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CHAPTER I

INTRODUCTION

Computer-Assisted Tomography, commonly known as "CAT Scan-
ning", is the process of reconstructing a cross-sectional image,
or tomogram, of a biological sample by using a digital computer
to analyze a beam of radiation that is transmitted through the
sample. The only commercial CAT scanners presently available
transmit ionizing radiation (X-rays) and analyze their inten-
sity after they pass through the sample.

The first CAT scanner to use ultrasonic radiation (sound
waves at a higher frequency than the audible spe;trum) was built
at Mayo Clinic at Rochester, Minnesota. It is used primarily
to scan women's breasts for cancerous tumors.

From the way ultrasound is believed to interact with bio-
logical tissue it is thought that ultrasonic CAT scanning
(UCAT) can be used to extract information about the constituent
properties of the tissue.

The Bioacoustics Research Laboratory at the University of
I1linois at Urbana-Champaign has a grant from the National
Institutes of Health's National Institute of General Medical
Sciences (GM24994) to investigate new techniques of UCAT and
to determine tissue constituent properties with ultrasound.

One of the first parts of the project is to build an ultrasonic
CAT scanner similar to the one at Mayo. It is from this aspect

of the project that this paper developed, dealing with the



development of a computer-based controller for the ultrasonic

CAT scanner.



CHAPTER II

DESIGN CONSTRAINTS

Based upon extensive developmental work by Mayo Clinic

[1-4] and upon our evaluation of their

engineers and scientists
scanner design for our research requirements, a modified scan-
ner has been designed. The aim was to be compatable with the
system at Mayo Clinic and to satisfy our requirements.

Figure 1 shows the basic scanner concept. The scanner
consists of a tank filled with a liquid in which the object to
be scanned is suspended. On opposite sides of the object the
ultrasonic transducers are mounted, in such a way that they
can be revolved around the specimen. One of the transducers
will always act as the transmitter, the other as the receiver.
During the scanning process the transducers will be revolved
around the specimen while the transmitter produces pulses of
ultrasound. The receiver will receive the pulses after they
pass through the specimen and the received signal will go to
a digital computer for processing.

The transducers do not revolve around the specimen with
a simple, continuous motion (Figure 2). The basic transmitter-
receiver frame is positioned to an angle a with respect to the
specimen. With o held constant, the receiver is moved through
an angle 28 at a constant velocity, receiving the ultrasonic
pulses that have been scattered to various angles by the speci-

men. This motion of the receiver is known as the 'fan beanm",



Specimen
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Water or
Saline Solution

T - ULTRASONIC TRANSMITTER
R - ULTRASONIC RECEIVER

Figure 1. Ultrasonic Scanner Concept.
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and B8 is the fan-beam angle. When the fan-beam motion is com-
plete, the receiver is halted and the entire transmitter-recei-
ver frame is stepped through a small angle Ao, typically 1°,
The fan-beam motion is then reversed, and the receiver is moved
through an angle of 28 in the opposite direction, while recei-
ving scattered pulses from the specimen. This process is re-
peated until o has been moved across 180°. Because of symmetry
it is not necessary to move across 360°.

The position of the receiver cannot be held constant with
respect to the transmitter because the computer-algorithms that
reconstruct the tomogram require pulse-transmission information
through several angles of the specimen for a given reference
angle a. There are two ways this information will be aquired,
each requiring a different pivotal motion of the transmitter
around its own axis (angle y). During one type of data acqui-
sition, vy = 8 at all times so that the transmitter always
points directly at the receiver. For the other type, the
transmitter is pivoted to a given position and held there (y
is constant) while the receiver 1is swept through the fan-beam
angle, 28. It should be noted that the angles 8 and y are
taken relative to the moving reference-frame. The position of
the moving reference frame is «, and is taken relative to the
fixed reference frame, as shown in Figure 2.

It has been shown that the transducers have three degrees
of freedom. Degree 1 is motion through the angle a, of the

basic transmitter-receiver orientation. Degree 2 is the freedom



of the receiver to move through the angle 8. Degree 3 is the
freedom of the transmitter to be pivoted to any angle y, on its
cown axis. There is a fourth degree of freedom in the scanner,
which is the ability to move the specimen up and down relative
to the height of transducers, which is fixed. This allows the
transdueers to scan successive cross-sections of the specimen.

Each degree of freedom will need to be powered by an elec-
tric motor. A major design decision was to decide whether to
use DC motors or stepping motors. A stepping motor would be
most suited to the 1st degree of freedom, since it involves
motion of discrete increments, Aa. The 2nd degree of freedom
would be most easily served by a DC motor, since it requires
smooth motion over a considerable distance. Due to the nature
of the gear linkages in the scanner, the 3rd degree of freedom
is also best served by a DC motor. For purposes of generality,
and to simplify the system's control structure, it was decided
to use the same type of motor throughout the scanner. The
scanner requires a eontroller that will accept commands from
the main computer to start a scan or move to a given position.
The controller will control the application of power to the
motors to carry out these commands. If all the motors are of
the same type the job of the controller is simplified.

In the original scanner developed at Mayo Clinic, stepping
motors are used. There are several problems with using step-
ping motors that were determined at Mayo as a result of their

experience. A stepping motor is a discrete motion device and



many successive steps must be used to move the receiver through
the fan-beam angle. At every step the motor starts and stops
with a jerk. All of these jerks introduce vibration into the
transducers. One of the measurements that is taken during a
scan is the time-of-flight (TOF) of a pulse from transmitter
to receiver, which is very sensitive to vibration. To decrease
the vibration, Mayo developed a way of producing smooth, con-
tinuous motion with a stepping motor by vafying the current
through its coils in a sine-cosine pattern. With their exper-
ience it was decided against this approach because it involves
taking a discrete-motion device, the stepping motor, and at-
taching it to a complex system to allow it to move smoothly.
Since the system requires smooth motion, a DC motor was used
from the start.

In choosing to use DC motors it became necessary to design
a positioning system to allow the transducers to be stepped
through o in increments Aa. This would have been easier to do
directly with a stepper motor, but this way the system gained
the generality of a uniform control algorithm for all motors.
The system now posseses the flexibility to step through the
angle B while moving continuously through a, should a future
experiment require it. |

As was mentioned briefly before, the scanner must be able
to receive commands from the main computer, a Perkin-Elmer 7/32.
The commands will instruct the scanner where to move the trans-

ducers in the course of a scan. A control unit had to be de-



signed for the scanner, in order to receive the commands from
the computer and control the motors to carry them out. It
also must be able to transmit status information back to the
7/32. It was decided that the most flexible controller would
be a microprocessor. It would require the least amount of
special-purpose hardware, and design improvements could be a-
chieved simply by modifying the software. This is illustrated
in Figure 3.

