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The theoretical response of a system may be formulated on the
basis of known parameters. The actual performance,however, may vary from
the theoretical because of either some unknown or "approximately formu-
lated" factors.

Friction is one of the factors that appear in any mechanical system
causing some variation between theoretical and actual performance. In
the following chapters, nonlinearity of "M.S. 150" due to friction and
saturation is discussed,and primarily, it is shown how a Microprocessor
can be employed to compensate for nonlinearity versus the analog compen-
sation.

In the process,' all the hardwére design, interfacing, flow charts

and the software design are discussed.
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CHAPTER 1

INTRODUCTION

In general, achievement of a predetermined output in a process
is the objective of a feedback control system.‘ In the past, conventional
analog feedback loops have been employed,usually,in achieving the desired
output in a system. However, due to the present advancements in digital
technology, the availability and the economics of integrated circuits
(I.C's) including microprocessors, have opened a new chapter in practical
"REAL-TIME" feedback control engineering. With this new approach, analog
feedback is combined or replaced with a digital feedback to produce extreme
flexibility in the control process.

The purpose of this project is to demonstrate a digital approach
to a typical feedback solution using an "8080" processor based micro-
computer.

In the following chapters, two commonly used experiments namely,
"BODE PLOT" and "SPEED CONTROL" experiments are investigated. In the
Bode Plot experiment (See Chapter I and Appendix A) the necessity of a
compensating network is shown. Once the need and the characteristics of
the compensating network is determined, then in Chapter II, a digital
compensator is introduced which is more f]exib]e then the analog compen-
sating network suggested by the manufacturer of the system.

In the Speed Control experiment, it is shown how a digital
system can produce far superior regulation in comparison to the ana]og

system.



In the experiments, the system under investigation is a universal
teaching aid known as the "MS 150" modular servo system. The system
includes an armature-controlled D.C. motor which is the main object to be
controlled. Consequently, the theoretical characteristics and the actual
performance of the D.C. motor is discussed which leads to the discrepancy
between the ideal and actual performance of the motor due to friction that
results in a nonlinear response.

In the digital section, Chapter II, all the necessary hardware
| and software are discussed including the design and implementation of a
working prototype unit.

Theory on Armature Controlled D.C. Motors

In an armature controlled D.C. motor, the field current is held

constant and the armature current is varied for control.

——
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Figure 1. Representation of an Armature-Controlled D.C. Motor.

The relationship between the generated torque and the armature
current is of the form:

1= KtIa (1)



In this form, K, is the torque constant, (torque/amp.) and T (foot-pound)

t
is the torque. Ia (ampere) represents the armature current which depends
on the armature resistance Ra'
V. -K_ S
[ =2 D , (2)

Since the generated torque is used up in accelerating the enertia

Ji while opposing the friction, the governing equation is:

_ . dS
T=0, 2+Fs (3)

dS/dt represent the acceleration (radians/secz) while S represents the
speed (radians/sec) and F is the viscous friction (Torque/radian/sec).

Substituting 1ike values from Equations (2) and (3) into (1) we

arrive at:
V. - K_S
dS _ a b '
gt * FS=K (——-7;—————) (4)
a
multiplying both sides by Ra
GBI 5 =Y S (5)
i'a dt a t a t b
or
dS & .
JiRaat * (RaF * Kth) S = Ki¥, (6)
and finally dividing both sides by (RaF + Kth)
J.R K
dS t
() o * S = () V (7)
FRa + KbKt dt FRa * KbKt a

Equation (7) is a first order differential equation where the
input is Va’ the applied armature voltage and the output is S the speed
of the motor. Noting that the contents of the parenthesis in Equation (7)

is a constant, Equation. (7) then represents a system similar to a



RC circuit with an applied D.C. source.

In charging a capacitor through a resistance, the applied D.C.
voltage charges up the capacitor to a maximum voltage. The process of
charging takes place until the capacitor has reached its maximum charge.
The charging time (t) depends upon the capacitance of the capacitor and
the series resistance of the circuit,

F o5 RC.

In the case of a D.C. armature controlled motor, the input voltage
is applied to the armature and the output is the speed generated by the
motor which reaches a maximum speed similar to the maximum voltage of the
charging capacitor. There exists a time constant associated with the
motor, Tp? representing the time needed for the motor to reach its maxi-

mum speed. T _ represents the first parenthesis is Equation (7) namely

m
a

T, 8 e (8)

m FRa + KbKt

The second parenthesis is Equation (7) is also a constant which

is a representation of the steady state speed for any applied D.C. input.

