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1.¢ INTRODUCTION

Interest in digital control has expanded rapidly as a result of

low cost 16-bit microprocessors and associated support devices being

introduced. Digital control is an attractive alternative when consider
ing a control strategy. Therefore, it is important that the capabil-
ities and shortcomings of microprocessor based controllers be fully
understood before they are put into service.

It is well known to designers of control systems that major diffi-
culties are found in mechanization of the control algorithm. Mecha;i-
zation means the selection of digital equipment, such as the Analog-
to-Digital (A/D) and Digital-to-Analog (D/A) converters and the word
length of the computer; the actual programming of the algorithm; and
analysis of various error sources and the effects each has on the dynam-
ics of the controller.

The digital control configuration, used for this study, consists
of: a digital controller, implemented on a Motorola MC68¢@@# based
microcomputer board; in series with an analog plant, simulated on an
analog computer.

The steps needed to meet the stated objectives are:

1. Selection of the digital processing components.

2. Generation of tﬂe software package which implements the
control algorithm on the microcomputer system.

3. Simulation of the analog plant on an analog computer, and

interconnection of the microcomputer and analog computer.

1




4. Evaluation of the performance of the control loop for
several configurations.

5. 1Identification of items which cause degradation in the
performance of the control loop.

6. Demonstration of a totally digital control loop configu-
¥atipn where the plant is digitized and sirulated on a high speed
microcomputer.

The results of this study will demonstrate the effectiveness of

using a microprocessor based system for digital control.
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2.¢ DESIGN OF THE DIGITAL CONTROL SYSTEM

2.1 SELECTION OF THE MICROCOMPUTER AND ANALOG COMPUTER

.The resources for performing digital control studies should be
readily available and moderate in cost. The equipment used for this
study was available for use at Wright State University. The Comdyna
GP~6 and Electronics Associates, Inc., (EAI) TR-20 were the analog com-
puters used throughout the digital control study effort. The processor
chosen for the digital controller was the Motorola MC68¢@¢ 16-bit micro~
processor. This chip 1s representative of the many 16-bit microproces-
sors on the market, but it has several attributes which made it more
suitable for the control study. The Motorola MEX68KECB Educational
Circuit Board, a low cost MC68@@@ based microcomputer board, was used as
the digital controller. This computer board was purchased for this
project and several other digital control studies which will follow.
2.2 DIGITAL CONTROL SYSTEM CONFIGURATION

A single-loop sampled data control configuration is shown in Figure
l. The primary components of the loop are: Dc(z). the digital control-
ler which receives and transmits control data at sampling instant T;
Gho(s), a zero order hold device; G(s), the plant or device which is to
be controlled; and H(s), the feedback element which takes the output of
the plant to a summing junction where the difference between the set
point and plgnt output, or the amount of error remaining to be

corrected, is fed back to the controller input.
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The digital control loop used for this control study 41s similar

to the configuration of Figure 1, except that the feedback element,
H(s), vas set equal to one. Figure 2 shows this configuration. Figure
3 1s a block diagram representation of the control system as imple-
mented.

The plant G(s), the unity feedback element H(s), and the summing
junckion vere implemented on an analog computer. The digital control-
ler was implemented on the Motorola MEX68KECB computer board. The
signal conversion devices, the A/D and D/A converters, were part of an

interface board which was developed for this project.

The system characteristics are the following:

G(s) = > 6900
8(s8"+4(s+390)
H(s) = 1 (2)

(1)

2.3 DERIVATION OF THE CONTROL ALGORITHM

The pulse-transfer function of the first order digital controller,
used with the control loop, was obtained using the computer aided
frequency matching method of Rattan [1]. The equation for T=@.15

seconds is given by:

z-@.523

D (2) = P.154 25 (3)

[

This control eyuation will be the reference control algorithm to which
other algorithmq (under evaluation) will be compared.
2.4 TIMPLEMENTATION OF THE CONTROL EQUATION ON THE MICROCOMPUTER

The digital control equation Dc(z) must be implemented on a micro-

computer. One method that is readily adaptable to computer application
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and the method chosen for this study is the representation of Dc(z) as a

difference equation. Equation (3) can be written as:

Y(z) - a- 154?.'0-081
X(z) z-9.425 @

Cross-multiplying equation (4), multiplying this result by z-l. and

solving for Y(z), we get:

Y(2) = 0.625271¥(2)+9.154x(2)-0. 881z 'x(2) (5)
Taking the inverse z-transform of equation (5) yields:

Y(K) = §.425%Y(R-1)+8. 154*X(K)-@. #81#X(K-1) (6)

To implement the first-order difference equation given in equation
(6) on a microprocessor, the coefficients have to be scaled to a conven-
ient base for ease of numerical calculation, Since the word length of
the MC680¢@¢ 1s essentially 16 bits, and none of the coefficients in
the difference equation are greater than one, 32767(215) was chosen as
the base for all coefficients to maximize word length utiliz#tion (1
sign bit/15 magnitude bits). The resulting scaled integer coefficients

wvere then converted to hexidecimal, and the resulting equation (7) is

given by: .
s [
Y(K) =~ 3666%Y(K-1)+13B6*X(K)~@FASE*X(K~1) (7)
where the coefficients for equation (7) were obtained by:
366616 = §.425%32767 (8)
13B616 = §.154%32767 9)
QASE16 = §.081%32767 (19)
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2 Now that a control equation is in a form that can be implemented -}:‘

g St
) N
on the microprocessor, a software package must be written to instruct —

i r 5
v the microprocessor to execute a sequence of steps in order to achieve .
~
3

the desired output. The software package developed for the digital i;
¥l
controller consists of four sections: e

) )

} 1. Initialization section N

. L3
2. Interrupt servicing and data input section ;}Z

" 3. Algorithm section

4 4, Data output section S
{ The initialization section establishes the appropriate configura- ;€ 
i tion for the microprocessor and its support chips. Some of the opera- &é;
tions performed are: programming the peripheral interface adapt;rs j??
(PIAs), 1nitializing the programmable interrupt timer (PI/T), and IE
setting initial conditions for the control equation. The last operation Zgi
v of the initialization section is to enable interrupts, enter the halt !&
5 mode, and wait for an interrupt to occur. ig
E The interrupt service and data input section, which begin at each EEE
y sampling instant by acknowledging the interrupt, resets the interrupt ]
,i' device and reads the data value, X(K), to be processed. té{
i The algorithm section calculates Y(K) based on the control gqua- iu
= tion programmed on the microprocessor, outputs the results to the D/A »
. : for use by the plant, and stores appropriate values of Y(K~1) and X(K-1)
for the next enumeratign. The last operation performed is again enabl- * ;;;
! ing interrupts, forcing the processor to enter the wait mode until the .Q;
: next sampling instant. The flow chart of the software package is shown f&
3 in Figure 4. E;i
4 9 .
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Figure 4.

Initialize
Ports, Pointers
Timer and Data

Yes

Reset Timer
Read X(K)

Y

Calculate
New Y(K)
From X(K)

!

Output New
Value of
Y(K) to Plant
Update X(K-1)

Y(K-1)

1

Clear Work
Registers

Return

Flow chart of the software package
for the digital controller
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2.5 SIMULATION OF PLANT PARAMETERS ON THE ANALOG COMPUTER

The analog computer provides & convenient method for implementing
the summing junction, the unity feedback element, and the plant charac-~
teristics. It contains a variety of active and passive components which
can be externally configured through a patchboard to simulate the
desired transfer function. The transfer function of the plant can be

converted into an analog computer program as follows:

G(ey = S8) . 6000

11)
Y 3ups?eapps
Cross multiplying equation (1l1), we get:
e3c(s)+405%C(s) +3905C(s) = 6990Y(s) (12)
Inverse Laplace-transform of equation (12) yields:
ac) acce) dc(e)
3t 4p + 309 ——= = 6PBOY(t) (13)
dt de dt

In order to assure that the rate of change of C(t) is consistent
with the dynamic properties of the analog computer and X-Y plotter,
equation (13) needs to be "time scaled"” before it can be implemented on
the analog computer. A time scaling of 5@ resulted in the following

equation:

83c(s) = -9.852C(s)-0.126C(s)+@. P48Y (s) (14)