To this point a description of the tomography project has
been presented, followed by the design constraints for the
ultrasonic scanner. The project described herein is to analy:ze
and solve the problem of controlling the DC-mctors in the scan-

ner.
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CHAPTER III | 11

GENERAL CONTROLLER DESCRIPTION

The scanner's controller is a microprocessor that is pro-
grammed to accept commands from the 7/32 computer and control
the scanner's motors in real-time to carry out those commands.
It also must transmit information about the position of the
transducers back to the 7/32, and is represented in a block
diagram in Figure 4. The controller is implemented on a MOS
Technology 6502 microprocessor. This processor was chosen be-

(5]

cause it has a very flexible instruction set and an inex-

pensive microcomputer system utilizing this processor is avail-

(6]

able on the market This system consists of a single circuit

board containing the processor,'memory, input-output ports, and

a sophisticated monitor program. It provides adequate software

support to be usable as a self-contained development system,

yet is sufficiently inexpensive to be dedicated as the controller.
The bulk of the software in the controller makes up a

real-time, discrete "P-I-D" (Proportional-Integral-Differential)

(71

control algorithm to control the motors. Feedback to the

controller is by way of a shaft-encoder, a device that outputs
a pulse for every given increment of a shaft'é rotation. The
encoder is mounted to provide position and velocity of the de-
grees of freedom. There is a separate encoder for each motor

(see Appendix A).

The motors are controlled by a pulsed voltage. The pulse
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repetition frequency is fixed and the effective voltage is de-
termined by the length of the duty cycle (see Appendix B). |
The controller outputs a control byte to the Pulse Width Gener-
ator (PWG), which causes it to send voltage pulses to the motor
whose '"ON'" time is proportional to the value in the control
byte. This method of control is advantageous because the final
driver transistors are either off or saturated, so they do not
dissipate as much power as they would if they were driven by a
digital to analog converter and were operated in their linear
region. The disadvantage to this approach is that by rapidly
switching the power to the motor, a radio frequency interference
(RFI) is caused which may interfere with the sensitive signal
processing circuits that process the received ultrasonic signal.
Should this become a problem, the PWG could be replaced with a

digital to analog converter (DAC) and a power amplifier.
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CHAPTER IV

OVERVIEW OF VELOCITY § POSITION CONTROL

The real-time controller will implement a velocity and
position controller for a DC motor. An analysis of this prob-
lem follows.

Figure 5 is a block diagram of a basic velocity control
system for a DC motor. The motor has an input voltage, Vm’ and
an output shaft velocity, W The problem at hand is to request
a velocity, Ws and automatically control Vm so that the motor
shaft turns at the rate CHp We wish for this to hold true even
for fluctuations in the load on the motor. This is accomplished
by feeding back Wy and comparing it with W, The difference
between these velocities is the error velocity, denoted by Wy
This error is the input to the controller. As long as the
error is zero, the controller knows it is outputting the cor-
rect Vm' If W, deviates from zero due to, say, a variation in
the motor's load or any other perﬁurbation, the controller
must adjust Vm to correct the speed of the motor.

A velocity control loop is the inner part of a position
controller (Figure 6). The controller is given a request to
move to a specific angle, er. It computes tﬁe difference be-
tween the requested angle and the motor's present angle, & .
This is the angular error, ee. If ee is zero, the motor is
positioned correctly and is not to move. If ee is non-zero,

the position controller must request thevelocity controller to



15

‘wexderq YO0[g TOIIUO) UOTILSO(|

‘g 2angtyg

u

(SIN
YOLOW D

v

o~

()™
WHTI0WLNOD
ALIDOTIA

‘weilderq YO0[g [0I13U0) AITOO0TOA

d
e

WATTONLNOD
NOFLISOd

*G 2andtyg

()R
HOLOW Oa

(s)™
YATIOULINOD
ALTDOTEA




16

move the motor in the direction that will cause ee to decrease

to zero. This is most simply done by letting w cpee where

T
C, is the positional-control feedback constant. When the motor

P
is in position, . is zero. If the motor is ahead of or behind
the requested position, a negative or positive velocity will
be requested in proportion to Se. (CP is assumed positive for
this example.) As ee decreases, W, decreases with it.
Although the feedback for position control can be imple-
mented by a constant gain (CP), velocity control is not so
simple. If a simple constant gain were used as feedback for
velocity control, the motor voltage would be determined by
Vm = pre. The subscript 'P' stands for 'proportiomal', since
this is known as proportional control. If W becomes zero Vm
also becomes zero and the motor looses speed. An equilibrium
point will be reached where the motor's velocity will be less
than W, by enough so that Vm can keep the motor's speed con-
stant. The error W will never become zero. At equilibrium,

W is known as the steady-state error, egg It is possible to

decrease L by increasing KP’ and

There are practical limitations to this, however, since the
noise-sensitivity of the system, its sensitivity to random

disturbances, is increased with KP‘
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The solution to the problem of having steady-state error
is to feed back the integral of the velocity error. Then the

feedback expression becomes
Vo (t) = Kpu () + Ky LTw_(1)dr. (1)

'KI' is the integral-control constant. It can be seen that
with this type of controller w, can equal zero at steady-state
and Vm will still have a non-zero value, coming from the inte-
gral term. In fact, if W deviates from zero by any amount,
the value of the integral term will change in such a way as to
correct the error. A controller of this type is known as a
"PI" controller, or 'proportional-integral". The time it takes
to make W, = w., OT even whether the controller works at all,
depends on the values chosen for KP and KI’ The time delay for
w, to approach a new W is called the response time, and is
critical in many applications including the scanner. Even
greater control over response time can be achieved by feeding

back the derivative of the error. Then the controller expres-

sion becomes:
V() = Kew () + Ko [T ()dr + Kn S () (2)
m P7e I o e D dt Te

'KD' is the derivative control constant and this is known as

full 'PID' control. This is a very versatile control method

used in many applications requiring quick response and no
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steady-state error.

In order to choose the proper values for the feedback gains

K K and K. it is first necessary to understand the dynamics

P’ 7I, D

of the system to be controlled. In this case that means knowing
the characteristics of the particular DC motor being used, and
the characteristics of the motor's load such as moment of inertia,
viscous drag, etc. The system dynamics must be described by
equations that comprise a mathematical model of the system.

The model should be as close as possible to the real system but
some error is permissable since a feedback-controller will cor-
rect for it. There are two different approaches to computing
the feedback gains, once the model of the system is derived.
They both center around classical control theory. In the alge-
braic approach the equations describing the controller are in-
corporated into the system model to give a complete closed-loop
system equation. When the desired closed-loop behavior of the
system has been decided on, the closed-loop equation can be
manipulated and solved for the values of the feedback gains

that will give such a response. This approach was the first one
attempted for the DC motor, but was abandoned because the equa-
tions became too unwieldly. The second approach involves using
a package of computer programs for manipulating linear systems.
The package, called "LINSYS", was developed at the University

(81

of Illinois It requires that the system be described in
matrix form. The desired behavior of the closed-loop system is

specified by requesting values for the system's closed-loop poles.