If we name this parenthesis KS, that is

% - (9)
K B et el S 9
S FRa + KbKt
Then we write
S = k\V, (steady state) (10)

Knowing Ks’ the steady state speed S can be found for any D.C. input.
Substituting T and Ks’ into Equation (7), we have

dsS

Ty dt + S = sta (11)



This equation can be represented in the frequency domain as
S i) = e : (12)
v, T+,

which is the transfer function of the D.C. armature controlled motor.

Effect of Friction on the Speed Vs. Input Voltage

Consider equation (10)
S = KSVa
In this equation S represents steady state speed, . Va is the armature

input voltage, and KS is thé velocity constant. A plot of this equation

is shown in Figure 2.

Speed |

¢ o

Armature Voltage

P

0

Figure 2. Ideal Response of An Armature-Controlled
D.C. Motor Due to a Ramp Function.

In the Taboratgry, a variable input voltage was supplied to the
motor through the servo amplifier unit, and the speed of the motor was

recorded. The results are given in the following plot.

Speed A |
|
|
|
|-

- Vd Dead Band
|
0 d// Armaﬁyre Voltage

Figure 3. Actual Response of an Armature-Controlled D.C. Motor Due to a
Ramp Function.




This plot shows a dead band on the input voltage from 0 to Vd where
the output speed is zero. This dead band is due mainly to the friction
of the brushes. This experiment was repeated for all the available motors
in the laboratory; it was found to be approximately 3.6 to 4.2 volts for
the motor investigated.

Necessity of a Compensating Network Due to Friction

As it was shown in Figure 3, friction nonlinearity creates a
Dead Band in the input-output relationship of the motor. In the case of
an ideal motor, a sinusoidal input should produce a sinusoidal speed

(See Figure 4).
Speed Speed

Time Time

Figure 4. Ideal Output Speed Due to Figure 5. Actual Output Speed Due

a Sinusoidal Input-No Dead Band. to a Sinusoidal Input-Dead Band.
But due to the friction the output speed behaves as in Figure 5 which
produces a discontinued partial sine wave. This becomes a major problem
(See Appendix A) in producing a Bode Plot for the system in which the

Lissajous patterns take the form of Figure 6 rather than Figure 7.



Speed Speed

Voltage Q;:\\\\\\ ' Voltage

Figure 6. Actual Lissajous Pattern Figure 7. Ideal Lissajous Pattern

The Lissajous Patterns are the basis for producing an experimental
Bode Plot of the system and consequently, the system has to be compensated
for friction nonlinearity for a successful "Bode Plot" experiment. The
compensating network is required to change the actual input-output rela-
tionship of the motor in Figure 3 to the form of Figure 2.

Speed Control Experiments

In the experiment, the setup in Figure 8, is used.

=15V
e A A A A e
b Servo
—ANNAN— DA

" amplifier Motor

[ » Gain l—‘l
Brake

e e -
Tachometer

Figure 8. Experimental Setup for an Analog Feedback Speed Control.
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The objective of this experiment is to observe the effect of
negative feedback to maintain a constant speed when the motor is loaded
using thebrake unit. According to the equation (1),

T= KtIa
in which Kt is torque constant and Ia is armature current. Ia {s produced
by the servo amplifier unit and depends on the magnitude of the signal

reached at the input of this unit.

Volts

Servo Amplifier Motor

£l

Brake

Figure 9. Loading Effect on Motor with no Feedback Loop.

If there is no feedback Toop in the system, (See Figure 9), and
the input voltage is held constant, the speed of the motor would slow
down greatly when the brake is applied. However, if one wishes to produce
a loaded speed equal to an unloaded one, one has to increase Ia for the
loaded condition by applying a higher voltage at the input of the servo
amplifier unit.

This process of increasing Ia can be done automatically by the use
of a negative feedback Toop as shown in Figure 8.

InFigure 8, consider the three inputs of the operational amplifier.

Input "c"is used for the gain setting of the unit. Input"b"isused for

the negative feedback from the tachometer (negative compared to the



reference voltage). Finally, input letter "a"is the reference voltage.

In this setup, the voltage applied to the servo amplifier is the
difference of the voltages at the terminals "a" and "b" multiplied by the
gain of the operational amplifier.