This Laplace-transform representation of C(s) can now be

patched on the analog computer using the configuration shown in Figure

5.
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2.6 INTERFACE BETWEEN THE MICROCOMPUTER AND ANALOG COMPUTER

Interface circuitry, which would permit interconnection of the
microcomputer board and the analog computer, was developed for this
study. This circuitry consisted of: the A/D and D/A converters and
associated circuitry; two Peripheral Interface Adapters (PIA), ome
programmed as an input port (PIAl) and one programmed as an output port

(PIA2); and devices used for chip enable circuits. Figure 6 shows a

block diagram representation of the interface circuit. Interconnection l:_:::_':
between the interface circuit and the microcomputer was accomplished ‘-
with 5§ pin ribbon connectors and two specially made patchcords for
connection to the analog computer. The interface circuit was easily
modifiable for different A/D and D/A configurations. Let us take a e
closer look at each of the blocks of Figure 6. A substantial amount of
time went into the design of the interface circuitry so a little more
detailed description is called for at this time, E
. Motorola MC6821 Peripheral Interface Adapters (PIA) were used as
the bus interface devices since the MC680@¢§ contained control lines
which would permit easy interconnection and operation. When a memory
location above @#3¢0@@@ Hex was accessed on the MEX68KECB, the MC68#@¢

microprocessor would enter the synchronous mode of operation. The Valid

] Memory Address (VMA*), an active-low signal was used as on chip enable E
| signal for each PIA. Once a PIA was selected, a negative-going edge of
the Enable (E) signal would cause the transfer of data. Three address

lines (Al, A2 and A3) were used to select the propeg PIA and the periph- -

eral register. Each PIA needed to be initialized before it could be E

used to transfer data. Writing the proper data to the Control Registers E;‘

i and Data Direction Registers would set up each bit of the selected port ‘\"‘-,‘.
13 i
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“ia.

as an dinput or output. Bits PAP through PA7 were programmed as input
lines on PIAl. Bits PB4 through PB7 were also used when a 12-bit A/D
converter was to be connected into the circuit. PB@ of PIAl was used to
provide a start convert signal to the 12-bit A/D converter. PIA2 was
programmed in a similar manner as PIAl except the peripheral ports were
uséﬁ;ns output lines. The Read/Write (R/W*) would determine the direc~-
tion of the data transfer. When the R/W* line was a high logic level,
data was transferred from the A/D converter, to a CPU register. When
this line was a low logic level, data was transferred from a CPU regis-
ter to the D/A converter.

The 8-bit devices used for the first hardware configuration were
National Semiconductor ADC@8@# B8-bit successive approximation ;/D
converter; the D/A converter was the 8-bit DACP8¢8. The 12-bit D/A con-
verter selected for the second configuration was the National Semicon-
ductor DAC1218. The 8-bit A/D converter of the two previous arrange-
ments was replaced with an Analog Devices AD572 12-bit successive
approximation A/D converter. These conversion devices were selected for
use since they were representative of current technology and readily

available for use in the laboratory.

15

......................................

T T e
AP I YL MR S . < e e et . .t
PRI IR W A N . v 3 N e L

1
Y

e
I. t'
v

et ta
At

1.
-

A
1v;v‘

4
P )
RO )

%

.252.

%
<
R N 8

PN AU
SEMCRERESALY . . BN
2 B hE

L
£'4‘

i

)
.flrlr' P
1y



.......

3.¢ CONTROL LOOP PERFORMANCE ANALYSIS

3.1 RESPONSE TO A STEP INPUT

There were three signal conversion configurations used for this
control study. The first configuration was an 8-bit A/D converter and
an 8-bit D/A converter arrangement. The second configuration was
similar to the first except that the 8-bit D/A converter was replaced
with a 12-bit D/A converter. The final arrangement consisted of a
12-bit A/D converter and a 12-bit D/A converter. As will be shown
later, the third arrangement provided the best performance, conse-
quently, a permanent interface card was wire-wrapped.

The first step response to be measured was that of the uncompen-
sated plant. Figure 7 shows the response obtained when the uncompen-
sated plant was subject to a unit step input. Notice that the step
responge demonstrates the classical overshoot and oscillations associ-
ated with an underdamped system. Also notice that the steady-state
value of the plant output 1s not 1 volt, but slightly less. This fact
will be discussed further in Section 4.1.

The unit step responses of Figure 8 are for the compensated plant
for the first- and second-signal conversion configurations. The over-
shoot 18 reduced significantly, as would be expected with a com-
pensated plant., The ste;dy-state oscillations observed will be discus-

sed more thorodghly in Section 4.3.
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Figure 8. Unit step responses with 8-bit A/D converter i
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3.2 RESPONSE TO SINUSOIDAL INPUTS

5
X7

One of the goals of the study effort was to experimentally evaluate
the control loop response to sinusoidal inputs. This would provide a

means of determining the frequency response of the digital control

N2 dTE

N _ system. Sinusoidal inputs of frequency between @ and "%/2 wvere applied
to the set point input of the control loop. Due to the amount of time
scaling involved for the plant simulation, the frequency range needed
for the sine waves was lower than that obtainable with waveform gener-
ators available in the laboratory. It was then necessary to use a
second analog computer which generated the desired sine wave. The
Laplace transform of the sine function is given by:

i F(s) = —5 5 (15)

8 +w

The analog computer was configured for equation (15) and different
"Ej values for w were programmed to yield the proper input frequency.
{2 Figure 9 shows the results obtained for one of the input frequencies.
Results for both 8-bit D/A and 12-bit D/A converters are shown on the
same plot, along with the input frequency. Notice the magnitude atten-
uvation and phase shift associated with each response. The magnitude
'i attenuation is greater with the 8-bit D/A converter than with the 12-bit

D/A converter. Comparison of the phase shifts for each D/A

configuyation shows little difference between them.

'
14
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3.3 FREQUENCY RESPONSE AND PHASE ANGLE MEASUREMENTS

By

The results obtained for frequency response and phase angle mea-

[y
el

L surements are shown in Figure 1§. Data for both D/A converter config- ES
.-. ) .-?‘
- urations are plotted together with the theoretical responses. The :ﬂ
. theoretical responses for magnitude and phase angle were obtained using y:
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3 -zz
: the interactive control analysig program TOTAL. The theoretical data 5
curves provide a reference to which the experimental results can be

: compared. The magnitude plot shows that the frequency response with the '-.,:
“ 12-bit D/A converter follows the theoretical frequency response more \‘
. closely than with the 8-bit D/A converter. Results from the phase angle g
.: plot c.:lemonatrate that 1little differences exist between the phase plots »
for the 8-bit D/A and 12-bit D/A converters, except at the highest :
frequencies where the 8-bit D/A converter exhibited more deviation from !‘:

the theoretical phase angle curve.

3.4 1IMPROVED A/D CONVERSION :

All of the performance analysis of the control loop thus far has ‘

been with an 8-bit A/D converter. There was an improvement in control

system accuracy when the 8-bit D/A converter was replaced with the

) 12-bit D/A device. The 8-bit A/D converter will be replaced with a "
- 12-bit A/D converter, resulting in the third control system configura-
4 tion, that 1s, 12-bit A/D and 12-bit D/A converters. The remaining “'
- performance tests were based on this configuration. Figure 1l contains
step responses, one where the loop uses an 8-bit A/D converter and one ‘_‘:

vhere the loop uses a 12-bit A/D converter. The step response associ- ‘?

. ated with the *12-bit A/D device exhibits slightly less steady-state :
oscillation than with the 8-bit A/D converter. The improvement in *.