LINSYS then computes the feedback gains that give the system
this behavior. This approach has been used throughout the

design of the DC motor controller.

19
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CHAPTER V

MODEL OF ARMATURE-CONTROLLED DC MOTOR

The most popular DC servomotors use armature control and
have permanent-magnet field poles. Because of its relatively
low cost and linear characteristics, this type of motor was
selected for use in the scanner. It is controlled by varying
the voltage applied to the terminals of its rotating armature[g].

An electro-mechanical model of such a motor is shown in
Figure 7. Summing the voltages around the loop gives

di

Vm = La Tt Ri + Kvwm (3)

The torque is described by
T_ = Kri + Dwm (4)

and the angular acceleration is

dwm 1
KR (5)

These can easily be manipulated into separate electrical and

mechanical equations.

. ] '___.____ __1_
electrical: o i + La Vm (6)



L

+

Vm

- cncns

P LYY

a

Tn Torque on motor shaft

W Angular velocity of shaft
6n Angular position of shaft
D Viscous damping factor

J Moment-of-inertia of system
Kv Armature back-emf constant
R Armature resistance

La Armature inductance
Vm Armature voltage

i Armature current

Figure 7.

DC Motor Model.

21
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dwm KT .
mechanical: I T i+

(7)

S L
€

Of primary interest in the design of a servo control system
is the relationship between the applied voltage Vm and the
angular velocity W - The simplest way to find this is through
the Laplace transform technique. The transform of equation (6)

is

SI(s) - i (0) = -2 I(s) - %I @ (s) + p— V_(s) (8)
a a n a @
and (7) transforms to
‘ _ Kr D
st(s) - wm(o) = 5 I(s) + 5 Qm(s) (9)

Now it is possible to manipulate (8) and (9) algebraically to
Q_(s)
. - . m .
find the transfer function V;TET’ after letting the initial

conditions equal zero.

Q_(s) K K
TrsT C TE 5+R)(}s-D)+K X = Tg—" (10)
m a TV JLa(S+f—)(S'T)+KrKV

a

If the time-domain behavior of the motor is desired for any
given voltage waveform Vm(t), the transformed voltage expres-
sion, Vm(s), can be substituted in (10), giving an expression
for Qm(s) in the frequency domain. This expression can be con-

verted back to the time domain by taking its inverse Laplace
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transform, giving mm(t) for the given Vm(t). This is a time-
consuming process and won't be illustrated here.

It is often desired to know the steady-state velocity of
a DC motor with constant Vm(t). If Vm(t) is constant the
steady-state velocity is found through the Final-Value Theoremn.

It states that if F(s) = L{£f(t)}, then

lim £(t) = 1lim sF(s) (11)
t > » s -~ 0
. Vm .
Let Vm(t) = v, = const. Then Vm(s) = L{Vm(t)} = < Using
(11)
lim mm(t) = lim sﬂm(s)
t » ® s - 0
Kr Vm
= lim s —
R D S
JLa(S+f;)(5'j)+KTKV
giving

K
“n,ss K;Kifﬁﬁ Vm (12)
According to (12), if a DC motor obeys the linear model in
Figure 7, its steady-state velocity will be &irectly propor-
tional to its applied voltage.
The aforementioned transfer function is used as the basis
for algebraically determining the feedback values. In order

to use the LINSYS package to compute the feedback, the system
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must be described in matrix form,
x(t) = Ax(t) + Bu(t) (13)
y(t) = Cx(t) (14)

where x(t) is the system state vector, and u(t) is the input
to the system. In this case, X = [i } and u = Vm. The system
output is y(t), which represents themstate-variables of the
system that are available for measurement. The electric and

mechanical equations, (6) and (7), are used to find the values

for A and B, giving

g; i ) -R/La -KV/La i . l/La v (15)
Tl K_/J D/J w 0 m
m T m
where
-R/L -K._/L 1/L
A= a v a and B = a
KT/J D/J 0

"C" is the output matrix and will be defined later. This
method of defining the system is known as the matrix state
equation.

The specifications and parameter values for a typical DC

servomotor used in the scanner are in Appendix C.
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CHAPTER VI

ANALYSIS AND DESIGN OF A VELOCITY CONTROL SYSTEM

As was stated earlier, the simplest type of velocity control
uses a proportional controller, with V = Kp(mr - wm). This
controller has the drawback of permitting a steady-state error
fo exist in the motor's velocity. With a full PID controller
the steady-state error will be zero. This can be seen by
describing the closed-loop system of the motor and PID controller,
shown in Figure 5. Let the PID controller be described in the

frequency domain by

V_(s)

_ . - 1
CV(S) = -Q—e—T'S—)— KP + KI 3 + KDS (16)
The transfer function of the motor is
Q_(s) K
- _m T
UORE M6 (n

- R D
JLa(S+E;)(S'T)+KTKV

To examine the steady-state error in W it is necessary to find

the transfer function of the closed-loop system,

Qm(s) ; CV(S)M(S)
Q. (s) - 1+CV(S)M(S)

(18)

which becomes
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2
Qm(s) _ KTKD s” + KTKPS + KTKI (19)

g (s) 3 ) 2 -
T JLaS +(RJ DLa+KTKD)S +(KTKV+KTKP DR)S+KTKI

To determine the steady-state behavior of W the reference

velocity is made constant and the Final-Value Theorem (11) is

applied.
“r
Qr(s) = < (20)

2
KTK s” + KTKPS + KTKI wr

Wooss = 1im s 3 D >
s+0 JLas +(RJ-DLa+KTKD)s +(KTKV+KTKP'DR)S+KTKI

To examine the case for non-integral control, KI is set to zero,

and becomes
d m,ss

K_Kp
Yn,ss = T K.+K K,-DR °“r (22)
v Tt P

From this, the steady-state error can be written as

KTKP
€y T Wy T W = (1 - gx=xx0R) “r (23)
Tor Tt P

It can be seen that the error actually increases with the re-

KTKP

quested velocity. The error decreases as KrKr+KTKP'DR + 1,

which occurs when KP - », A non-integral controller can be

built that will have a small e if a large feedback value is
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used. The trouble with using a large feedback is that it makes
the system sensitive to random disturbances, such as noise.

The alternative to a proportional controller with large
gain is an integral controller. From equation (21) with KI # 0
it is seen that for integral control, “n.ss = W, and €es 0.
Integral control was chosen for the scanner's motors for this
reason. Had simple proportional control been used, the high

gain necessary for small e may have introduced enough noise

ss
to take away the inherent smoothness of a DC motor.

Placing the closed-loop system poles by hand involves
equating the desired characteristic equation (C.E.) to the C.E.
of the closed-loop system, then solving for the feedback gains.
For reasons of flexibility and simplicity, it was decided to
rework the system into matrix form and place the poles using
LINSYS.