V. = (-A) (-Va +V (13)

0 b)
Consequently, if V, decreases due to the loading effect (—Va + Vb) gives
a higher negative voltage and V0 increases to a higher positive voltage
which in turn produces a greater value of Ia to maintain the speed constant
for loaded condition. The amount of which one can control the speed
depends on the forward gain set by the operational amplifier. High forward
gain results in a smaller drop of the output_speed when the brake is
applied.

This is due to the fact that, when the gain is high in Equation
(13), a small change of voltage due to the braking effect causes a rather
high change in the output voltage which produces a greater Ia for the
motor, and consequently, it will result in a better response of the system.

Figure 10 shows the results of the Speed Control Experiment in
which curve A is produced with no feedback loop, and therefore, the sharp
drop in output speed is justifiable. Curve (B), however, is produced with
feedback Toop at 100% gain setting. As curve (B) indicates, the speed
stays rather constant only from (0) to (0.5) brake setting which is very
poor compared to ideal results as shown in curve (C). Appendix (B) shows
how to improve the results by the addition of an extra amplifier in the
system. Finally, Chapter II covers a Digital Speed Control which appro-

aches the ideal results within the 1imits of the unit.
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CHAPTER I1I
MICROPROCESSOR-BASED CONTROL SYSTEM

In this chapter, it is demonstrated how a Microprocessor-based
system can be used to compensate for nonlinearity due to friction in the
Bode Plot Experiment as well as its advantages in the Speed Control
Experiment.

In the process, an E&L Microcomputer will be used. However, a
proper set of hardware and software must be designed and used with the
E&L system to accomplish the real-time application of the microprocessor.
The following paragraphs will discuss all the hardware and software
design used in these experiments as well as a qomparison between the new
results and the results produced in Chapter I.

"8080" - Based Microcomputer System

The brain of every digital computer whether a full size or a micro,
is a unit known as the processor. In the past, the processor was composed
of discrete logic gates which made them impractical for use in most com-
mercial, industrial and educational applications. At the present, one
may purchase an eight bit microprocessor under ten dollars which econ-
omically opens a new dqpr to control applications. It should be remembered
that even though a processor is the brain of any computer, there are other
hardware and software that are absolutely necessary for a functional
system. The amount of hardware and software depends on the specific
application.

"8080" microprocessor is an eight bit processor that is known as
Industry Standard. This processor can address 65 K of memory and 256 1/0
devices directly with a powerful set of instructions. As it was mentioned

Previously, a microprocessor has to be used in conjuction with other
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components, such as, memory, timing circuits, encoders, decoders, keyboard,
and finally a program. One may purchase a prepackaged unit which may con-
tain some or all of the above mentioned components. In the following
experiments, an E&L microcomputer is used which contains some of the hard-
ware and software necessary for the experiments. In the next section,
details of the hardware and software requirements will be covered.

Hardware and Software Requirements

For the Nonlinearity Compensation and/or Speed Control Experiment

via a programmable digital system, the following items are needed:

(1) A microprocessor-based system which should contain some means
of data entry to the processor such as a keyboard, tape
interface or any other means. An E&L microcomputer was used
in the experiments.

(2)  An Analog-to-digital converter to convert analog input signals,
such as speed. to a digital signal suitable for the processor.
An Analogic A/D converter model #MPS28082D2C was used.

(3) A digital-to-analog converter to convert digital commands of
the processor to an analog output for the devices, such as,
the servqtamplifier. For this, an Analogic D/A converter
model #MP1808A was used.

(4) An interfacing and timing circuitry to establish and synchro-
nize communications between the components. An especially
designed and wire wrapped circuit to be used in conjuction
with items 1, 2, and 3.was made for these experiments.

Details of each item will be discussed in the following sections.
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E&L Microcomputer

The E&L Microcomputer is an educational and engineering microcom-
puter using an 8080 type microprocessor chip. It features direct keyboard
entry of data and instructions. Also, it has status and data indicators
via Tight emitting diodes. A1l the buses can be accessed by means of a
28 pin flat cable connector. The basic unit contains 512 words of RAM
and provisions for 256 words of ROM which is adequate for the experiments.