) c;ntrol loop perfomn;e (obtained with improved A/D conversion) is not .
A as pronounced as the improvement demonstrated with improved D/A conver- .
: sion. . . ~:
3.5 STEP RESPONSES OF A TUSTIN BASED CONTROLLER :E
: Control loop performance was demonstrated with several different ‘;_.
N hardware configurations, but all of them with the Rattan~based control :‘f.j.-'_'.
: i
: 22 3
: 2
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Figure 11. Unit step responses demonstrating improvement
of results with 12-bit A/D converter
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algorithm. The Tustin transformation or bilinear transformation [4] as
it is commonly known, provides another means of obtaining a discrete
system from the continuous system. The continuous controller on which
the Rattan algorithm was based is given by:

2 (8+1.914)

G(B) - 0.32 W61_6) (16)

Substituting: z - 1

2
8 Tz 1 (17)
into equation (16) and using the appropriate value for the sampling
period (T), the result obtained is a digitized controller of the same
order. The Tustin-based controllers for T=@.15 seconds and T=§.04

seconds are given by equations (18) and (19), respectively as:

D(z) = §.352 Lz_:_%;lﬁz% (18)

(z -~ 6.912

- (z - 0.926
D(z) $.330 Tz_———a.—g-ﬁ')l (19)

The Tustin controller equations can be rearranged and the coefficients
converted to hexidecimal, as previously demonstrated with the Rattan

controller, to obtain the control algorithms:
Y(K) = 74B2Y(K~-1)+2D@4X(K)-21B7X(K~-1) (2¢)

Y(K) = 7CE3Y(K-1)+2A48X(K)-2721X(K~1) (21)

for T=@.15 seconds and T=@.@4 seconds, respectively. The Tustin control
algorithms were implemented on the digital controller by changing the

memory locations, which contained the associated coefficients.
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3.6 COMPARISON BETWEEN THE TUSTIN BASED AND RATTAN BASED CONTROLLERS
The step responses of Figures 12 and 13 demonstrate the significant
response variations between the Rattan and Tustin control algorithms.
The lessons learned from this indicate that for a given hardware config-
uration, variations in the control algorithm can have a significant
effect on the overall performance of the control loop. The Tustin con-
trol algorithms seem to be more sensitive to the size of the signal con~
version device than the Rattan algorithm. It is best to use the largest
bit sized conversion device possible when implementing a Tustin based

controller to insure proper control loop operation.
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Figure 12. Comparison between unit step responses of
Rattan- and Tustin-based controllers with
“8-bit A/D converter
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Figure 13. Comparison between unit step responses Qf .
Rattan- and Tustin-based controllers with
12-bit A/D converter
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4,@ ERROR CONTRIBUTORS

4.1 ANALOG COMPUTER

- ‘The transfer function of equation (1) is of type 1, which means
that the theoretical steady-state error is equal to zero. However, the
plant, as implemented on the analog computer, was found to have an error
of +5¢0 millivolts (mV) when configured with unity feedback and a set
point of 1 volt, (v), hence, it was necessary to establish a D/A bias at
"digital zero," which resulted in a +5¢ mV output from the controller.
This D/A bias would, in effect, compensate for the analog computer
error.

4.2 D/A BIASING

The use of a +5¢ mV D/A bias is in itself an induced error, since

it is desirable to have "digital zero" to the D/A represent a true value
of zero volt. Two problems closely related to the D/A biasing error are
over/under D/A biasing and D/A bit size. 1f the bias was set to some
value other than +5¢ mV, excessive steady-state oscillations would
occur. Care was taken to insure the setting of the proper D/A bias
prior to any data collectlon. Proper setting of the required D/A
bias was difficﬁlt at best with the 8-bit D/A converter, but became less
of a problem when the 12-bit D/A converter was used. Establishment of
the proper D/A bias insured that the overall plant response wojld be

correct.
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4.3 A/D AND D/A QUANTIZATION

[
B
¥ T
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4

o

»

An 8-bit converting device has 256 discrete values, whereas, a 12-

v
v

b
&
»

bit converting device has 4§96 discrete values associated with it. For

0o

a reference voltage range of 1@ V (+5V), the resolution for an 8-bit and

3

-

.
o

Y

Y
-
-. a3
)

a 12-bit converters are 39 mV and 2,44 mV, respectively. Due to D/A
quantization, the plant output oscillated between the D/A output levels,
which drove it positive or negative, As the D/A size was increased, the
number of quantization levels also increased, which resulted in smaller
increments between the output levels, therefore, less steady-state
oscillation. Similarly, an increase in A/D bit size increased the
digital accuracy and reduced the input quantization approximation error.

A comparison of the D/A output quantization effects can be seen in
the unit step plots of Figure 8. The reduction in oscillation of the
12-bit configuration is very evident. The step response plots of Figure
11 demonstrate that further improvement in plant response was observed
with a 12-bit A/D converter, although this improvement is not as signif-
icant as sezn with the D/A converter change.

4.4 WORD LENGTH

Another source of system error is the finite word length of the

computer. As seen previously, the size of the signal conversion compo-
nents has a significant effect on the performance of the control loop. ﬁ -
The coefficients of the control algorithm are scaled values based
upon a binary fixed-point numerical representation. As the internal
precision of the word 1length »f the computer goes up, so does the :T‘

resolution of the coefficients, This increased precision propagates

throughout the calculations so that the upper word of the final computed

value is a more accurate representation than what would have been

29
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obtained using lower precision numerical representation. It 1is the
' upper word of the final value which is sent to the D/A converter. The
16-bit word length of the MC68#@@ found to be more than sufficient for
producing acceptable accuracy.

4.5 COMPUTATION DELAY

The control algorithm takes a finite amount of time to produce an
outpﬁt based upon a given input. This delay is the amount of time it
takes to calculate the control output at a given sampling instant from
an error input taken simultaneously. The effects of computation delay
on control loop performance may or may not be significant. If the ratio
of computation delay to sample rate is small, then computation delay
should not be a problem. As this ratio becomes larger, the effects ‘of
computation delay on loop performance should become apparent. To
experimentally determine computation delay, it was necessary to place a
delay routine in the control algorithm. The length of the delay was
controlled by a specific value, placed in a register, which was decre-
mented until it was zero. Computation delay values of 1/4T and 1/2T
were used. Figures 14 and 15 show results obtained for the Rattan based
and Tustin-based (T=@.§4 sec.) controllers. The plots for computation
delays of 1/2T show that during transient periods, the plant will tend
to overshoot more when compared to the plots with computation delay of
1/4T. A comparison of computation delays of 1/16T and 1/8T for the
Tustin-based (T=@.15 sec.) is given in Figure 16. The effects of smal-
ler computation delays are more noticable with this longer sampling
period than with the T=@.@4 sec. controller. This is an indication that
the plant 1is sensitive to a fixed amount of computation delay since

1/16T of the T=@.15 sec. controller is approximately equal to I/4T of

-----------
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the T=@.@4 sec. controller. As the plant approaches steady-state, the
effects of computation delay diminish, For the control configurations
of this study, it appeared that computation delay did not effect the

control loop significantly; however, this may not be true for other

types of reference inputs. g
4.6 TRUNCATION AND ROUND OFF E;
Truncation is the process of ignoring all bits less than the least ;i
significant bit, whereas, round off is the process of selecting a number Eéi
=

e
1

1§
ol

which is closest to the unrounded quentity. For example, the decimal

number 1.96 will be truncated to a value of 1.9 and rounded to 2.¢ for

a & 0
L I 4
Jejele

two significant digits of accuracy. The procedures of truncation and

Noa_ v '.'als

Y‘v‘.‘-.

round off for binary numbers are the same. All of the control algo-

rithms so far have used truncation of the final output result. The

8.

final result obtained was either a 24-bit or a 28-bit result, depending

on the size of the A/D converter used. The most significant 8- or 12-

bits for the final value were passed to the D/A converter, depending on '
2y
the size of the D/A device. The remainder of the lower significant bits 13
Y
did not contribute to the magnitude of the final output value., A ii

rounding routine was written for the 12-bit A/D, 12-bit D/A control
configuration to include the effects on these lowest bits in the final
value. Figure 17 shows unit step responses of the plant; one with ' P
rounding, one without. For the configuration used in this control 2
study, rounding did not provide significant improvement in loop perfor-

mance as anticipated. However, the step response of the control algo- -

Y e e e e,
i ‘. B . . N
P ’ L K L

rithm with rounding did seem to have a steady-state value slightly

)
byt s e
N

ld

closer to the value of 1 volt.
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S.@ PLANT SIMULATION ON THE TEXAS INSTRUHENTSV(TI)
TMS32¢19 DIGITAL SIGNAL PROCESSING (DSP) CHIP

5.1 RATIONALE

- The plant for the control study thus far has been simulated on an
analog computer, which has a time scale factor of 5¢. This time scaling
equates to a sampling period of 7.5 seconds, There could be several
advantages in replacing the analog computer with a digital computer such
as; more flexibility, elimination of offset error and elimination of
time scaling. The sampling period of the control loop whould then.be
#.15 seconds instead of 7.5 seconds. The requirement is that the plant
must be able to be simulated on a computer, which would permit proper
operation of the control loop at the desired sampling rate. One
approach 1is to digitize the plant using the Tustin transform with a
sampli:? period of @¢.¢15 seconds and implement the resulting digital
transfer function on a high speed digital signal processing computer.
The computer considered for plant implementation was the Texas Instru-
ments QTI) TMS3201¢ Evaluation Module (EVMi and the TI TMS3201¢ Analog
Interface Board (AIB). The E;M board is an evaluation microcomputer
board based upon the TI T?SBZGIO digital signal processor chip. The AIB
is a support board which provides the necessary 12-bit signal conversion

so that the EVM board can be used for signal p;ocessing applications.