LINSYS requires the system to be in the form of equations
(13)-(15). The system and desired poles are themn input to
LINSYS and it returns a feedback matrix F = [fl fz e fn]

where n is the number of system state-variables. The closed-

loop system will have the requested eigenvalues (poles) if

u = Fx

flxl + f2 gt e T f x (24)

This is called full-state feedback. Nowhere does LINSYS re-

quire a reference input, such as w., to place the poles. The
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feedback is designed to bring the system to equilibrium (all
derivatives zero) with the requested response pattern. Thus,
during pole-placement, the reference input is considered zero.
In a tracking problem such as velocity control, the actual
reference is introduced in the feedback. A simple example of
this involving non-integral control makes use of the system in
equation (15). After specifying the system (A,B) and the re-
quired closed-loop poles to LINSYS, it will compute a matrix

F = [f1 le. If the feedback is provided as in equation (24),
then the system will track a velocity of zero. If feedback is

provided in the form

£1%9

=
]

+ fz(xz - T) (25)

equivalent to 1 £f.i + fz(mm - w_) (26)

m 1 T
then the system will adjust itself to minimize (mm - mr) and
the motor's velocity will be close to w.. Since this example
does not provide integral control, there will be a steady-state
error in tracking W

The full-state feedback that LINSYS provides may appear
quite different in form than the controller éxpression in (2).
They are, in fact, different representations of the same thing.
It is easy to see how the fz term in (25) is equivalent to the

K. term in (2) since w_ = w_ - w_ in (2). The fl term in (25)

P e T m
d

comes in place of the KD term in (2) because 5? w, < 3% (wr -

wm) = o since O is constant. From (7) it is seen that W
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can be expressed in terms of i and W, SO feeding back -ém with
gain KD in (2) is equivalent to feeding back i with gain fl in
(26). The system being controlled in (25)—(26) has no state
equivalent to the KI term in (2) so full state feedback in this
case will not provide integral control.

In order to use LINSYS to design an integral controller it
is necessary to augment the system in (15) with a third state-

variable to represent the integral of Wo o T Wi Then (15)

becomes
i -R/La —KV/La 0 i l/La 0
d -
T Ynl ° KT/J D/J 0 W + 0 Vm +10 (27)
_Qd- I 0 1 O_ bed_ i 0 | h-wr-
The new state is
d = -
I Gd = Wy W (28)
oT 8, = t(w - w_)dr (29)
d 6 m T

The final term in (27) is the disturbance input. This term is
omitted for purposes of pole placement. LINSYS will compute

the values for F = {fl f fS] so that with

2

fl
L
~

+
Hh
~

+
Hn
~
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the system will go to equilibrium from any initial state with
the requested response time. To implement this integral con-
troller it is necessary to build an integrator for (mm - wr).
Then the third term in (30) becomes

£oxg = £5 [Tlop - w)dT (31)
and it is easily seen to be equivalent to the KI term in (2).
Full state feedback for the augmented system in (27) is equiva-
lent to full PID control.

A prerequisite to being able to build the integrator for
the KI term is the ability to measure wj. This would normally
be done by means of a tachometer-generator connected to the
motor shaft. Many servomotors have built-in tachometers, in-
cluding theones used for the scanner. The tachometer works
quite well at producing a voltage proportional to velocity over
most of the motor's operating range, but at low velocity the
accuracy diminishes greatly. Much of the operation of the
scanner will require low motor velocities, especially during
positioning. For this reason an alternative had to be found
to the direct tachometer approach.

In order to have feedback for the positioning operation,
an optical shaft encoder is connected to the final driven shaft.
This device produces an output pulse every time its shaft moves
through a small angle (Appendik A). This device is also used

in place of a tachometer for velocity control. This is done
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by breaking up the integral term as shown

t . (t _ ot

é (wm wr)dr é wde é wrdr (32)
The first term on the right in (32) is simply the motor angle,
em, which can be measured very accurately by keeping a count

of pulses from the encoder. The second term can be thought of
as representing a '"lead angle", ef, which increases at the rate

desired of the motor's angle. The integral term can then be

written to look like
f3x3 = fs(em - ef) (33)

Whenever Gm is unequal to 8 the integral term contributes to
the control voltage Vm in such a way as to minimize the dif-
ference.

As 1is seen, the integral velocity controller will try to
cause em to increase until it is equal to ef. This is equi-
valent to position control, where ef is the angular position
being sought. In the case of velocity control, ef will be
constantly increasing in the direction of W If the motor's
velocity is less than W, the difference angie ed = em - 8;
will increase in magnitude, producing a larger contribution to
Vm’ which in turn will "close the gap". If w, gets too large

3. will decrease in magnitude in turn slowing down the motor.

d
How near 6 is to 9. is determined by the motor's voltage
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requirement for maintaining the requested speed. If w, OT the
load on the motor is changed, ed will settle to a new equili-
brium value that provides the needed voltage.

If this controller were to be used to control position W
would be set to zero and 6f set to 6., the position sought.

With w, = 0, 6. will remain constant. As long as Gm does not

£
equal 6f a control voltage will be produced to close the gap.
There is a drawback to this type of position control. Due to
static friction, it is impossible to achieve zero error on
positioning, similar to how non-integral velocity control left

a steady-state error in velocity, as seen in (22) and (23). The
steady-state position error can be decreased by using a large
value for f3 but this is dangerous because 3rd-order systems
tend to become unstable when this is done. Whereas this con-
troller provides integral control of velocity, it can be used

to produce only non-integral control of position. A position
controller that has no error would require still another feed-

back proportional to f(em - er)dr, and the system would be 4th-

order.
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CHAPTER VII

STATE FEEDBACK WITH FULL-ORDER OBSERVER

Implementing an integral controller with full-state feed-
back requires knowing the current values of all state-variables,
i, W and em. Unless a tachometer is used to measure wp, the
only state-variable that is directly measureable here is em.

If the system (A,C) 1is observable it is possible to design an

observer that will predict the values of the other state-vari-

ables by measuring em. A" is the system matrix from (27)
-R/La -KV/La
A= KT/J D/J (34)
0 1
L

and "C" is the output matrix defining the system's output, OT

directly measureable state-variables.

The output, VY,

is defined

by
y = Cx Xq
= [0 1] X, (35)
= em _ X3

since motor position is

all that can be measured directly and

this does not yet include 8¢ (33).
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An observer works by simulating the behavior of the system
and correcting for any deviation between the real system and
the observer's system. The observer's state is available and
is used for feedback instead of the real system's state. The
observer's state is denoted by ;, and ideally it will converge

to x and remain there. The observer equation is

;—tx=Ax+Bu+K(Y‘Y) (36)

<
it
O
el

(37)

where A, B, and C are the same as for the real system. Since
the observer will often start with initial conditions different
from the system it's observing, the observer's state will typi-
cally be different from that of the system. This can also
happen if (A,B) is a less-than-perfect model of the system.
The 3rd term in (36) is to correct any error in the observed
state. If the output from the observer, C;, is not equal to
the measured system output there is an error in the observer
state. The matrix K provides a correction to the observer
state based on the amount of this error, and is the ''observer
feedback matrix".

