ]

Al R R R AR e

3145 EE O7 AHD 87

3147 87 LoD H.H

AO LD L0 L T 00 0 00 00 00 00 O

604 IH 41 3 1745 LD A [ TE4ip
IG07 CD S 3@ 1350 CRLL SHIFT
IDA IR 31 3E 1 TES LT A (ZETIH?
IG0D CB 47 1370 BIT & &
IEOE G 1386 HEF
TEG 23 4T 1385 IR LRt
IGET TL B8 T@ 1356 CALL COMP
IGES ©D 21 IE 1488 A1 CALL RLT
IEES ED ST S4 TE 1400 LT DE.CIESSHT % LI 1
IEEC D 3L @1 ZE 1470 LT IX. ZEG1H * £
IGFE CT IE IH 1446 CARLL ALLT
IGFT GE £ 1456 LD B GFad
IEFS IR 42 I 1486 LT R f SE4TH )
WFE CT ST TR 1476 CALL SHIFT
IGFE 35 I3 IE 1486 LT AL 3EITIH
IGFE 0 1456 -
IBFF CT 47 1500 BIT  O.H
1@ € o7 1513 IRz,
39T O Ty Io 1525 CALL COF
Ilgs 0D 21 30 1538 a3 CRLL /I
IES IE 93 1545 LT A w # TMIT ST TO RERT 42f 7 )
IEE I FT OCF 1556 LT (GFFFIMI, &
IGE IE FL OFF 1S6¢ LLL LD B LBFEF1H
3111 0B F 1573 BIT 7.F
31T IR Fa 158G IR Z.LLL
I115 I8 FL FF 159 LT Rl @FEFIH ]
3119 CX 7F 1EGE BIT 7.4
3115 20 Fa 1613, IR HZLH
140 I/ FI FF 1625 LI AL LGFFFIM Y % REED 43 T
I1LF CB SF LETE BIT 2.8 % POSITIUE OF HECETIUE -
3121 I® i 1 Ean IR T HHM o
2123 E& o7 155G BHT &7H
315 &7 1EEG LIl M A
J1I6 IR T@ T 1E7G LT A GFEFEM
3125 &F 1620 LT LA
3128 68 oo 1780 #38 LD R, G
310 CT S 1796 MMM SLE L
I1ZE CT 14 1265 RL H
I1TE 18 FA 1216 TTHT bl
3ID 33 o6 3 1223 LD (TEE@HLHL & STORE 1% 25
3135 IE o0 1276 LD A g
3137 32 3T IE 1246 LT (3ZEIIH L A
I/ 1R 10 1258 IR A3
313C°3A F@ FF 120 MMM LD A (EFFFEH
313F oF 1 CRL
1
1
1
141
152
I14% I @t 195 LD A, 214 ¥ STORE SIGH
I19F T2 3T I 13E LD (JETIHL A
3147 86 @ 1376 Lo EG
I14F CE I5 1920 TDD GLE L
451 CE 14 13am RL H
35T 19 Fo ARG TIHZ LIT



3155 22 59 TE GG LD ¢ FEGEH L FL

315@ EL SE S 3ZE SEIn AIC LD DELCZESSHT o LS
3150 UD 2 @2 TE 267G LI Ik 3EGIM ¥ BT
J1EG CD 38 39 A4 CALL #ULT

FET 68 £8 SRS LD B gFeH

3185 IE 08 2EEH LD FAe®

IET CD @ 7o 2670 CALL SHIFT

IEA FA 34 IE pe il LD A (FEIAR

JED @5 sty HOF

J1EE R 47 2166 EIT

ILTH 2R 67T 211G IR

3172 CH g 39 2136 CRLL

7S 0D o= 3E 2136 AT CAL

I17E ED ST £4 ITE 214@ LI

IITC BT 31 B3 ZE 10 LI

IiEE OO SR T3 EE CH

187 g Fo ey bl LT

3185 IE @9 LG LIl

3187 Co 52 3% Ty =T

318/ 3@ IS IE R LT

380 30 2TLE TH

IIBE R 7 AL, EIT

Il e 8T RN, I

oy e L= e L) CAL

3195 ¢ o2l 3% ISR a4 CHLL A

I GE GO I2ES Lo !