The combination of these bofrds would provide everything needed for ~©

"real-time" digital simulation of the plant.
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5.2 PLANT DIGITIZATION Tr

The transfer function of the plant must be digitized before it can by

b, be implemented on the TMS32¢1¢ EVM, The Tustin transformation, equa- R
tion (17) must be substituted into equation (1). Keeping T unspecified
’ 8o that a general equation can be derived and simplifying the resulting X

. . expression will give a digitized transfer function of: o

3,.3 2
600PT [2+32°+32+1] ; (22)
-z-1)

- G(z) =
¥ 8[2°-322432-1]+160T[2°-22-2+1]+6ppT2 [z +2

If T 1is set equal to @#.@15 seconds, equation (22), when simplified

h 5
- becomes ey
A i;,
Y(z) _ 9.820252°+0.0607522+0. 060752+9. 02025 =3
: 6 = %@y ~ 3 ) (23 T
- 19.53527-26.2652"+21.4652-5,735
j Equation (23) will be implemented in software on the TMS32¢1¢ EVM ;If
board. ?;:
- 5.3 CONTROL LOOP CONFIGURATION Eg‘
; The control loop configuration (using the TMS32¢1§¢ EVM) is essen~ EE
: tially the same as that of Figure 1, except that now there is a digital :ﬂ“
g plant instead of analog plant. Figure 18 is a block diagram of the {
E control loop configuration needed for this portion of the control study. ‘2;
- There are two major differences between the control loop of Figure 1 and ::»
B . the control loop of Figure 18; the summing junction is a difference :E
:3 ' amplifier locafed on the digital controller interface card and the plant éi;
; transfer function, which is implemented on the TMS32¢1¢ EVM/AlB combina- t;;
'E tion, 18 a sampled data eystem operating one-tenth of the controller :ig
9 sample rate. ' :-;
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5.4 TIMPLEMENTATION OF THE PLANT ON THE TEXAS INSTRUMENTS TMS3201¢ EVM
MICROCOMPUTER

Equation (23) must be converted to a difference equ;tion 8o that
the plant transfer function can be implemented directly on the EVM.
Solving equation (23) for Y(z) yields the following:

Y(2) = 2.49327 1Y (2)~2.9372"2¥(2)+0. 5442 3¥ () +0. 90192 (2)

‘ -1 - 3 (24)
+ 0.98577z "X(z)+0.805772 “X(z)+0.901922 “X(z)
Notice that the first two coefficients are larger than one, which means
that scaling must be employed to obtain functional values for the
coefficients. The smallest number that is equal to 2" and larger than
all of the coefficients is 4. Dividing all coefficients of equation
(24) 1s effectively a normalization process. Taking the inverse Z-tran-
sform and converting the coefficients to their representative hexi-
decimal values which results in the following:
Y(K) = 4FCE*Y(K-1)+BED1*Y(K-2)+1168*Y(K-3)+@@19*X(K)@@P2F*X(K~1)
¢ +@P2F*X (K-2)+P@1@*X(K-3) (2
Equation (25) can now be programmed directly into TMS32¢1¢ assembly
language, employing the same techniques as used when the digital control
equation was implemented in software. Figure 19 is a flow chart for
1mplemen$at10ﬁ of the digitized plant transfer function on fhe TMS32010
EVM/ALB system. .
5.5 STEP RESPONSE OF THE TMS3201¢ PLANT

The unit step response of tge uncompensated digital plant at

T=§.915 sec. was not obtainable for some unknown reason, so a search

into the possible problems was conducted. The software was checked for

i tah sl Sl Sy b e B Al Al Sl A A i Al S b A i B Eiet uindh A et o
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INITIALIZE
COEFF ICIENTS

l

INITIALIZE
CONTROL /CLK

Figure 19,

> 810207

YES

READ A/D INPUT

CONVERT TO TRUE
BINARY

l

Y(K)=A0Y(K~1)
=A1Y(K-2)+A2Y(K-3)
+AIX(K)Y=A4X(K~1)
=ASX(K=2)+A8X(K~3)

:

Y(K=1) = Y(X)

OUTPUT Y(K)
T0 O/A

L

Flow chart of the TMS 32f1f¢ package
for the digitized plant
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any logic or programming errors. corrections were made, but the control
loop still did not function properly. Once the program had been thor-
oughly checked, the next step was to try a slower sampling rate, in this
case T=(.15 sec. The unit step response of Figure 20 1is that of the
uncompensated digital plant in closed loop form with the slower sampling
rate, The unit step response had proven that the.program was indeed
working, since there is little difference between this program and the
program for the digitized plant operating at T=f.@15 sec. Furthermore,
the plant is undersampled at T=@,.f15 sec., an indication that a higher
sampling rate is definitely needed for proper plant representation. The
major difference between the two plant programs is in the coefficients
of the difference equation. Closer inspection of equation (24) shows
that the ratio between the largest rsefficient and the smallest coef~
ficient is approximately 13@@ to 1. This large of a coefficient span
was not represented accurately with the fixed point binary numbering
scheme. The use of coefficient normalization apparently added to the
problem. By comparison, the closed loop representation of the T=@§,15
sec. plant required no coefficient normalization and the span of the
coefficients was smaller.

The problem just discussed becomes worse as the sampling rate of a

system is.increased. Diredt implementation of a difference equation is

»
b'_
>,

not* feasible particularly when higher sampling rates are used. An

o

alternative method of implementation that produces more manageable fixed
L ]

v point coefficients is needed. One method which may work is to represent

KR 24

the plant as a set of discrete state equations.
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5.6 STATE SPACE REPRESENTATION OF THE PLANT Y

The characteristics of the plant can be represented in standard

)

state space form as:

€ x

‘5"
55
l'l'

¥

PP Y
-
[ |
(]
-3
]
BN |

(26)

)
-

27)
vher;

La Lt

-
8

A= |0 ¢ 1 (28)
4

B=| ¢ (29) o
| 6000

T o
c [1 ¢ ¢) (39) B

The block diagram of this system is shown in Figure 21. An equivalent T
system can be derived by changing the B and C'r matrices slightly. The KA
resulting matrices are:
L
B=|#§ (31) :
) 199 o

cT = (60 0 §] (32)

The block diagram of the alternative state space form is shown in Figure -

22. The discrete state transition equations are given by:

X(R + 1) = ¢ X(K) + 8u(K) (33)
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C(K) = DX(K) (34)
vhere
¢ =L - 07 (35)
0 -j: o(T -1) B (36)

The alternative state space representation can be implemented in the
following manner. Portions of Figure 22 can be converted directly into
discrete state space form. Forming a system including only the first

two integraters will give:

[ @ 1

A= ] (37)
1-300 <40
[ @

B= ] (38)
| 1989 .

Solving equation (35) and equation (36) yields:

"9.972  ¢.911
.3.346 9.526

[ 0.009
0 = (4#)
L1.115

The discrete state equations of this system become:

xl(x + 1) #.972 ¢.011 xl(x) D.p0S
- + U(K) (41)
xz(x +1) ~3.346 P.526 xz(x) 1.115

‘The remaining portion of the system to be implemented is:

.‘,.‘:

A

Snrh | : "" '\::-q‘ .

R
o




(42)

Substituting equation (17) into equation (42) and using value of T=§.@15

sec. will give:

Equation (41) and equation (43) totally discribe the system characteris-
tics and can be implementéd in software without the coefficient problems
which were previously discussed. Verification of the discrete state

space technique is left as an exercise for future control studies.
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6.9 CONCLUSIONS

The major objective of this control study was to demonstrate the
effectiveness of using 16-bit microprocessors for digital control appli-
cations. Emphasis was placed on control implementation techniques and
error identification rather than control algorithm analysis. Control
loop performance was measured for several hardware configurations and
several control algorithm variations.

Sources of error which effect the performance of the control loop
were identified. Methods were suggested which would reduce the error
effects. Quantization error was the most troublesome error encountered.
The use of larger bit-sized converters reduced quantization error signi-
ficantly. Computation delay was shown to introduce a slight amount of
error in the control loop during transients as the amount of delay
increased. Computation delay did not seem to effect the steady-state
behavior of the control loop. To insure proper performance, the
microprocessor must be able to execute the control algorithm well within
the sampling period so that the effects of the computation delay will be
minimized.