Determining a value for X is done in a way similar to how
F was found to place the poles of (A,B). If (36) is subtracted

from the system equation,
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x = Ax + Bu (38)

ae

the result is

A(x - %) - K(Cx - CX)

(x - x)
a—t' X X (39)

(A - KC)(x - %)

~

It is desired that x - x, or (x - ;) - 0. If (A,C) is obser-
vable, K can be found so that (x - ;) + 0 as rapidly as desired.
This is equivalent to using K to place the poles of (A,C) the
way F was used to place the poles of (A,B) in (30). LINSYS

cah be used to compute the value of K, given the desired obser-
ver poles.

This is called a full-order observer because it reconstructs
the complete state of the system. It has the drawback of also
reconstructing the measured state-variable, which is redundant.
Nevertheless, a full-order observer is the simplest type to
design. It is also possible to design a reduced order observer
that observes only those state-variables that are not available
through y. When state feedback is provided from the observer's
state the system will have the same closed lobp eigenvalues as
if actual state feedback were provided, if the observer poles
are faster (farther to the left) than the system's. Otherwise

X will not be able to track x and the system may be unstable.

The poles of (A - KC) should be chosen to be to the left of the
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poles of (A + BF) in the s-plane.

Ideally it may seem desirable to make the system and ob-
server infinitely fast so ; + x and W T W immediately. A
faster system requires larger feedback values, and there 1s a
practical limit to how great a feedback can be used. Also, a
slower system is more insensitive to noise. Noise in this case
is any high frequency disturbance, or other inaccuracy in the
system. If the system has a faster response it has a higher
bandwidth and will attempt to track the noise, producing vibra-
tion and unsteadiness at the output. This would defeat the
purpose of using a DC motor instead of a stepping motor as
described earlier. If the observér has too fast a response it
may tend to overcompensate for any inaccuracy in ; and the
trajectory of ; will swing back and forth as it follows the

trajectory of x, unless the implementation of the observer has

high accuracy and low noise.
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CHAPTER VIII

DISCRETE IMPLEMENTATION OF VELOCITY CONTROL

The preceeding discussion centered on the design of a PID
velocity controller, taking note of the requirements of the
ultrasonic scanner. The controller is to be implemented on a
microprocessor, which makes it a discrete controller. That is,
it receives information about the system only at discrete time
intervals kT, k=0, 1, 2, . . . . It can only update its
control output when it receives new input about the system, and
the control stays constant during each interval (Figure 8). 1If
the sampling and updating frequency is- high the system with a
discrete controller will resemble one with a continuous, analog
controller. If the feedback-gains for a continuous system are
used in a discrete controller, the sampling rate would have to
be high or the system may become unstable.

It is possible to design a discrete controller with feed-
back gains ''custom tailored" for a given sampling frequency.

To do this it is necessary to know how much the system will
change if its input is held constant for time T. Since a DC
motor is a linear system it is possible to £find the motor's
state at time t = (k + 1)T by summing its zero-input response

and zero-state response over period T.

t=T
x[(k + 1)T] = ¢(T)x[kT] +

t

¢ (t)Bdt ulkT] (40)

H - H

0
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The first term on the right in (40) is the zero-input response

of the system, starting with its state at kT. The second term

is the zero-state response for the control u that was last up-

dated at t = kT. Since u(kT) is a constant during the interval
it was removed from within the integral. The matrix ¢(t) is

the state transition matrix, where
_ .-1 -1
b(t) = L ~{(sI - A) "} (41)
A discrete state equation can be written from (40), ana-
logous to the continuous state equation of (13) and (14). In

this equation, x(k) is written instead of x(kT).

x(k + 1)

Aq x(k) =+ Bd u(k) (42)

y(k) = Cy x(k) (43)

The discrete system matrix is A

Ay = 9(T) (44)

and the discrete input matrix 1is Bd’

B, = 7 ¢(t) Bdt (45)
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In the output equation (43) the Cd matrix equals its continuous
counterpart. Equation (42) is a difference equation, giving
the state of thevsystem one time period after a specific input
was applied to it.

Using (40) it is possible to discretize the DC motor equa-
tions from (27). The final result is shown in (46)-(48). It
should be noted that a system must be discretized for a parti-
cular T. If the period is changed, a new discretized system

must be computed.

) - o -

i(k + 1) i(k)
w (e + 1) | = Ay | (k) |+ By V() (46)
] o (k + 1)_ e“‘(k).

See Appendix C for some values for matrixes Ad and Bd at various
sampling periods T.

Determining the feedback to control a discrete system is
basically the same as for a continuous system. It is desired

to find a matrix or vector Fd = [fl fz f3] such that when
u(k) = Fd x (k) _ (49)

the system states will go to zero after several iterations.
The number of iterations it takes is determined by the discrete
eigenvalues. If state variable Xj is uniquely associated with

discrete eigenvalue 25 then xj(k + 1) = 2 xj(k). If ]zj[ <1
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then Xj will go to zero and the closer zj is to zero, the faster

it will converge. If for all discrete eigenvalues Z5s
<1 (51)

the system is stable. The discrete eigenvalues are related to
the continuous poles s, by

g . = eSiT

i (52)
Computing the discrete feedback Fd is done in the same way as
computing F in the continuous case, and can be done using
LINSYS. The desired values for z; are given to LINSYS along
with Ad and B,. LINSYS will compute Fd such that the poles of

d
the closed-loop system,

x(k + 1)

Ayq x(k) + By Fd x(k)

(Ad + BdFd)x(k)

(53)

are at z.. This value of Fd will only provide such a response
if it is used at the sampling frequency for which Ad, Bd’ and
2, were computed. |

The process of determining the feedback for the scanner's
controller starts with choosing s-plane poles that give the
desired response for the continuous system. These poles are
transformed to the z-plane using (52), after a suitable value

for T is chosen. The matrices Ad and Bd must be computed for
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the chosen T is and then they and the poles given to LINSYS.
At this point LINSYS can compute Fd.

Since only one state-variable can be directly measured the
others must be observed by a discrete observer. A discrete
version of the observer of (36) must be designed and implemented
on the microprocessor. For a stable system the poles of the
observer must be chosen to lie to left of the system poles in
the s-plane or closer to the origin in the z-plane. After
choosing poles for the observer, LINSYS can compute the discrete
observer feedback matrix Kd for the system matrix Ad and the
output matrix Cd = C. The microprocessor must be programmed

to implement the discrete version of (36), which is
x(k + 1) + Ad x(k) + Bd u(k) + Kd(y(k) - Cdx(k)) (54)
The system being observed is closed-loop and its input is com-

puted from (49). This can be used to simplify (54) by substi-

tuting for u(k).