The Analog-to-Digital Converter

Analogic model #MPS28082D2C is an eight bit analog to digital
converter which requires a maximum of 80 microseconds conversion time. It
has a full scale input range of +10 volts. The unit provides serial and
parallel outputs. Brief characteristics of the unit are as follows:

Power Requirements +15 + 0.5 volts D.C. at 45 ma

-15 + 0.5 volts D.C. at 30 ma
+5 + 0.25 volts D.C. at 300 ma

Accuracy 0.1%

Recalibration 6 months

Trigger Edge trigger from positive to negative
Word Length Selectable 2 to 8 bits

The unit is an offset binary which means it has an analog-to-digital

relationship of:

11 111 1171 = 9.92 volts
10 000 000 = 0.00 volts
00 000 000 - 10.00 volts

To use the unit, first the power requirements should be met. Then,
the analog input +10 volts should be applied to pin 28, while pins
number 2 and 29 are grounded. At this time the A/D unit will update the

conversion for every trigger pulse applied to pin 21. The conversion
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time depends on the internal clock and the value of the input voltage with
the maximum delay time of 80 microseconds. Once the conversion is completed,
the data will latch in at pin 11, 10, 9, 8, 7, 6, 5, and 4 corresponding

to data bits DO to D7 respectively.

Digital-to-Analog Converter

The D/A conversion is accomplished by the Analogic model number
MP1808A. The unit is an eight-bit D/A converter which requires only 4
microseconds conversion time. The unit does not have an input latch to
capture the data issued by the microcomputer. Consequently, an external
latch must be used whenever the unit is used in conjunction with a micro-
computer. Brief characteristics of the unit_are as follows:

Power Requirements..... +15 + 3% At 22 ma plus external load.

-15 + 3% At 8 ma plus external load.
+ 5+ 5% At 45 ma
9.92 volts

Analog Output.......... 11T 111 111

10 000 000 = 0.00 volts
00 000 000 =-10 volts
ACCURAEYs i kbt bads .05%
The input digital data is applied to pin numbers 14,16, 17, 19,
21, 23, 25, and 27 corresponding to DO to D7 data bits. Pin 28 is the
output pin which can supply + 10 volts analog output.

Interfacing Circuitry

The communication between the microcomputer, A/D converter, and
the D/A converter must be established in a synchronized and orderly manner.
To accomplish this, a total of seven gates, inverters and latches are used,

see Figure 11.
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In any computer system, all the input and output devices require a
code number in order to be addressed individually. In an 8080-based
system, this code number could be any number between (0008) and (3778) octal
if the number is an unused code number. In the E&L system, device numbers

(0008),(0018)and (002.) are used by the microcomputer. Except for these

g)
numbers, any number can be used to address the'A/D and D/A converters. In
these experiments, code numbers (3778)and (3768) are assigned to D/A and
A/D converters respectively. In Figure (11), socket number 1 is a termi- -
nating socket which connects the E&L unit to the rest of the hardware,
(A/D, D/A and interfacing circuitry) by means of a double ended transition
cable. Data lines DO to D7 are connected to pins 16 to 23, address lines
A0 to A7 are connected to pins 13 to 6, in signal to pin 26 and out signal
to pin number 25.

In an 8080-Based microcomputer, such as the E&L, the data transfer
between the I/0 devices and the processor occurs as follows:

For the access and transmission of data, the processor sends an
8 bit data on the data bus and an 8 bit address on the address bus. After
these two signals are settled, the microcomputer decodes and transmits an
in and out signal. The interfacing circuitry has to decode the address
and notify the proper I/0 device of a data transmission between the device
and the processor. At this time, the device either captures or transmits
the data depending on whether an out or an in signal was transmitted by
the processor.

Referring to Figure 11, IC number 4 associated with the D/A con-

verter is an output device with a code number (377 IC 4 (Intel 8212) is

8l
a general purpose integrated circuit that is designed to be used as either

a latch or a tri-state (solid state switch) buffer, depending on the mode
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of pin number 2. The decoding circuitry for IC 4 consists of an eight
input nand-gate and an inverter. IC 2 and IC 3-1 combined will produce a
positive pulse when the address bus contains all "ones" (3778). This
positive pulse in combination with an out signal enables IC 4 to capture
the data from the data bus. Once the data is captured by IC 4,9t will be
used by the D/A unit for the conversion process. This means, to access
the D/A unit one must program "out 6778Y'with the proper data.