The stated objectives of the control study were met. Digital con-
trol using n;;roprocessora is piactical vhen considering a control
strategy. The increased execution speed of the DSP chips will

undoubtedly make these devices even more suitable for more complex
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digital control applications. It is recommended that additional control

studies be performed which would exploit the full capabilities of the

newer DSP chips.
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APPENDIX Al

TUTOR 1.1 > MD 1000 DAD! ¢ 8 BIT a/D

et 1000 46FC2606 HMOVE . W Ja’ogg&w‘ ) 8/1/83
001004 4260 CLR.L D8 )
001006 7204 MOVEQ.L #4,D3

e01008 207C00030000 HMOVE.L #196606,A0
00 100E 30Ce MOVE.W DO ,(AB) ¢
sote1e 30Ct MOVE.W Di1,(AB)¢
001012 3ece MOVE.W DO ,(AB) ¢+
0010814 38C! MOVE.W Di1,(AM)¢
001016 4640 NOT.W DO

01018 30Ce MOVE.W DO,(AB) ¢
ee101A asci MOVE.W Di1,(A0) ¢

. 801081C 30Ce MOVE.W DO ,(AQ) ¢
0018 1(E 30C1 MOVE.W D1,(AB)¢

se 1020 13FCO8E00003000% MOVE.B ®128,500030009
801028 203CO0PE4EIC MOVE.L W#9375e8,D8
00102E 207C00010025 MOVE.L W®s5573,a8
001034 01C00000 MOVEP.L D8 ,88000(A0)
001038 13FC000000010035 MOVE.B #o,8000810033
801040 4260 CLR.L D®

ee1042 4281 CLR.L D1}

CTRLLY] 4282 . CLR.L D2

001846 4283 CLR.L D3

001048 327C2000 MOVE.W #8192,A1
se104C 347C2002 MOVE.W #B8194,A2

0 18359 347C2004 MOVE.W #8196,A3
001054 387C20 10 MOVE.W #8208,A4
es1e58 3a7C2020 MOVE.W #8224,AS
208185C 328C3646 MOVE.W #13926,CA1)
001060 34BC138¢ MOVE .W #5046, (A2)
081064 36BCOASE MOVE .W #2454,(AD)
se 1868 4254 CLR.W (A®)

00104 4255 CLR.W  (AD

b0 106C 13FC00A4800010023 MOVE.B #44,800010023
021074 21FC0000108B0 109 MOVE.L ®4232,800000108
ee1e?C 13FCE0A 180010021 MOVE.B N161,8800108021
001684 4E7} NOP

801086 &OFC BRA.S 001084
spleee 13FC00 1000108033 MOVE.B #1,80001803%
801090 143708030001 MOVE.B ¢000300081,D2
001094 143700030001 MOVE.B $00030001,D2
ee1esC en0 20088 EOR.B  #128,D2
ea10a8 4402 NEG.B D2

0010A2 4882 EXT.W D2

0010a4 4286 CLR.L Dé

T RULYS 3215 MOVE.W (A% ,D1
001040 14 MOVE.W (A®) D3

00 100A 2882 MOVE.W D2,CA8)

00 10AL €30 HULES.W (A1 ,DI

80 10AE 2001 MOVE.L. D1,Dé
se1e8e c502 MULS.W (A2 ,D2
001082 0Ce2 ADD.L D2,Dé
0061084 t7p3 MULS.W  (AD) ,D3

s0 1886 oCce3 sup.L D3,Dé
soieB8 €384 ASL.L #1,Dé °
003004 2286 MOVE.L Dé,tA%
e0108C 16 BMI.6 001004

80 10BE Cé00 17 BSET . 923,06
e010C2 4046 AP .WN D6

e010Ca 13C40003000% MOVE.B Dé,508030009
0010CA 4280 CLR.L DO

se18CC 4281 CLR.L D1

90 10CE 4282 CLR.L D2

081000 4283 CLR.L D3
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APPENDIX A2

TR 1+ 2R IEIDT € QBT &0y 3 BT 8 2 /10

091004 4280

001006 7204

se 5008 13ce0e830083
00100E 13C000030007
001014 13Ce00030008
00181A 13C00003000F
001020 13C000030001
e0102¢ 13Ct100030083
e8102C 13C000030005
001032 13C 100030007
001038 46080

001034 13C00003000%
001040 152100030008
003104¢ 13Ce8003000D
80104C §3C10603008F
001032 13FCP0B00003000D
00105a 13FCe000008630009
001062 203C090EAELIC
001068 207C0001002%

00 184E e1cae08e

001872 13FC0000000 10035
801074 4268

00107C 4281

80107E 4282

001080 4283

001082 327C2000

021086 347C2002

00108A 367C2004

00108E 267C20 10

001092 /702020

001896 32BC3666

0810%A 34BC 1386

00 0%E 36BCOASE

0810A2 4254

0810a4 4255

001044 13FC004000010023
80 10AE 21FCe0eP 10C20 109
001084 13FC00A 100010021
00108 4E71

eei0Ce 6OFC

010C2 13FC0001000 10035
0010CA 143908030001
0010080 143500030081

80 18D6 sAB20088

s010DA 4402

s81080C 4882

0018DE 4286

T3 3218

0010E2 3614

9010E4 3882

00 10E6 c301

T3] 2C01

0010EA £sD2

00 19EC pce2

80 10EE c703

08 1pF0 083

001%F2 E386

0010F4 2484

0010F6 6820

T 08Cs0017

2010FC E964

80 10FE 4846
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CLR.L

MOVEQ.L

MOVE.B
MOVE. B
MOVE.B
MOVE.B
MOVE.B
MOVE.B
MOVE.B
MOVE.B
NOT.B

MOVE.B
MOVE . B
MOVE.B
MOVE.B
MOVE.B
MOVE.B
MOVE.L
MOVE.L

MOVEP.L

MOVE.B
CLR.L
CLR.L
CLR.L
CLR.L
MOVE .W
MOVE .W
MOVE . W
MOVE W
MOVE . W
MOVE . W
MOVE .W
MOVE . W
CLR.W
CLR.W
MOVE.B
MOVE.L
MOVE.B
NOP
BRA.S
MOVE.B
MOVE.B
MOVE.B
EOR.B
NEG.B
EXT.W
CLR.L
HWE I“
MOVE . W
MOVE .W
MULS.W
MOVE.L
MULS . W
ADD.L
MULS . W
8UB.L
ASL.L
MOVE.L
el .8
BSET
ASL.L
SWAP W

De

#4,D1

D6 ,800030003
De,800030007
D0 ,900030008
00,8000 3000F
D6 ,800030001
D1,900030003
D6 , 860030005
D1,$00630007
De
De,$0003000%
D1,90003000B
D® ,$0003000D
D1,80003000F
#128,800030000
#0,980030009
#937500,00
#65573,A0

De ,$0000(A0)
#0,800010035
Do

CY

D2

D3

#8192,A1
#8194,A2
#8196,A3
#8208,Ad
#8224,AS
#13926, (A1
#5046, (A2)
#2654 ,(A3)
CAd)

(AS)
#64,500010023
#4250 ,800000100
#161,800010021

$6010BE
#1,80001003%
s00030001,D2
$00030001,D2
#128,D2

D2

D2

06

(AS) D1

(As) ,D3
D2,(Ad)

(A1) D1
01,06

(A2) ,02
02,Dé ‘
(A3) 03
D3,Dé

#1,06

06, (AS)
001118
#23,D6
#4,Dé

06

o s
DY -

)
.
3
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APPENDIX A2 (CONTINUED)

s01100 13C6P0030809 MOVE.B Dé,800030009

001106  EBBG ASR.L  #4,Dé h
001308  13C60003000D MOVE.B Dé,88003000D o
00110E 4280 CLR.L D® : ~
se1310 4281 CLR.L I

001112 4282 CLR.L D2 ?
ee1114 4283 CLR.L D3 e,
. 001116  4E?3 RTE -

~ e01116 00640817 BCLR 923,06 o
00111C  6ODE BRA.5 $0810FC o
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TUTOR
ebi00e
001004
801006
so 1068
00100A
001010
001016
00101C
001022
- 001026
00102E
001034
001834
00103C
0B1042
ee 1048
00104E
001054
00105C
001664
001864
001070
001074
00107C
00167E
001060
001882
001084
001066
0010664
00106E
001092
001894
00109a
00109E
00 10A2
0010A6
001048
08 104N
ee18B2
0010BA
e010C2
0010Ce
0016C¢
0010CE
001006
0010DE
08 10E0
0010E2
00 10E4
0010EA
00 10F0
0010Fe
0010F¢
08 10F8
0016FE
001104
001106
661108
00110A
00110C
00118E