Ag x(k) + ByF, x(k) - K C4 (k) *+ Ky (k)
(55)

Xk + 1)

(Ag + BgFy - KiC) x(k) + Ky y(Kk)

Equation (55) defines a discrete observer for a closed-loop
system. At each iteration it computes a new value of x based

on the old value and the measured system output, y. The overall
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discrete observer matrix is

= Ad + BdFd - chd (56)

Equation (55) must be modified slightly to incorporate the vel-

ocity setpoint. In the original augmented system of (27) Xz
was not the true motor angle, but was the integral of W otow
(29). This must be taken into account in (55) where X Tepre-

sents the motor angle alone. The control expression is

u(k) = V

. Pd;c(k)
(57)

flx(k) + fzxz(k) + fSXS(k)

As shown in (32) and (33), the third state-variable is the dif-
ference between Gm and ef. For velocity control ef increases
at the rate Twr each time period, since bp = étwrdt. One way

to modify (55) so that X4 becomes em - ef is to subtract Twr

from X5 at each iteration. It is also necessary to modify the
system output y. In (55) y = em, the measured motor angle.

Since Xz was modified to become em - ef it is necessary to let

y(k) = 6, (k) - 8.(k) (58)

This adjusts the observer's input, the system's "output', to be

consistent with Xz A new value of 6 must be computed during
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each control iteration.
A summary of the equations to be carried out by the micro-

processor during each control cycle follows.

Vo= u(k) = Fy % (K) (59)
-

Xk + 1) = Ay x(k) - | 0 |+ kg8 (k) - 0.(K))  (60)
LTmr-

0ok + 1) = 8.(k) + To (61)

The only quantity that is sensed from the outside world is
em(k), which is a count of pulses from the position encoder.

So as not to count unreasonably high, the counter for the
encoder resets to zero after counting through 360°. If the
encoder turns past zero in the negative direction, the count is
set to the maximum. In this way each position has a unique
angle associated with it. Whenever the encoder crosses zero
the value of ef must be corrected so that the difference Qm - ef
remains constant. The encoder has a zero-reference output line.
This line is used to interrupt the processor each time the en-
coder crosses zero so that 6. may be corrected.

Figure 9 is a simplified flowchart of the discrete control-
ler-observer. Graphs of this controller's performance are

found in Appendix D.
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CHAPTER IX

POSITIONAL CONTROL

It has been explained that the velocity control system
just described can be used to control motor position, but there
will usually be a positioning error due to static frictiom.

In a proportional position controller such as this one, the

motor voltage is proportional to the positional error

Vm = CP(Gr -6

) (62)
When the érror becomes small enough that the voltage no longer
overcomes static friction the motor stops, leaving a position-
ing error.

This error can be overcome by using the previously-designed
integral velocity controller as the inner loop of the position
controller shown in Figure 6. As long as there is a positional
error, a nonzero velocity will be requested from the velocity
controller to correct the error. However small the requested
velocity is, the velocity controller will be able to overcome
friction and move toward the requested position, since it uses
integral control. Once the velocity controllér has been designed
the only parameter of position control that remains to be ad-

justed is Cp, the positional feedback constant, where

w, = CP(Sr - 6

) (63)

m
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The system is not in a form in which LINSYS can be used to
find CP. Rather than manipulate the new system into matrix
form it was decided to modify the algorithm of (59)-(61) (Figure
9) to include (63). The modification is to compute a new W
at each iteration, rather than keep it fixed as in velocity
control. When a zero-reference interrupt occurs, er must be
adjusted for the same reason ef had to be adjusted during vel-
_ocity control. Figure 10 is a flowchart of the modified
controller. With a controller that implements this algorithm
it is possible to note the resultant system response for varying
values of CP’ and determine the best value to use experimentally.

The experimental results were not too encouraging. For
all but small values of CP the system had a great deal of
"ringing' and overshoot. When CP was made small enough that
this wouldn't happen, the system response was quite slow. Ap-
pendix D shows graphs of the new controller's performance for
various values of CP, using the same velocity controller as
before. It can be seen that the system is severely underdamped
for all but small CP'

It may be possible to speed up the response and improve the
damping by changing the poles of the velocity controller. A
more direct approach is to redesign the position controller as
a 4th-order system and ﬁse LINSYS to determine the feedback,
the same way the velocity controller was designed. The result
of this will be an integral position controller. The 3rd-order

system (27) is augmented with a fourth state-variable, q, to
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represent the integral of the position error,
= rt -
a(t) = £5(8, (1) - 8 (1))dr (64)

The augmented system becomes

i (-r/L, -k /L, 0 o] |4 1}; 0
L] k/J  D/3 0 0| |w + 0 . 0 -
dt ) 0 1 0 0 8. 0 m 0

q | 0 o 1 o0} la | | 0] -0

It should be noted that the third state-variable is em and not

9, as in (27). In (27) the third state-variable was the inte-

d
gral of the velocity error but in (65) the reference velocity
is set to zero so the third state-variable is the motor position,
I With full-state feedback, the control voltage becomes
. t
= + + -

Vm fll fzwm + fSSm f4 é (em er)dT (66)
If the motor is told to seek a position but stops in the wrong
place because of friction, the fourth term in (66) will increase
until Vm is great enough to overcome the friction.

When it is desired for the system in (65) to have a con-

stant motor velocity, w. can be entered as a disturbance as

shown in (67).



51

e C-R/L, kL, o o4 ] f: "0 ]

S | “n ] K. /J D/J 0 O W 0 0

dt 84 ) 0 1 0 0 8, ' 0 Ym ¥ o (e7)
|3 i 0 0 1 0 lLa | i 0 ] _-er_

In this system the third state-variable is written as ed and
has the same meaning as in (27), it being the difference angle
between the motor position and the integral of W The control
voltage from (67) is
Vo= £+ fyu + .0, + £, gt(ed SCILL: (68)

I1f er is any arbitrary constant, the closed-loop system of (67)
and (68) will settle to equilibrium with ed = er and W = W

Since this 4th-order system is completely controllable the
feedback gains fi can be chosen for any choice of closed-loop
eigenvalues. This allows the positioning system to be designed
for a fast response without excessive overshoot. The disadvan-
tage to this approach is that 4th-order systems are less stable
than 3rd-order, so fluctuations in system parameters are more
likely to cast the system into instability. Furthermore, if
the only state-vériable available for measurement is 6m it is
necessary to build an observer to facilitate full-state feedback.
If the observed state is '"noisy', due to inaccuracies in the
model or the observer being too sensitive, the system may become

unstable.
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It is undesirable to build a 4th-order observer for this
system, since the 4th state-variable is an artificial one and
observing it would be redundant. No other state-variable in
the system depends on q, so the 3rd-order observer for the system
in (34) and (35) can be used. This significantly reduces the
amount of calculating that must be done during each iteration
of the control algorithm.