In the case of A/D converter, the data should be transferred from
the A/D converter to the processor. The A/D converter does not update
the analog information continously. For every trigger pulse applied to
pin 21 of this unit, a new conversion takes place; the updated results are
fed to a tri-state buffer, (IC 6), to be used by the processor. The decod-
ing in this section is done by 4 gates. The devicecode.(3768)js assigned
to the A/D converter which is decoded by IC 3-2 and IC 6. This combination
produces a negative pulse when the address bus contains the address (3768).
This code is used to trigger the A/D converter as well as, to input data
from the A/D unit to the processor. To trigger the unit, the negative
pulse (37@)‘iscombined with the out signal by means of IC 7, which is a
nor-gate. The result is a positive pulse which is produced if and only if
the instruction "0ut(376Q"is executed by the processor. To input updated
data to the processor, IC 6 must be activated. To do so, the in signal
from the processor is inverted by IC 3-4 and fed to the pin numbers 13 of
IC 6 while the negative "device code" pulse is applied directly to the
pin 1 of IC 6. Now IC 6 will be activated simply by executing the instruc-

tion "in (3764)".
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Application Instructions of the Prototyped Interfacing Hardware

A prototype of this unit has been wire-wrapped and presented to
the Electrical Engineering Department of the Youngstown State University.
This unit must be used in conjunction with an E&L microcomputer as well
as. a regulated + 15 volts power supply.

The unit connects to the microcomputer via a 28 double-ended tran-

sition cable. Two banana plugs marked, "in", "out",provide analog connec-
tions to the unit. These analog signals can vary in magnitude between
+ 10 volts.

To input an analog signal, the A/D converter sould be updated. To
do so, one must program "out(3768Y'this command triggers the A/D converter.
Once the command is executed by the processor, the A/D unit starts the
conversion. The programmer needs to allow approximately 80 microseconds
delay for the conversion time. After the delay, the updated results can
enter the processor if the processor executes the instruction "in(3768)0.

To output a digital data to the D/A converter. one must simply
proaram "out(3778)” at this time the content of the accumulator is routed
to. and captured by the D/A converter. The conversion time for this unit

is only 4 microseconds“

Digital Compensator in the Friction Nonlinearity

As it was discussed in Chapter I, the input-output relationship of
an ideal armature-controlled D.C. motor should be a straight line (see
Figure 12), but the actual performance demonstrates a dead band (see Figure
13) indicating a nonlinear relationship. The objective of the digital
compensator is to alleviate the dead band and consequently create a linear

input-output relationship for the whole system.
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. Figure 12. Ideal Input-Output Rela- Figure 13. Actual Performance of the
tionship of an Armature-Controlled Armature Controlled D.C. Motor.
D.C. Motor.

Figure 14 shows the experimental setup in producing the actual
performance of the motor. The servo-amplifier unit provides a D.C. current

to the motor, which is proportional to the input voltage.

in

Servb-Amp]ifier Motor

(U]

Figure 14. Experimental Setup for a Non-Compensated
Input-Output Relationship of the Motor.
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V. Digital A
mn Compensator - ervo
: Amplifier Motor ='/) Output Speed
A/D E&L D/A

Figure 15. Experimental Setup for "Digital Compensation"

Figure 15 demonstrates the experimental setup for the digital
compensation. This compensator must receive the analog input voltage and
compensate for the nonlinearity by shifting the input voltage equal to the
value of the dead band. This value is digitally programmable which is the
biggest advantage of the digital compensator.

Referring to Figure 16, the compensation values are stored in
registers C and D where register C contains the positive offset value and
register D contains the negative offset value. The computer tests the
input voltage by triggering the A/D converter and inputting the results
after a conversion delay. .Once the data has entered the computer in digital
form, the computer tests for the polarity of the input signal, this is
necessary to determine Whether a positive or negative compensation must be
used. Once the polarity has been determined, the computer recalls the
proper offset value from either the C or D register, and correspondingly
adds or subtract the compensation value to, or from the input voltage. At -
this time the results in the "accumulator" is a compensated value, which
is sent to the D/A converter, and after the conversion, it is used by the
servo-amplifier unit. |

In reality, the computer converts any input signal such as the one

shown in Figure 17 to a signal of the form in Figure 18. It should be noted



el Trigger A/D
]

Set the experimental zero value in B register
Set the positive offset value in C register
Set the negative offset value in D register

Input the results of A/D

Is the results positive?