APPENDIX A3

1.1 2 MD 1008 144D
46FC2000
4260
7204
740F
13Ce00030003
13Ce000300087
13Coes030008
13C00003000F
13Cee0a30001
13C100630003
13C200030005
13C100030007
44600
13Ceoet30009
13C180030008
13Cee6030000
13C10083000F
13FCeeBe0003000D
13FCee0000030009
203COQ0ESQELC
287Ce0010025
oiCee000
13FCooo0000100833
4200
4281
4282
4263
4287
327C2000
J47C2002
367C2004
87C2010
3A?7C2020
32BC3é66
34BC13B6
J6DCIASE
4254
42355
13FCee4q000010023
23FCoeeo10Ce0 100
13FCe0A 100010021
4E7}
60FC
13FCe00 100010035
13FCoe0Fec03000Y
13FCoo0000030005
7€06
$367
66FC
143900030003
143908030005
0020080
4082
£942
14390003000
143980030001
4206
3213
3614
3082
CaD1
2Ce )
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¢ 12 BIT A/D § 12 BIT D/A ) S/1/03
MOVE.W #8192,8R
CLR.L DO
MOVEQ.L #4,D1
MOVEQ.L #13,D2
MOVE.B D0,880030003
MOVE.B D0,800030007
MOVE.B De,stee30008
MOVE.B D0 ,80003008F
MOVE.B D0,e00030001
MOVE.B D1,800030003
MOVE.B D2,s60030003
MOVE.B Di1,880030007
NOT.B D@

MOVE.B D0,80003000%
MOVE.B Di1,800030008
MOVE.B Do,s2003000D
MOVE.B D1,80003008F
MOVE.B #3126,80003008D
MOVE.B %0,600030009
MOVE.L 4937300,D0
MOVE.L #635373,a0
MOVEP.L DO ,80000(A0)
MOVE.B «e,s00010035
CLR.L DO

CLR.L D1}

CLR.L D2

CLR.L D3

CLR.L ©D?

MOVE.W #B192,A1
MOVE.W #8194 ,Aa2
MOVE.W #819¢,A3
MOVE.W #8200,A4
MOVE.W #8224 ,AS
MOVE.W #13926,¢A1)
MOVE.W #3046, (A2)
MOVE.W #2434,(A3
CLR.N  (A®)

CLR.W (AD)

MOVE.B #64,000010023
MOVE.L #4294,6080000180
MOVE.B ®161,800010021

NOP
BRA.S  €8010C2
MOVE.B #j,s00010035
MOVE.B #13,800030008
MOVE.B #0,800030005
MOVEQ.L #4,D7
SUBQR.L #31,D?
BNE.S  stoiofe
MOVE.B $080030005,D2
MOVE.B e000300035,D2
EOR.B .423.02

D

EXT W
%4,02

ASL .W

MOVE.B e00030001,D2
MOVE.B ¢00030001,02
CLR.L D¢

MOVE.W (A% ,D1
MOVE.W ¢Ad) ,D3
MOVE.W D2,(Ad)
MULS.W (A1) ,D1}
MOVE.L D1,D6

&

Tl e T e
DN A g
o T

L

AR

o vt

y -

PR T |
PR

v "

»

ap

et oyt e
PR TP R
LI
PR A N

oy .",: g

.

SreTe v e e

i’

'
.

s P"
DA

L ]

)



001130
0112
o014
001116
001118
081114
00511C
00111E
001122
001124
00112A
e0112C
001132
. 003134
001136
001138
00113A
00113C
08 113E
001142

APPENDIX A3 (CONTINUED)

csSb2
pcez2
€703
€83
E3086
2406
éB1IE
08C400 1B
484¢
13C400030009
E866
13C600830000
42680

4261

4282

4283

42067

4E73
08860018
60E0

MULS . W
ADD.L
MULS .W
SUB.L
AsL.L
MOVE.L
mi.s
BSET
SWAP W
MOVE.B
ASR.L
MOVE.B
CLR.L
CLR.L
CLR.L
CLR.L
CLR.L
RTE
BCLR
BRA.S

(A2 ,02
02,06
d ,03
03,06
#1,06
Dé, (AS)
$09113C
927,06

Dé
Dé,800030009
#4,Dé
Dé,80003000D

w27,Dé
s001124
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APPENDIX A4 oyt
G
g

- oot

serse0  asPE2488° 14EIDT (CORTETIONG BELRK-7/2/00) RS

001004 4280 CLR.L Do

001086 7204 MOVEQ.L #4,D)

ee1008 740F MOVEQ.L #1S,02

80 106A 13Coe0030003 MOVE.B Do,s08030083

eeio1le 13Ce00030007 MOVE.B Do,seee3000?7

001016 13Cee003000B MOVE.B Do,see03000B

[ LY B 1+ 13Ce0003000F MOVE.B D9 ,80003000F

881022 13Ceeee30001 MOVE.B D& ,spod3000!

081628 13C100030003 MOVE.B Di3,800830003

00102E 13C200030063 MOVE.8 D2,806030003

001034 13C100030007 MOVE.B D1,seee38087

001034 4600 NOT.B D8

80103C 13Ceenpl000% MOVE.B D9,820030009

001042 13C10se 30008 MOVE.B Di,sec030008

ee1048 13Ce0p03000D MOVE.B Do ,see03800D

80 104E 13C10003000F MOVE.B D1,80003000F

ee1054 13FCeeBop003008D MOVE.B #128,80003000D

001eSC 13FCoo00R0030009 MOVE.B &d,s0003000¢9

8610844 203C000EAEIC MOVE.L #937508,D0

00 186A 207C00010025 MOVE.L #65573,A0

001070 e1Ceeone MOVEP.L DO ,880800¢A8)

001074 13FCeooe00010035 MOVE.B #6,¢00010035

08107C 4260 CLR.L Do

00107E 4281 CLR.L D1

eo1080 4282 CLR.L b2

eele82 4283 CLR.L D3

ee1e84 4287 CLR.L D7

001086 327C2000 MOVE.W #8192,A1

00108A 347C2002 MOVE.W #8194,A2

00108E 347C2004 MOVE.W #8196,A3

ee 10852 387C2010 MOVE.W #B288,A4

001096 3Aa7C2020 MOVE.W %8224,AS

001094 32BC36646 MOVE.W %13926,¢AD)

00109E 34BC13B¢ MOVE.W #5046,(A2)

ee18A2 36BCOASE MOVE.W 92634,(A3)

88 10A4 42354 CLR.H  (ad)

80 10A8 4235 CLR.W (AS)

001044 13FCee4000010023 MOVE.B #é4,808010023

eeiep2 21FCeé00010Cs0 100 MOVE.L #4274,300000100

00108A 13FCooA 00010021 MOVE.B #i161,800010021

6010C2 4E7 ] NOP

se10Cq 60FC BRA.S  ¢0018C2

8e10Cé 13FCe001800100835 MOVE.B #1,s802016035

0010CE 13FCO00FR0030005 MOVE.B #15,800030085

001006 13FCepe0R0030005 MOVE.B #e,sé8030003

0010DE 7€06 MOVEG.L #4,07

00 10E0 5387 SUBG.L #1,07

0010E2 66FC BNE.S  $0010E0

00 10E4 143900030005 MOVE.B séee3eeeS,D2

08 10En 143900030005 MOVE.B s00830005,D2

o0 10Fe 0A020080 EOR.B #i28,D2

08 10F4 4882 ExXT.W D2

0010F¢ Ev42 ASL.W  #4,D2

0010F8 143900030001 MOVE.B s@e036é01,02

00 10FE 14390003000 MOVE.B eseo®30001,02

001104 42686 CLR.L D6

001106 3213 MOVE.W (A ,Di

e01108 3614 MOVE.W (A4 ,D3

08110A 2882 MOVE.W D2,(A4)

et110C €301 MULS.W  (AD ,DI

00110E 2001} MOVE.L DI,Dé

001110 €302 MULS.W  (AD),D2

01112 oce2 ADD.L  D2,D6

56
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APPENDIX A4 (CONTINUED)