Determining the discrete feedback gains and designing the
discrete observer is the same as for velocity control, except
that to compute the feedback the discrete form of the system
in (65) is used. Since the observer is of a lower order than
the augmented system, the simplification of the observer ex-
pression shown in (55) must be modified. One way this can be

done is by letting

x(k + 1)

Ay x(k) + Byu(k) - K Cy X(k) + Ky ¥ (K)

. (69)
(Ad - KdCd) x(k) + Bdu(k) + Kd y (k)

In these expressions, Ad, Bd’ Kd’ and Cd are the previous matrices
from the 3rd-order velocity-control system. .The control u(k)
is computed with the 4th-order feedback gains,

u(k) = flilgk) v £, §2(k) v £, §3(k) + £,q(k) (70)

The control algorithm is complete when the reference inputs for
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velocity and position are included. It resembles the velocity

controller in (59)-(61).

[£f, £ ] ;(k)
V. = u(k) = [f £, £ - (71)
m 172 73 74 q (k)
A N 0
x(k + 1) = (Ad - KdCd)x(k) - % + Bdu(k) + Kd(em(k) - ef(k))
w
T
(72)
a(k + 1) = q(k) + Tle (k) - 8.(k) - 8] (73)
ef(k + 1) = ef(k) + Tmr (74)

Velocity control on the above system is achieved by setting W
to the desired velocity and er to any constant, typically zero.
Positioning is accomplished by setting W and ef to zero and
initializing ;3 to em. Then, when er is set to the desired

position, the motor will move there. Had 6 not been set to

zero, the motor would have turned to a position such that



54

APPENDIX A

SHAFT POSITION SENSING

The microprocessor controller is responsible for keeping
track of the transducers' position angles, «, 8, and vy, so
that position information can be transmitted to the 7/32 com-
puter while ultrasonic data is being taken. This information
can also be used to determine the rate at which a given angle
is changing. The task of position sensing is accomplished by
connecting an optical shaft encoder to the drive shaft of each
degree of freedom.

An encoder consists of a "slotted" disk mounted on a shaft.
A beam of light is passed through the disk and is sensed by a
photocell. As the shaft turns the light beam gets interrupted,
causing the photocell to emit a voltage that varies with the
motion of the disk. The photocell output gets passed to a
conditioning circuit which processes it to standard logic
voltages, and is then transferred out of the encoder. The
encoders used in the scanner have three output lines, CCW, CW,
and ZREF. If the encoder's shaft is being turned in a counter-
clockwise direction the CCW line is pulsed at a rate of 10
pulses per degree of shaft rotation. The line is at ground
potential otherwise. The same 1s true of the CW line for
clockwise shaft rotation. There is a separate channel of in-
formation on the encoder's disk for zero-reference. The ZREF

line is pulsed once for each rotation of the shaft as it moves
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past a fixed point.

The motion of each transducer is induced by its respective
DC motor through several reduction gears. This increases the
effective torque and improves the positioning accuracy, but
also introduces backlash into the system. So as to accurately
know each transducer's position despite the backlash, each
encoder is directly connected to the shaft on which its degree-
of-freedom pivots. It is necessary to know the position of
each transducer to within 0.1°, so encoders with 0.1° of ac-
curacy‘were chosen.

A shaft's absolute position can be determined by counting
pulses from the encoder (Figure A-1). A bidirectional binary
counter is driven by the encoder outputs, the CCW line causing
it to count up and the CW line causing it to count down. A
counterclockwise shaft motion was chosen to be positive. The
counter is never permitted to reach a value higher than 3599,
since at 10 pulses per degree the encoder produces 3600 pulses
per turn. The encoder's ZREF line will reset the counter to
zero if it attempts to count higher than 3599 while turning
counterclockwise. If the encoder is turned clockwise past
zero the counter will automatically be loaded with 3599, and
is never allowed to go negative. In this way each position
of the encoder shaft has a unique angle associated with it.

The counter associated with an encoder is the position register
for that degree of freedom. It is connected to the micropro-

cessor's bus and can be read by the control program. When the
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system is powered-on initially the position register will not
reflect the position of its associated transducer. This 1is
dealt with by instructing each motor to move in a predetermined
direction until the occurance of a pulse from its ZREF line.
This will automatically initialize its position register and
inform the microprocessor controller that this transducer 1is

at its "home' position. An R-S flipflop connected across the
inputs to the counter keeps track of the most recent direction
in which the shaft moved. This signal is also read by the

microprocessor, and is used by parts of the control program.
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APPENDIX B

PULSED MOTOR CONTROL

The DC motors in the scanner are operated over a wide
range of speeds, and under viscous loading conditions since
the transducers are immersed in water. A significant amount
of torque is required to rapidly accelerate the transducers to
their required scanning speed and keep the speed constant. As
seen in equations (4) and (7) the motor's torque is proportional
to the current through its armature, and as the velocity through
a viscous medium increases the current-requirements of the motor
to counteract the drag increase. From equation (12) it is seen
that the motor's steady-state speed is proportional to its
supply voltage.

The microprocessor controller will output a control byte
representing a motor voltage during each control cycle. Two
approaches to powering the motor were considered: sending the
byte to a digital to analog converter (DAC) and then to a
power amplifier, or using the byte to control a pulsed voltage
to the motor. Due to the wide range of voltages and currents
that a single motor requires, pulsed voltage control was chosen.
This is because a linear power amplifier wili have to drop a
" significant voltage when operated below full power, which re-
quires extensive heat sinking and raised questions of reliability.

The pulsing method that was chosen involves varying the

duty cycle of a pulse stream that is of fixed frequency,
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illustrated in Figure B-1. All pulses are of fixed height,

and a higher effective voltage is equivalent to wider pulses.
This pulse-width modulation method was chosen because it is
straightforward to implement with digital circuitry. A question
arose as to whether a DC motor would behave with a pulsed
voltage similar to when it is given the equivalent continuous
voltage. The DC-motor model of equations (6) and (7) was sub-
jected to a computer simulation using IBM's Continuous Systems

Modeling Program (csMp 111) (101

In the simulation, Vm was
allowed to be both continuous and pulsed. As long as the pulse
period was less than the motor's responée time there was very
little difference between the two cases. The steady-state
velocity was the same in each case.