Subtract the negative offset value

Output the results to A/D

S Add the positive offset value
I
Aq.___ "Output the results to D/A

Figure 16. Flow Chart for the Nonlinear Compensation.
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that the two shifted values (compensating values) are not necessarily equal.

Volts Volts
l Positive Offset
Time Negatile_Ofise_t_ i _L _ _Ti_["e
r 1

Figure 17. A General Input to the Figure 18. Results of the Compen-
Compensator. sation on the Input Voltage.

A program listing for this experiment is shown on page 24. Refer-
ring to this program, the data on line, 003 HI 005 Low, represents the
positive offset value and the data on line, 003 HI 007 LOW, represents the
negative offset value. These values are calculated according to:

desired offset in volts (14)

Digital offset in base 10 = 0.0782 volts

Since the E&L must be programmed in octal machine language, the digital
offset in base 10 must be converted to base 8 when programmed into the.E&L
Computer. In the above formula the number 0.0782 is the incremental volt-

age change for the D/A unit. It should be remembered that the output of
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D/A converter is limited to + 10 volts. This means, the offset voltage plus
the input voltage should not exceed *+ 10 volts. In the speed control experi-
ment, it is shown how the computer can be programmed to exhibit a warning
signal if the output requirement exceeds the + 10 volts. (See page 25).

A sinusoidal input (see Figure 17) was applied to the cémpensator.
The compensator produced a wave form as shown in Figure 18 which is a
duplication of the input voltage except for the displacements in the posi-
tive and negative halves. These compensating values were arbitrary and
governed by the Equation 14. Using the compensation program listed on
page 24 with an octal compensation value of (0738), the armature-controlled
D.C. motor behaved as if it was an ideal motor with no dead band. This
proved that the digital compensator was quite satisfactory and had the
advantage of being programmable for the amount of compensation which may

vary with different conditions.
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PROGRAM LISTING FOR THE DIGITAL COMPENSATOR

Low
000
001
002
003
004
005
006
007
010
011
012
013
014
015
016
017
020
021
022
023
024
025
026

027
030
031

323
376
006
167
016
074
026
073
333
376
270
322
024
003
222
323

P>

303
000
003
201
323
377

303
000
003

out
376
MVI
167
MVI
074
MVI
073
IN

376
CMP
JNC
024
003
SUB
ouT
377
JMP
000
003
ADD
ouT
377

JMP
000
003

Trigger A/D converter

at 376

Set the experimental zero value
equal to 167

Set the positive offset value
equal to 74

Set'the negative offset value
equal to 73

Input the results of the

A/D converter at 376

Compare the results with B register
Jump if no carry, offset the

positive value

Offset the negative or zero value
Qutput the results to the D/A
at 377

recyle

Offset the positive value
Output the results to D/A
at 377

Recycle
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Digital Speed Control Experiment

In this experiment, the microcomputer controls the output speed of
the amature-controlled D.C. motor under different loads. The desired out-
put speed will be programmed into the computer, and upon the "GO" command
the computer will maintain a constant speed under different load settings.

The experimental setup for this experiment is Shown in Figure 19.

Motor ] Speed
Servo —
A/D | E&L | D/A Amplifier Tacho- 7
meter l # I
Brake

Figure 19. Experimental Setup for the Speed-Control Experiment.

The computer continuously monitors the output speed by the means of
the tachometer unit. If the output speed differs from the programmed
speed, then, the computer makes the proper adjustments on the output value
of the D/A converter. It should be remember that, the output of the D/A
converter is limited to + 10 voits. However, these values are sufficient
to produce the maximum rated current in the servo-amplifier unit. If the
maximum values of the D/A unit are not sufficient to maintain the programmed
speed, then the indicating lights on the E&L unit will flash.

Referring to Figure 21, the constant values are first determined
and introduced to the proper registers; these constants are, reference speed,
maximum positive output of the D/A converter and the minimum output of_the
D/A converter. The computer will continuously monitor the output speed and

make proper adjustments in the output value of D/A unit.



26

To monitor the output speed, the computer issues an update command
to the A/D unit. Then the computer waits for approximately 80 microseconds
for conversion time, after which time the computer inputs the updated data
(Tatest value of output speed), makes necessary adjustments, and issues an

updated value to the D/A converter.