0013114 €703 MULS.W (A3 ,D3
88ille 9C83 suB.L D3,0¢
0013118 E£386 ASL.L #1,Dé
edtllA 2AB6 MOVE.L D6,(AD .
06111C éB2A BM].5 001148 .
0011E 08C4001B BSET “27,06 .
801122 2E3C888D34464 MOVE.L #845386,D7 .
0ei128 8387 SUBG.L %1,D? :
001124 66FC BNE.S  s801128
00112C 48446 SWAP.W D6
00112E 13Cé00830089 MOVE.B Dé,88803008%
. - 081134 1 4-1-1.3 ASR.L  #4,D¢

P 901136 13Csd80830860 MOVE.B Dé,s8083008D

f ~0e113C 4280 CLR.L Do
00 113E 4281 CLR.L Di
001140 4262 CLR.L D2
001142 4283 CLR.L D3
001144 4287 CLR.L D?
0@ 1146 4E73 RTE
001148 868640018 BCLR 027,06
es114C 40DE BRA.S $00112C
TUTOR 1.1 D




. £ 1
s w s’

TUTOR
e01000

eo1ee4
001004
so 1008
00 180a
081010
e8101é
ee101C
001022
eo1028
00182E
001034
001034
60103C
ee1042
001048
80 104E
601034
00103C
001044
001064
001070
001074
08107C
00107E
seie80
e01882
seie84
0010664
08108A
80 1088E
s010%2
001896
081094
00 109E
0016A2
88 10As
0018A8
00 18AA
001082
08108A
e018C2
e010C4
s8108Cs
0010CE
001006
00 10DE
0010E2
08 18E2
0030E4
0010EA
0B 10F@
0018F4
0010F6
00 10FB
00 10FE
0011304
001106
601108
00110A
sei el
08110E
eo1118
001112

46FC20080

4288

7204

740F
13Ce00030003
13C0000300067
13Ceede3000B
13C60003000F
13Ce00030001
13C100030003
13C200030003
13C100030007
4400
13Co00a30009
13010003000
13Cede03000D
13C10003000F
13Fcoeco00030808D
13Fcooooet030009
203CO0OEAEIC
207cep0 10025
oi1Ce00R00
13FCe000088010035
4260

4281

4282

4283

4287

327C2000
347C2002
3472C2004
387C2010
3A7C2020
32BC36é6
34BC13Bé
34BCOASE

4234

4235
13FCes40e0010023
21Fceee010Ce0 100
13FCoeA 000100821
4E713

60FC

13Fcepe 100030835
13FCO0EFR0030005
13FCoe0c00038003
7E06

S387

66FC
143500030005
143900030005
0AR20000

4882

£942
143706030001
14390003000
4286

3219

3614

3882

C3D1

2001

€302

bce2

APPENDIX AS

CLR.L
MOVEQ.L
MOVEQ.L
MOVE.B
MOVE.B
MOVE .B
MOVE ., B
MOVE.B
MOVE.B
MOVE.B
MOVE.B
NOT.B
MOVE.B
MOVE.B
MOVE.B
MOVE.B
MOVE . B
MOVE.B
MOVE.L
MOVE.L
MOVEP.L
MOVE.B
CLR.L
CLR,L
CLR.L
CLR.L
CLR.L
MOVE . W
MOVE W
MOVE . W
MOVE . W
MOVE W
MOVE W
MOVE . W
MOVE . W
CLR.W
CLR.W
MOVE.B
MOVE.L
MOVE.8
NOP
BRA.S
MOVE LB
MOVE.B
MOVE.B
MOVEQ.L
SUBG.L
BNE. S
MOVE.B
MOVE.B
EOR.B
EXT.W
ASL .W
MOVE . B
MOVE.8
CLR.L
MOVE W
MOVE . W
MOVE . W
MULS . W
MOVE . L
MULS . W
ADD.L

58

1.1 > MD 1800 178;D1 C(ROUNDOFF-7/&/64iMJ6)
' Criv AR I R

De

#4,D1

“is,b2

D6 ,800030083
D8 ,$80030007
D8 ,$0003000P
D6 ,$0003000F
D0 ,$0003000 1
D1,8006836883
D2,800030005
D1,800830807
De

D8 ,800030009
01,800030008
Do ,$0003008D
D1,$0003000F
#128,$0003800D
%9,$00030009
#937500,00
#85573,A0

D@ ,$0008(A0)
#0,80081003%
De

D1

D2

03

07

B8192,a1
%B8194,A2
#B8156,A3
#B8208,A4
#8224,A5
013926,¢A1)
#5046, (A
02654, (AD)
(A%

(AS)
#44,$00010023
#4294,500000100
#161,800010021

see10C2
#1,800010035
#1%5,800030005
#e 8008038008
6,07

41,07
seo1oER
s00030003,D2
s00030085,02
wi28,D2"

02

#4,D2
$00030001,D2
$00030001,D2
D6

(AS) ,D1

Ad4) ,D3

D2, (A0)

(A1 DI
D1,Dé

(A2) ,D2
D2,0é

LN
MM O]

.
'

Pl R
v ‘1

-t
4
a4y 9,

PRr

XA . .
s %o li

F)
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APPENDIX A5 (CONTINUED)