I19R TR SA 3R el LD HL.{ZESAH % SET LR
I1a0 IR 3R OE 2@ LI &1 3ETEH

ILEE CE 7T 229G BIT TR

03§ = e X 23EE IR Z.A7

I1Fg CD 2R 29 TRLE CALL COMP

TIAT CD 21 32 2326 @7 CALL ROD # L30T
IEA DS FIIE £

TIRE DO 2t 42 TE 2340 LT DX, ZE4EH

IAF FD 2t TR ZE 23S LoD Iy, ZEZSH

3BT OO oAE IE 26D caly TTT

1B 22 =€ 3B 2370 LT [ ZESEH L HL ¥ STORE
ILEY 3E o0 TIEE LD H@

IIBRE 21 G0 S0 39 LN HL. @

Z1BE SE 0@ el LI L@

IICH Ird 41 gk

JCL DD 21 19 IE 2426 LIC I¥. 3E18H ¥ B
JICS ED SE SE ZE 2430 LT DE.{ZESEM: % L33
IICH Co 2 39 e CALL MULT

IICC IR 47 TE 2450 Ln &8.03

! 47H
S1CF @5 F2 24€¢ Lh E.8F2H
2101 2 1 BEITH Y
3104 &
¢

i)
«J
ir]
m
B
-3
ey
-
1

A 7=
54 2458 HOP
)]

2105 R 47 2438 BIT &.h8

JLLT? 23 83 2588 R Z.B!

il Co 8H 32 2588 CRLL COMF

2D oD 8 =9 252 Rl CALL HID

3ipF nh 23 2534 NG I ¥ Ed
Z1E1 £ SE 52 TE 2040 LD DE.(ZIESEH:® % LAz
3IES £h aH 49 il CHLL PULT

TIEQ @& F3 35w L B. 83



J1ER IR 48 ZE 25T Lo A ZESEH 3
1D £ 58 2% =524 CHLL SHIFT
28 ZE 2521 LD o[ SEFEH

31Fa IR .
3IF3 3T sy IHC

J DD T

2iF4 CE a7 5 BIT . Fi

3iFe 22 683 X IR Z. B2

Fe Cch 28 322 & CRELL COnP

ZIFR Co 21 39 CdG B CALL ADD

IIFE Do 23 =8 I IR # ET
I2e8 ET IB B2 TR SE LI DE.(ZESEH T & U002}
I2Eg O SR I ZETE CRLL MULT

I2ET 88 F& 2EEE Lo B, GFEH

I IR 49 ZE ZEaE Lo R, { 3E4%8 T

I2eC Ch S8 27 FPEE CHLL =mHIFT

J20E IR 3% X 27 Lu H, (ZEZSH I

212 @ 272E HOF

2217 C=2 47 FPIE BIT #LH

215 22 @zl 2748 IR 2+ B2

217 Ch 2/ 22 e CALL oone ‘

2219 CD 21 2= FTEE B3 CRLL AT # 3
3210 3 T B

3233 EE Je46 2lsH ML

IZIA 72 FEER Lo RO

IZ3ZE I ZEEY i

3230 EL 2ETE FOF WL

IAEL 47 2Eed Lo LA

TITE DO 21 42 TE O 2E9Q Lo I, ZE4EH

3242 FO 21 3 FE 2260 L I, ZEZEH

24 CD GE 33 i CRLL TTT

I343 23 30 Ee g ie LI [ ZESCH L HL

3240 D3 B O Ex

240 TATE ExFsssFsrsssseRs MOTITTIORTION SFeEsEdid @iy
32400 73 pi=bied Lo ST

IJ4E CR OTF 2954 BIT 7.4

258 2o 0N 22Ed IR ML LOIDER

IS ES FF 27 AHMI GFFH

254 @ 1% 2R IR MZL AT % SRTURRTED 7
IZEe T 2EEE Lo o H

IS EE FE 2EEE AMTT GFaH

IEES e 13 1% B =4 MZ, SATU

ISR 7D 2428 LI L

3280 2F SE3E CPL

325D ER @ a4 AHD  80H

I25F e &z At LI E. @3H ¥ WEER BITS 4 THRIY 13
22E1 OB 2= IEEE RH e L

2263 CEB 14 a7 R H

TEEE 18 FR TRZE NIMZ FH

ITAET EF JERE L LoH

I2EE T 2188 LI A H

I3 ER R CPL

J2ER EE TF 2136 Mt ?FH

IREl 1w 27 213w I& ouT

SZEE TE 98 Tide TRTH LI M. @ ¥ OOUTEUT 1G 1)
33T EF e Rads Lo L. A

I2TL R 2 Slem IR T

275 FF TiTa LDOPR CRL

I274 EE TF Iizd Al TEH
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TATE 28 19 ERE S R HELZRTUL

I27E 22EE Lo S H

IV 2F 2218 CRL

IAVHR BT FE iEzE AT GEH

337 29 13 3233a & MEZ.BRTL

J2TE 7L Z2au LI AL

32TE E II5G (=l

TdEE £e o0 IIEG AMT S0H

TR GE a2 DETE Lo B, 824 # KEEP EBITZ 4 THRD 17
334 0B S TIEE HEH SLA L

32eE TR 14 2253 ={ H.