The circuit that receives the control byte is shown in
simplified form in Figure B-2. A 1 MHz clock is continuously
supplied to an 8-bit binary counter. This clock frequency is
not critical, but was chosen because it could conveniently be
tapped from the microprocessor. The counter's output is sent
to an 8-bit magnitude-comparator circuit, to be compared to the
control byte. As long as the control byte is greater than the
value in the counter the comparator outputs a signal to turn
on the motor. When the counter exceeds the value of the con-
trol byte the output pulse is turned off, and stays off until
the counter resets itself to zero. A higher value of control

byte will create longer pulses. The microcomputer outputs a

ninth bit, separate from the voltage-byte, to determine motor
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direction. This bit routes the voltage pulses to the correct
side of the bidirectional driver circuit.

The motor driver circuit is shown in Figure B-3. Power
is applied to the motor by bringing either the FWD or REV input
low. These lines are normally high. With the inputs high, QS’
QZ’ Q6 and Q5 are all saturated, bringing the motor terminals
close to ground. When FWD goes low, Q3 and Q2 stop conducting
causing Q1 to turn on. Current is driven through Q1 and Dl
to the motor, and then through Q5 to ground. The same is true
when REV goes low and FWD is high. This circuit requires only
a single power supply. Heat sinking is not required because
the transistors are either on or off; they are never required
to dissipate too much power.

A graph of the performance of this type of motor driver
is shown in Figure B-4. The motor that was used is the one
documented in Appendix C. Velocity.measurements were made
using the motor's built-in tachometer. It can be seen that
the steady-state motor velocity is very linear with respect to
the control byte. The graph does not go through the origin

due to static friction.
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Figure B-4. Linearity of Pulsed Motor-Control.
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NUMERICAL CONSTANTS

APPENDIX C

© 65

Specifications for the Electro-Craft Model 0660-06-011 Perma-

nent-Magnet DC Servomotor

Torque Constant
Voltage Constant
Armature Resistance
Moment of Inertia
Viscous Damping Factor
Static Friction Torque

Armature Inductance

BUILT-IN TACHOMETER

(111,

MOTOR

21 oz-in/A

+10%

16 V/KRPM or 0.1528 V-sec/rad £10%

@25°C =15%

0.032 oz-in—sec2

K
K
R 1.15 @
J
D

-1.0 oz-in/XRPM

7 oz-in

La 4 mH

Voltage Gradient
Terminal Resistance
Armature Inductance
Ripple Amplitude
Ripple Frequency

Using these values, the

-287.5
d = | 647.9
It | %m |~ ’
5 0
m
. - e

KT 14.2 V/KRPM +10%
RT 750 Q @25°C x15%
LT 140 mH
% of DC output
11 Cycles/Revolution

motor-model of equation (27) becomes:

-38.2 Q
-0.2946 0
1 0

- g
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The discrete version of this system is given in (46)-(48).
The values of Ad and Bd for sampling rates of 10 Hz and 50 Hz
are given here.

For T = 0.1 sec

g oy g -

3.78 x 1077  -4.76 x 1078 0 2.966 x 1079
Ay = 8.07 x 1077 7.36 x 1077 0 By = 6.522

2.61 x 1072 1.16 x 10°% 1 5.766 x 1071
For T = 0.02 sec

i -1 -2 7 i -1 7]

-1.048 x 10 -3.208 x 10 0 2.125 x 10
Ay = 5.441 x 1071 1.364 x 107t o By = 5.630

2.252 x 1072 1.083 x 10°% 1 5.972 x 1072
o vl L -

The units for these numbers are (-represents unitless):

- A-sec - AV
[Ad] =1 1/A-sec - - [Bd] = | rad/V-sec
1/A sec - rad/V

The design of a typical system is now shown. Choose con-
tinuous-system poles: $; < -20, -40 + j40. These poles were
chosen because of the critically-damped response they produce.
This was determined with a graphing package included in LINSYS

(Figure C-1).
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Continuous-Time Closed-Loop Response

Figure C-1.

-40tj40.

-20,

1

of Model to a Unit-Step Input, s.
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Using T = 0.02 sec these poles transform to the following

- discrete-time poles: z, = 0.6703, 0.3131 = j0.3223 through

the transformation z, = eSiT.

Given these values for Z;5 and (Ad, Bd) above, LINSYS

computes the feedback:

1 2

[7.6728 x 10 3.3982 x 10 -1.4981]

11
it

The units are: [Pd] [V/A V-sec/rad V/rad]

Observer design is accomplished in a similar way. Choose

observer poles to be five times "faster" than the system:

-100, -200 = j200

wn
il

1}

giving zZ 0.1353, -0.01197 = j0.01386

Given these values for Z5s and (Ad,Cd) where Cd = [0 0 117,

LINSYS computes the observer feedback matrix:

= s . -

2.7185 x 107 % A/rad
Kd = | -1.3579 Units: [Kd] =| 1/sec
| 9.2024 x 1071 -

The overall discrete-observer matrix is (see equations (55)

and (56)):



[5.8248 x 1072 -2.4659 x 1072  -5.9019 x 1071
Ay = | 4.8639 3.2772 x 10°Y  -7.0764
6.8342 x 107>  1.2859 x 1072  -9.7100 x 107°
I - A-sec/rad A/rad—
Units: [Aod] = | rad/A-sec - 1/sec
i rad/A sec -
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APPENDIX D

SYSTEM PERFORMANCE

The performance of the velocity control system is shown
in Figure D-1. Figure D-1(a) shows how the system rapidly
converges to the requested velocity. There is a small amount
of velocity overshoot that did not occur in the continuous-time
simulation (Figure C-1). This is due to inacuracies between
the model and the physical system. These velocity measurements
were made using the motor's built-in tachometer, which is why
there is a ripple on the steady-state velocity.

The system's response to a varying load is seen in Figure
D-1(b). At points A and C the motor was slowed down by adding
friction to its shaft, but in each case the integral controller
was able to correct for this and the motor resumed its original
speed. Points B and D are where the extra drag was removed.
The speed momentarily increased and then resumed correctly.

Responses of the simplified positioning system are shown
in Figure D-2. It is slow to converge to a requested position,
although its initial response is quite fast. A significant
amount of ringing is produced for even the small value of CP
in Figure D-2(a). For values of C, larger than used here, the

P
system became unstable.
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Tachometer Voltage

(14.2V/KRPM) .
)

Tachometer Voltage

10 -

(a)

2,560°/Sec
\

1,280°/Sec

-1,280°/Sec

v J
uﬁ -2,560°/Sec

71

10 =

] T T T T

Time (5 Sec / Division)

(b)

1600° /Sec

i t 1 i 1
Time (5 Sec / Division)

Figure D-1. Response of Velocity Controller.
(a) Step Inputs, (b) Varying Load.
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(a)

: LI‘_T | 204, 8°
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Time (5 Sec / Division)

(b)

— 204,8°
o { A ‘
A1 102,40
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[ f ] 1

Time (5 Sec / Division)

Figure D-2. Response of Simplified Position
Controller to Step-Inputs. (a) Cp=3/16, (b) Cp=2/16.
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