C (Digital Controlled Feedback)
Percent 100

Maximum
Speed 90

B.(Analog Controlled Feedback)
70 1

50 1

T 2 3 4 5 6 7 Load Setting
Figure 20. Experimental Results of the Digital Feedback Control
System.

This experiment, requires a delay subroutine for the proper speed
control operation. This delay is designed to guarantee a steady state
condition of the motor speed before any readjustment in the output value
of the D/A converter. The required time delay is estimated from the Bode
Plot of the motor (Appendix A) to be approximately 0.3 seconds. The delay
subroutine and its flow chart is (See Figure 27) covered in Appendix C.

Using the speed control program in conjunction with the time
delay subroutine produced an excellent speedcontrol of the motor which was
far superior in comparison with the results of the analog speed control

of Chapter I. Figure 20 indicates the results of this experiment.



Set the desired reference speed in B
Set H 377 max. positive value
Set L 000 max. negative value

¢

Start at zero speed

1

L A———— Delay for the steady state cond.
4
e Input the Tatest speed

Is it equal to set point?

No
Is it less than the set point?

Yes

e . Increment the speed

Decrement the speed R

Figure 21. Flow Chart for Speed Control
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PROGRAM LISTING FOR THE SPEED CONTROL EXPERIMENT

Low

000
001
002
003
004
005
006
007
010
011
012
013
014
015
016
017
020

021
022
023
024
025
026
027

076
250
323
001
107
041
000
377
016
200
171
323
000
323
37
315

o 290

003
323
376
000
000
000
000

MVI A
250

ouT

001

MOV B,A
LXI H
LR

HR

MVI C
200

MOV A,C
ouT

000

ouT

377
CALL
250

003
ouT
376
NOP
NOP
NOP
NOP

Set the reference speed

at 250 in A Register.

Monitor the setting at

Port 1.

Save the reference in B Register.
Set the maximum clockwise

and counter clockwise

speed S.

Start at zero volt setting

(200 = 0 volt) in C Register.
Move the value in C to A Register.
Output the value to port
(0) to be monitored.

Also send the same value
to D/A converter at 377.
Go to the delay subroutine

for the motor to reach "Steady
State"

Trigger the A/D converter

at 376 to check the output speed. |

Delay few microseconds for

conversion time.
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003
003
003
003
003
003
003
003
003

003
003
003
003
003
003

Low
030
031
032
033
034
035
036
037
040

041
042
043
044
045
046
047
050
051

052
053
054
055
056
057

000
000
000
000
333
376
323
002
270

312
012
003
322
060
003
014
171
274

312
071
003
303
013
003

NOP
NOP
NOP
NOP
IN
376
ouT
002
CMP B

JZ

012

003

JNC

060

003

INR C
MOV A,C
CMP H

JZ
071
003
GO TO
013
003
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Check- the Tatest output

speed at 376.

Display the binary equivalent
value of the speed to

compare the output speed to the
set point in Register B.

If AR-BR=0, it means that the
output speed is equal to setpoint.
Then, do not make any adjustments

if A-B=0, check if A-B had no

carry, if so then jump to

reduce the speed.

Increment the last speed value in C.
Move the incremented C value to A.

Check for the maximum positive
value.

If the input to servo unit has reached
the maximum value 377, then go to
flashing subroutine

if the speed has not reached

The maximum value, then go to 013

to update the speed.
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Low
060
061
062
063
064
065
066
067
070

071
072
073
074
075
076
077
100
101
102
103
104
105
106
107
110

015
171
275
312
124
003
303
013
003

076
377
323
001
323
002
076

..000

323
000
315
250
003
076
000
323

DCR C
Mov A,C
CMPL

JZ

124

003

JMP

013

003
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Reduce last speed value in C.
Move decremented C to A.
Check the value for minimal setting.
Jump to minimum subroutine if

the new value of C has reached the
set point (000).

Recycle.

Flashing Subroutine

MVI A
377
ouT
001
ouT
002
MVI A
000
ouT
000
CALL
250
003
MVI A
000
ouT



003
003
001
003
003
003
003
003
003
003

Low

111
112
113
114
115
116
117
120
121
122

001
323
002
315
250
003
015
303
012
003

001
ouT
002
CALL
250
003
DEC C
JMP
012
003

31
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SUMMARY AND CONCLUSION

This text introduces a digital approach in solving two typical
control processes, namely a "Compensation Process" and a "Speed Control
Process" using an Armature-Controlled D.C. motor.