I2E8 19 TR I36E DI WEH

I2ER €F 231e L LA

3238 7C 3324 Lo Fia M

IdEC FF 2338 CrFL

322h FE g 2344 ] SEH

IJ2EF 13 44 235 IR T

s2El 2E o IEEE SATUL LD . L. 8rH  OUTRUT - 16 1)

3297 IE FF 2IVE Lo A, GFFH

3395 T OFLOFF Idae CUT Lo TEFFF I L H % IHFUT COMTEROL SIgHA
g T 239 Ln ML ¥ TO DoOR DOHUERTER
IFIn I3 OF OFE 2488 LI {GFFF2R L&

IZEC CL ARG 24 T418 CARLL DIisey

I2aF SIS EEFFSEEFEREEEEAFY UPTATING sdssksmedesdsdapyy
I29F 21 39 ZE 2436 LI Ml 2EEIH

2R Ge 8. 438 Ln T apH

I2A4 TE 445 Qag LE He{HL ) ¥ URTATING ZICH

I2AE 23 2455 THZ =L

IZAE 77 J4ES LE PHL LS

32A7T ZB 2478 IEC HL

J2AE 2B b 2 ngs Hp

IS 1e Fe T4 BINZ ang

32RE 21 4% ZE FEGH LI Hi, 3E49H

IIAE BE @R 2514 EI . SHH

2289 YR I4Ee o LD FlafHL D # UPTAT LD SRRt
IZRL T AR INC ML

2EZ T 2544 Lo CHL LA

T2ET 2B 2554 IEC HL

32Ea 2B IoEE e ML

JIES 1@ FE IST DIHZ G

3JBT 2 &2 FE St Lo ML ZEEIH

I2EH o9t 4R ZEEaG LI E. @A

J2BC Y G5 Go ZEED LT TE. gfpsd

IIBF CE a9 JELE ADD o

I21 TVE I83E Yy LI H.oHL T % UPDHT IHE MeHTISoRs
3203 23 JE3D IMC HL

3203 4k 26448 Ln CaiHLE

3204 273 IESG IHCG ML

2CE TEEE Lo CHL LA

3ICE 23 JETY THC HL

207 7L Jege Lo EHL LT

I20E ED 52 IESE SEC MLLIE

I2CH 168 FS eardals DIMZ ¥

200 FE 12 avig LE F. 12H

J2CE I FI FF 2726 Lo (RFFFIH L &

320 DR 1@ 2728 CHECK IH 1EH $ I35 SRMFLIMHG TIME IEw
3203 A7 746 AHT H

IX0d 23 FE 27ea IR 2. CHECE

I2ps CE 40 3G ZTER Ir MAIH



a5e2 Flo8 # SUERPQUTINE TTT
3= R TR e P LR SR R E LR R E LR E S ERE RS ERE
3CAB Flac &1 ZCAEH
ICHS g125 come EGl I478H
ChE 1@ @1Ee TTY Ern % SHIFT To o'H' L
AL TE B1da LT RO # CHECK SIGH
3CRZ C3 27 Bis@ =iA H
JCA4 3@ 3N @lea IR HCL T1
ICAE ZE &t 2178 LI A E1H # HEGATINE ZISH
A FD T 98 . @1ad Lo (IY+A LA
JCARE CD 7g 34 BI85 CRLL ConP
3CHE 749 giza T3 Lo AC ¥ COMERFLOW 7
JCAF CB 7F G2EE BIT 7.A
CeL 2@ 37 G218 IR HE, FULL
3CET G &7 Eheanls L0 2 BTH ¥ WHICK 51T 12 SET
3ICES CE 37 ey ZLE
3CE? CB 27 @Ide T2 ZLA