: pe1114 c7D3 MULS.W  (A3) ,D3
001116 9C63 SUB.L D3,Dé
- 801118 E386 asSL.L 01,06 .
CTRERY 2a8¢ MOVE.L Dé,(AD) 3
X 00111C 6824 BMl.S 8201148 :
. : 08 311E 0B66800F BTST #35,D6 =
. 801522 é73¢C BEQ.S 001160
001124 3255 ADDO.W  #1,(AS)
001126 484¢ SWAP.W D&
ee1128e 8244 ADDO .M  #1,Dé
081124 #B8C4000B BSET #11,D6
00112€ 13C400030009 MOVE.B Dé,88083000%
) 001134 E68¢ ASR.L  #4,D6 -
. - 001136 13c408030000D MOVE.B Dé,800030008D o
00113C 4280 CLR.L DR e
80113E 4281 CLR.L D} "y
001140 4282 CLR.L D2 -
001142 4283 CLR.L D3 -
001144 4287 CLR.L D? .
001144 4E?3 RTE
- ee1148 0B884000F BTST #15,06
- e0114C 6614 BNE.S 8801148
¥ 00114E 0C470000 CMP.W  #0,D7
061152 714 BEG.S $0081148
- . 001154 5355 SUBQ.W #1,(AS)
- 081158 4844 SWAP.W Dé
M 001158 8344 SUBO.W #3,Dé
ee 1454 08840008 BCLR 411,06
, 006 115E é0CE BRA.S $00112E
. 001140 e8Cs00 1B BSET #27,Dé
3 801144 4846 SWAP.W Dé
003166 60Cé BRA.S $80112E
% 001168 88840018 BCLR 427,06
N 0e116C 4844 SWAP.W D6
‘ 801 14E 40BE BRA.S $08112E
¥ TUTOR 1.1
.
.
A ]
R ?
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i APPENDIX A6 DN
# N
¢ v 5
fod,
)
(N
2% THS320 EVM ASSEMBLER B% B
> : : *
00030 000 & THIS PROGRAM IMPLEMENTS THE UNIY STEP RESPONSE OF ke
00020 000 & THE CLOSED-LOOPsy UNCOMPENSATED PLANT. THE PLANT o
00030 000 s 1S DIGITIZED USING THE TUSTIN TRANSFORM WITH Te.3S SEC. L
00040 000 & PROGRAM WRITTEN BY?: MICHAEL J. GAUDER 11/12/84 T
00050 000 ADRG 3 STARY PROGRAM AT ADDR 0003 'y
. - 00060 003 8 -
00070 003 & SYSTEM EQUATES AND DATA ASSIGNMENTS
B 00080 003 % -
' * 00090 003 0000 ZERD DATA >0000 ZERD -
. 00100 004 0001 ONE DATA >0001 ONE ]
00110 005 0004 FOUR DATA >0004 FOUR -]
00120 006 0008 MOLE DATA >0008 SAMPLE DELAYSCONT. CONVERSION v,
00130 007 0005 S5AMRT  DATA >0005 SAMFLE PEKIOD 0.030 SEC APFR. , . .
00140 008 7FFO MASK1 DATA >7FFO0 MASK FOR INFUT DATA :
00350 009 B0O00 MASK2 DATA >B000 MASK FOR OUTFUT DATA .
. 00160 00A PAO EQU o FORT ALDR FOR AIE CONTROL PORT o
i 00170 00A PAL EQU 1 POKT ADDR FOR SAMPLE RATE PORT - |
A 00180 00A PA2 oy 2 PORT ADDK FOR A/D AND D/A RS
[ 00190 00A x o
- . 00200 00A % COEFFICIENTS FOR DIFFERENCE EQUATION Co
N 00210 00A & b
o 00220 O00A CCEE A0 DATA >CCEE FP VALUE FDR NORMALIZED AO -
00230 O0B A3FY Al DATA D>AIF9 FP VALUE FOR NORMALIZED A1 51
S 00240 00OC D3B7? A2 DATA >D3B? FP VALUE FOR NORMALIZED A2 -
. 00250 00D 2744 A3AS DATA >2746 FP VALUE FOR NORMALIZED A38A6 e
L 00260 OOFE 7645 A4AS DATA D>7645 FP VALUE FOR NORMALIZED AASAS G-
" 00270 OOF 2 o
.- 00280 OOF ¥ VARIABLE STORAGE ‘.
. 00290 OOF 'S o
2 00300 OOF 8% Y VALUES % .
00310 OOF TENP BSS 1 TEMP Y(K) LOC. .-
e 00320 010 v1 BSS 1 Y(K-1) -
) 00330 011 ¥2 BSS 1 Y(K=2) R
X 00340 012 Y3 BSS 1 Y(K-3) o
v 00350 013 8% X VALUES %% o
- 00360 013 X0 BSS 1 X(K) , e
" 00370 014 X1 BSs 1 X(K-1) =
k- 00380 015 X2 rSs g X(K-2) -
00390 016 X3 pSS 1 X(K~3) :
.. 00400 017 4 K
S 00410 017 % INITIALIZE THE VARIAELE STORAGE TO ZERO A
- 00420 017 s S
" 00430 017 6&E00 LDPK © LOAD DATA POINTER WITH O o
v 00440 018 7?7007 LARK 007 LOAD AUX. REG O WITH COUNT o
- 00450 019 ?7EO03 LACK 2ERD ., LDAD STARTING VARIARLE ADDR .
. 00460 O3A 6703 TBLR ZERO INIT D.N. : o
00470 O1B 710F LARK 1,TEMP START OF DATA STORAGE i
" 00480 0IC 66881 CVS LARP 3 AUX. REG. PDINTER SET TO 1 o
: 00490 01D 6740 TBLR %440 CLEAR MEM. LOC.PINC. ADDRIARF=0 )
; 00500 OIE F400 BANZ CVS CONT. UNTIL ARO = O o
OIF 001C . . -
- 00510 020 s . e
o 00520 020 & INITIALIZE DATA MEMORY WITH CONTROL VALUES -
= 00530 020 1 N
| 00540 020 7E04 LACK ONE LOAD ACC WITH ADDR DF ONE o
K 00550 021 4704 TBLR ORE STORE RM INTO DM . b
. 00560 022 2009 LARK 0s9 LOAD AUX. REG O WITH COUNT o
- 00570 023 2105 LARK 1.FOUR AUX. NAS STARTING D.M. ADDR o
S 00580 024 7EO0S LACK FOUR ACC NAS START ADDR FOR INIT .
- 00590 025 4881 CDI LARP 1 AUX. REG. POINTER = 3 Rt
< 00600 026 6740 TRLR 84,0 MOVE PM TO DMSINC DM POINTER N
o

;.'.

.
o *
()

ENTANENL N
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00610
00620

00630
00640
00430
00640
00670
006680
00690
007200
00710
00720

00730

00740
00730

00760
00770
00780
00790
00800
00810
00820
00830
00840
00850
00860
00870
00880
00890
00900
00910
00920
00930
00940
00950
00960
00970
00980
00990
01000
01010
01020
01030
01040
01050
01060
01070
01080
01090
01100

01110
<

NUMBER OF ERRORS 00000

ASSEMBLY COMPLETE

027
028
029
024
024
02A
024
02p
o02C
02D
02D
02D
02D
02E
02F
030
031
032
033
034
035
035
035
035
036
037
038
o3¢
03A
O3F
03
03k
03B
03C
03D
03E
03F
040
041
042
043
044
04S
046
047
048
049
044
oar
04C
04D
04t
O4F
050
0351
032

0004
F400
0025

7200F
4907
4804

F600
FFFF
F900
002D
6880
F400
ooz2n
700F

7F89
4213
2013
7808
5013
7F89

6A12
6DoC
6B11
6DOR
6F20
6DOA
6C16
600D
6R15
6DOE
6B14
6DOE
éB13
énop
JFBF
S90F
200F
5010
7809
S00F
4AOF
F900
oo2n

APPENDIX A6 (CONTINUED)

ADD  ONE
BANZ CDI

INC PM POINTER
CONT. UNTIL DONE

. .
%  ANALDG BOARD' INITIALIZATION .

LARK 0¢>000F

OUT  SAMKRTsPAL

OUT  MOLE,PAO
]

LOAD ARO WITH COUNT FOR SAMPLE

SET UP BAMPLE CLOCK
SET UP MODE} START CLOCK

% WAIT FOR DATA TO BE CONVERTED

2
WAIT R10Z CNTDWN

START COUNTDOWN WHEN BIO = 0O
WAIT UNTIL BIO = O BEFORE CONT.

LOAD AR POINTER WITH ZERO

IF ARO NE ZERO+GO BACK TO WAIY

RESET COUNTDOWN REGISTER

CLEAR ACCUMULATOR
INPUT DATA FROM A/D
LOAD ACC FROM X(K)
COMFLEMENT SIGN BIY
STORE TRUE BIN AT X(K)
CLEAR ACC.

Y(K-3) IN T REG
A2%Y(K-3)
Y(K-3)=Y(K~-2)$ACC BUM
AL1RY(K-2)
Y(K=-2)=Y{K-1) JACC SUM
AOXY(K-1)

ACC SUMIX(K-3) IN T REG
ALEX(K~3)
X(K-3)mX(K=-2) $ACC SUM
ASEX(K-2)
X(K-2)=X(K-1)$ACC SUM
A4EX(K-1)
X(K=-1)=X(K)IACC SUM
A3EX(K)

ACC NOW HAS Y(K)
TEMP=Y (K)

LOADl ACC WITH TEMFP
STORE RESULT IN Y(K-1)
COMPLEMENT SIGN BIT
SAVE VALUE IN TEMF
DATA OUT TO D/A

GO AND GET NEXT SAMPLE

B WALIT
CNTDWN LARP O
BANZ WAIT
LARK 0+>000F
t
% READ DATA AND CONVERT TO TRUE BINARY
CALC ZAC
IN X0,PA2
LAC X0
XOR  MASK1
BACL X0
ZAC
]
% CALCULATE DIFFERENCE ERUATION
LT Y3
MPY A2
LTD Y2
neY [}
LT Yi
nPY A0
LTA X3
HPY  A3AS
LTD x2
NWPY  A4AS
LTD X1
HPY  A4AS
LTD X0
MFY  A3AS
APAC
SACH TEMFs1
LAC TEMF
SACL Y1
XOR  MASK2
SACL TEMP
op ouT TEMPPA2
B WAIT
END
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APPENDIX B2 (CONTINUED)

4
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PAO HA———ikip12 oND |-3-GND v
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PA2 |- 1{n10 VREF - 48V r
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APPENDIX B3 (CONTINUED) o0

[ 50 PIN CONNECTOR ‘:' 2%
TO MEX GBKECB 2 g % g

x L7404 | aNALOG OND @ e
DIG GND @

+8VDC @
-13VDC @ g

40 PIN 40 PIN £
X PiA 2 X PIA 1

|

18 PIN 4 PIN
1218 DAC LF347

14 PIN
CARRIER

c¥vos a/v o1
[ ®0103m00 Nid oF

SIGNAL IN [
SIGNAL OUT [J a

.
.
o
o .

X - DENOTES WIRE WRAP PINS FOR BYPASS CAPACITORS o
® — DENOTES WIRE WRAP PINS FOR POWIR AND GROUND CONNECTIONS 3
O - DENOTES WIRE WRAP PINS POR SIGNAL CONNECTIONS o
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