Chapter I covers the theoretical and actual properties of the
armature controlled D.C. motor which leads int§ the necessity of a compen-
sation network. Furthermore, the manufacturer's suggested analog speed
control was investigated.

Chapter II introduces the use of a microcomputer in solving control
problems such as the "Compensation Process" and the "Speed Control Process".
The microcomputer used for the control was an "E&L" unit. Since a micro-
computer, generally, does not contain all the necessary hardware for real-
time applications, an interfacing circuitry was designed and implemented
to be used with the "E&L", A/D and D/A units to perform the digital approach
in solving the compensation and the speed control problems.

Based on the knowledge obtained from the previously mentioned
experiments, the following conclusions can be drawn. Due to the friction,
there exists a nonlinearity in the motor which can be observed either in
Figure 3 as a dead band, or in Figure 6 as splits in the Lissajous Pat-
terns. The compensating network suggested by the manufacturer, (Appendix
A) as well as the digital compensator (Chapter II) produced satisfactory
results, that is, deleted the dead band due to the friction in the system.
The digital compensator was found to be more desirable for the fact that
the compensation value could be tailored for the best results depending
on the particular motor simply by changing a single value in the digifa]

compensator program.
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In the speed control experiment, the experimental set up suggested
by the manufacturer of the system did not produce a well regulated speed
under different load settings. The cause of this discrepancy was dis-
covered and a remedy was suggested in Appendix B. Finally, a digital
speed control was introduced in Chapter II which resulted in far better

speed regulation than the analog feedback control.
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APPENDIX A
EXPERIMENTAL BODE PLOT OF THE SYSTEM

In the laboratory, the experimental Bode Plot is obtained by the
use of the Lissajous Patterns from which one can obtain the magnitude
and the phase angle of the transfer function.

In General, a sinusoidal input is applied to the system, and the
output is measured. From the input-output relationship repeated for

different frequencies, the Bode Plot of the system can be constructed

Figure 22.
6(3w) = 22 = 22 = |6(jH) | .
[-3
o /

l

Figure 22. Necessary Measurements for the Construction of A
Bode Plot Diagram

By changing the input frequency, different Lissajous Patterns can
be obtained from which the Bode Plot can be constructed. As discussed in
Chapter I, the motor exhibited a dead band during which the output remained
equal to zero (see Figure 6). To obtain a simulated Bode Plot of the

system, a compensating network is used (see Figure 23).
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The pin numbers in Figure 23 refer to the Octal Socket on the preamplifier

unit.

To Tachometer

Figure 23. Analog Compensation Network Introduced to the Preamplifier.

This network was designed by the manufacturer and should be used
in conjunction with the preamplifier unit. Using the above compensator,
the system as a whole, behaves as an ideal motor for which the Bode Plot,
in Figure 24 and 25 were produced.
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APPENDIX B
IMPROVEMENTS ON THE ANALOG SPEED CONTROL

As it was discussed in Chapter I, the traditional speed control
suggested by the manufacturer of "MS 150" did not produce a satfsfactory
results compared to the theoretical expectatiohs. This discrepency was
investigated and it was found that the problem was due to the saturation
of the operational amplifier. In the experiment, this unit is used as an
amplifier as well as a summing junction. To improve the results of the
experiment, an additional amplifier is needed. Figure 26 is an improved
"Experimental Setup" for the speed control experiment. As it is shown,
the first amplifier is used as a summing junction only, (gain of -1),the
second amplifier is used to set the gain of the system. Comparing Figure
26 to Figure 8, the polarities of input signals in the two figures are
different, this is due to the sign change of the additional amplifier in

the system.

Servo
= R Amplifier Motor
'\-WL U]
Tachometer Brake

k.

Figure 26. Improved Analog Speed Control



APPENDIX C
DELAY SUBROUTINE PROGRAM LISTING

003 250 046 MVI H
003 251 040 000
003 252 056 MVI L
003 253 000 000
003 254 055 DEC L
003 255 302 JNZ
003 256 254 254
003 267 003 003
003 260 045 DEC H
003 261 302 JNZ
003 262 ehe £oH
003 263 003 003
003 264 311 RTN



SET H

000

Sel L

000

DEC L REG

Yes

DEC L REG

No

Yes

Return

Figure 27.

Flow Chart for Delay Subroutine
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