GasE IR

s
ad

TV
b

3CBY I8

Fodi

B
A
el
N
JCEBE 18 | S BIEE DIHZ 73
3CED v gave T2 Lo FH. B # EWPOHENRT = & 7
3CEE ES FF oG A &FFH
CCce 22 13 B IR Z. ZERG
3cC2 o G366 tHe B # QBETAIH EXPOMENT
3CCT DD e Qe @314a I A et % I T =
3CCe CFp 39 HI2g T4 SEL O # SHIFT MANTIZER
3CCe CR 1o X RR ol
CCp C2 1D g344 ER L
ICCC 1% Fo HIs DIMZ T4
ICCE €3 FIEg HET
3CCF 3k 98 GIET BR LI 8 # EAFOHEWT = §
Lo BD 77 49 HIES LD f IW+3 LA
3Cha €3 BRIz EET _
cps B YC H27E ZERE 2I1v O WH ¥ BIT 15 SET ©°
ICDT 22 Fe GaACH IR Z: RR
oo OB 30 22 ZRL H
JCIE CE 1D L1 RE L
JCDD ZE @i G416 o Fio @M
ICTE D 77 g8 B42E LD EIA+3 LA

SCE2 C39 g4 24 RE
3CES ZE Ged T &
3CES FI G @454 Ly ¢
SUES 12 g4t R T
ICER 21 H

ol
-
=

5! # PORITINE ZIgH

S e ol Y B B L)
B [T R RSO R G )
Lo
Lan)

g47E FULL LD HL, 4BE8H % NAX. URLUE
ICED 2 @dg@ - LD AL EIH
3CEF FI 77 &8 4T LT (DR LA
ICF2 IE BEAE LI FLEEH
3CF4 ID 77 69 pE1a LI {1448 b A

SCF? €2 | @s2g RET



328 . Bl1og ¥ SUERGITIRE HULT
333t piig

3CES @108 BT BeES

SCES @8 o2 G130 LD B.ooeH % IMIT. COUNTER
3CE? TE G0 G14a L A6 % RESET OHL

ICET &7 B15a L HA

3CER EF g168 LB L.f

3CEE 4F @17a LD C.A

ICEC ID CB 68 JE @188 LOOPL SRL (IW+&! % SHIFT MULTIPLIER
3CFE 28 a2 @196 IR HC,SKIP

3CF2 19 G2en ADB  HL. DE

ICFT 83 @218 ADC C

ICFY CE 23 @226 SKIF  ILA E ¥ SHIFT CDE TO LEFT
ICFE CB 12 @23a BL. 3

ICFE CE 11 B4 RL o

3CFA 16 F@ e DINZ LOORL

ICFC 4F BIEH LD C.A % REZULT IM CHL
3CFD €3 B2 7S RET

33aC BlOE * SUBROUTINE ATD

336C B R e e
IC3a @14a 2T ILIsH

3C3I8 79 B15@ RO LD A.C % SAVE CHL

3C31 ES Bl1EM@ PUSH HL

ICIT 2 @17 E R

3C3IT DI @18 POP DE % RETRIUE HL FROM STHCH
3C34 13 1 3 BID ML, IE % ADDIMG

3035 29 Syl FIC C

3C3E oF @214 LD R % NOUE DATR FROM & TO O
3037 I3 graa o

3C38 Y BIIE RET

7327 FLOD # TUBROUTIHE £0mF

3327 G110 FEFERERORER OO R PR AR R R e
3Cee @144 5T 3CEEH

3cee TI @15@ LD AL % 20 COMR. OF L
ICeL oF @1ea CPL

Icex CE a1 G178 AT GiH

3C@d SF @19a LI L.A

ICEs 7O 81596 LD A.H 25 COF. OF M
JceE F G260 CPL

ICE7 CE o8 @21 ALC @

cEs 7 A2ZE LT MR

3CeR 72 B2z LI A0 ¥ 5 COMP. OF G
3CeB 2F G240 CPL

3COC CE o BEEE ADC @

ICEE oF G260 SLn o GoA

3CBF L3 az7a RET
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T437 G130 * SURROUTINE SRIeT

227 H@iig ¥$¥¥¥$§§$$§¥$$$#¥§#$$§¥§$#$$$#%$#W$**#¥#W$
il 3115 Z PCTEH

ICTR 26 G128 SHIFT ADD ® ¥R+ T - R

T EE FF @125 AMT  GFFH ¥ 5 =37

ICTI 29 6P F126 IR 2,35

ICTS LR OTF G136 BIT 7.H # MEGSRTIUE 7

ICT7 23 oo G1d =4

IC7Y ED 44 G Sa HEG # S CORRLEMENT
ICTE 47 FLE LD E.A

CTC OCE 32 TR 52 ZRL O ¥ SHIFT MEMTIZZR
ICTE CE iC @ion =R

3C2E CD LD &1 RE L

ICED LG FE Eplcts IINZ =3

CE4 O I 55 RET % RETURH

ICES 47 @zeg 3t LD B

ICEE LR OIS G238 23 SLE L % SHIFT MSMTISER To LEST
ICES CE 14 AZ4 FL H )

ICEA CT 11 BRsH B O

ICEC CE A foEm TIT 7.0 ¥ QUERFLGH 7

ICEE G 93 AZTE IR HID, 4

IO 19 F4 F2EG IINE E3

ICET 0B B 2 SET % RETURM

ICIT 21 FF FF ATen o4 L0 HL, @FFFFH % MiEe . POST . LRLIE
3096 BE TF G311 LIY CLETFH

308 £ lyele RET

aelg % . SUBROUTIME DIZPLRY . *

3942 :
3342 BEDG FEEEEEEFRREF SRR AR R R R S SRR R SR
3560 B1e 5T 35@aH

3@e 35 D6 @11 LD A EDEH % RECIT U o0

ISEE OO CA @F 0 9126 CALL 9@e372

ISES IE ED @130 LIy CIr o=t

H
32@7 CD Fr eo CHLL a2
2TeR 2R 3T Z a1=a LD Ha
3Sel CE 47 Togles BIT 4,
ITEF 28 94 f173 IR HZ. HEG
ST ZE §P gleg Lo M. GREH ¥
I51E 13 el @ IR LIF
3=15 ZE AR B2EE HES Lo H.
ST CD Fa on B21a URLUE CRLL o6
351iR 2/ g8 2 #2249 LI L. &
351D TC #2329 LI F. H ¥ COMUERT LOMER MIEBBLE
JS1E EB GF H24d AMD  GFH ¥ OF W TO Az01T COLE
3528 FE OR @254 Le EHH
3522 F2 3A BaeH i Pl

LFEIM % RECT

el 700
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SEIEHI % ZIGH OF M)

T

T
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3525 CE Eg Az7a AT GpedY

3IJRT LT 20 O3H FRBE IF LIz

IT2A CE BT Eaam U HLT BETH

3520 CT Fa oo EIEE 2 CALL BER3T2

IEIF TH B3 LIt Fa L ¥ COHUERT UPRED MIBELE
3oEE LR 2 BI2E SFEL A ¥ OF L TO 8z0Il COpe
3532 OB 3FF BIIE SRL A

3534 CR ZFF HI4E SRL A

353 CR ZF BI=4 SRL A

3532 FE G# HIEH cF GAH

53R F2 42 25 AI7E IF .3

IS0 CE RBE g3ea ADT  GBReH

IS3F L3 44 25 AT IF Lig

IT42 08 R7Y A4@E U3 AT 8BTH

Imd4 CO FR 66 G414 U CRLL aauE72 :

=47 7O ety Lo =T # COHUERT LOWER HMIERRLE
Imdg ES ©F 3436 D oFH # OF L 7O AZCIT CODE
iZgf FE 2R G o SiFH

IT4C F2 =4 3% UEAE I =R
I5d4F 8 EG BA4EE AL GREH

3551 C2 TR IS5 347G TP HEXT

3554 B B7 428 U5 DD @RTH

3556 CI Fa G B49E HEAT CHRLL 888372

355 CD F2 oo HEEE ! CALL S@e3E74 . % SFACE

ISsC CD FE8 @ asid CRLL @Ba3z7a

355F ZE D@ @528 LI A .eD@d % ASCII o R

2561 CI FR &4 BEEH CHLL @8az7z

3564 TE ED BSga LI F. OPDH % ATCTI =

3568 Co FA 26 ASSE CALL feszvz

3563 3R 32 ZE Gl g F.LZEZTEHT % ZTIcH oF PL2D
IEEC R 47 EHETE BIT 2.8

ISEE 2B 95 HS2E IR N2 HERL

3I=Te ZE AR A5 Lo A, SATH ¥ /=01 00 o+

ImT2 CIL77 OIS EEad IpP =1

3EVS ZE RD il HES!L LI A, GHEIOY & =01 0 - ¢

=77 ChFH Ga ] i CRLL s@a3?z

TH 28 £ ZE & LIt HL, { 3ESEH 1 % MEMTISSR OF P23

L e YR B s I B F

2 -3 0 L e G b e 05 D G0

P A R

3= ) 1

357D 7L ¥ LT Ha H ¥ COMUERT LOHER HMIZDLE
IS7E EG BF & AW @FH # OF H 740 mECll DoLE
ISE8 FE @A & Cr GiFH

35382 F2 2R 35 & IP FaF2

IEes Ce B9 AESH AL GEGH

Ima? C3 8¢ 35 giasie] IP 3

352A 0E RBY a7a8 P2 AT &EBTY

I=eC Co FAR oae @g7ie P32 CHLL 88E372

35QF 70 B Lo F.t. % COMMEFRT UFFER HIZERLE
ISae CR OEF N SRL A # OF L TO ARSCII COLE
I=592 Ck 2 GEaE] SZEL A

3594 CB ZF @S SRL A

35 CB SF HIEE SRL A

3SEC FE 9R A@77E P FFH

359R F2 A2 IS @7eg IF F. P4

I%590 O Ba @7 AT BpaM
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a6
IEE3
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LGS
IEEC
IEGF
IE12
3513
1S
3e17
2E14
IElE
3EL
381F
3621
IE2T
o =
IGET
529
2B
SEZC
3EF
€3
383TT
3835
3638
3IE3A
383D
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3642
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o
R d
2
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25
45
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CB .
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e}
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]
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Ly B o A |

a1

g
3£

e e

-
ZE
3

00D 0D D O

KL A0 4 o 0O £

I G b O

MDD DS

OO0 00 GO 00 00 00 KD

G B = = a0 00 <1

RIS &Sm

S B ey
o oo -3 o
(D

060 O G0 o O

gIee
23
2318
23208
2330
3344
235

236G
SI76
et
2T
F4EG
241G
3424
2436
444
2456
45
476

83

Ie FE
Pg ADD S4BT
Bs CALL 9Basyd
LD AL & COMUERT LOMER MIBZLE
AMD 8FH % OF L To A0l COhE
e A
JE F.FE
AL BREH
Ir FINMAL
e S0 GRBYH
FItlpL CALL @ag37a
CHRLL geEEve % SFACE
CHLEL aua3vyg
RET ¥ RETURH
srrrsEnsss SLUDROLUTIHE _RST  skkrkasmipss
=T ZEEEH
Lo HL. B1CTH  # IMITIALIZRTION
LIt { ZEGTH 1. HL
Lo ML
Lo { ZETEH 1. HL
LL { ZEVIH L HL
LaP LE HL. { ZE@VH T % SHIFT LEFT & TIME=
Lo E. L
LA L
RL H
0
=4 H
LA L
FEL H
LA L
FL H
i
RL H
SLA L
Hi H
LI HoH
LD {GFFFEHd L/ & IHRUT TO TR
Lo M. B
LT (GFFF2ZH L A
LD A, 8058H ¥ ASCII F
CARLL asa3Ev2 '
Lo A, glZH ¥ ASCIT E
CARLL aas37a
Lo A. GBIH # [0 =
CHLL BaazE72
Lo = T & THIT, AT TR RFRTE Prodes



3edgq F

2647
IE4A
354
384
3651
53
] =
832
IESA
ISE5R
JESE
3BSF
IEEZ
864
887
SEEH
3E6N
3874
8T
JE74
JETS
877
IETH
8T
IETF
IEa2
3624
87
Ie2%
JEBC
IE3E
IE91
59
2E97
IETH
JEe3C
gD
JEAE
JEAL
3EA4
JER7
3ERR
IERC
3ERE
3EARF
3EE!
IEE4
3EBE
36ES
25EE
3EBE
36
SEC4

&F

a3

E
28
3A
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LG
2R
EE
""7

it
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ABSTRACT

The development of microprocessors has provided the capablity
of implementing complex control strategies. There is a need to develop
analysis and design techniques for the development of digital control
strategies. The objective of this research was to apply digital control
to a naturally unstable system. The technique of locally optimal control
with digital compensation was used. An inverted pendulum mounted on a
motor driven cart was chosen as the naturally unstable system.

Mathematical models were first developed and then the digital
models were derived by employing Z-transform techniques. The stability
of the syvstem was checked by the methods of root locus and Routh array.
A computer simulation was performed and shown that the naturally unstable
system could be made stable.

A microcomputer was programmed to control the system based on the
equations developed in the analysié. The sampling period was decided
to be 10 milliseconds.

The cart was allowed to move on a carpeted track, the ends of
which were propped up like small ramps, for eliminating the effect of the
bias. The results of the experiment showed that the techniques of
optimal control with digital compensation could be used to stabilize

this naturally unstable system.





