fb-Ai42 184 A DESIGN METHOD FOR R STATE FEEDBACK MICROCOMPUTER 1/2
CONTROLLER OF A WIDE BANDWIDTH ANALOG PLANTCU) NAYAL
POSTGRADUATE SCHOOL MONTEREY CR K C KIM DEC 83

UNCLASSIFIED F/G 972

-4
=

EEEEEE
1
I A
1
I I R
N
1 I R
I
T A
1 A
1
1
O
L




MO ACAETONCIE AL,

I‘;L&\.\ RO Sl R, L

s
o

NRRY

o
>~

el

LA A
AL
L%

A} %

20
CACAS

’
AR

0

(A
B

R

I

« 5
LYY
Py

T ——
FRITSIITTTT

1.0 M 2
Tl =

r
r
r

.l
=~

22 T e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAY OF STANDARDS - 1963 -~ A




pTIC FILE COPY

NAVAL POSTGRADUATE SCHOOL

Monterey, Galifornia

THESIS

Thesis

A DESIGN METHOD FOR A STATE FEEDBACK
MICROCOMPUTER CONTROLLER OF A WIDE BANDWIDTH

ANALOG PLANT
by
Ki Chul Kim
December 1983

Advisor: Alex Gerba Jr.

Approved for public release; distribution unlimited.

84 06 14 051

....................
............
-------------

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



<
AS
’ SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entersd)
% READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
D Ao i AT L L 2. GOVY ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
& AD ALY
-.':: & TITLE (and Subtitle) 4 5. TYPE OF REPORT & PERIOD COVERED
= . 1 Y
{ A Design Method for a State Feedback g:z:;]ﬁei Tqilzz;s
" Microcomputer Controller of a Wide
. :j Bandwidtll')l Analog Plant. 6. PERFORMING ORG. REPORT NUMBER ] /
:; » - AUTHON(e) 3. CONTRACT OR GRANT NUMBER(2)
N
W . .
Ki Chul Kim
_\; — e ———————
I 5. PERFORMING ORGANITATION NAME AND ADDRESS T PROCRAN ELEMENT. PROIECT ¥ ASK
::: Naval Postgraduate School
N Monterey, California 93943
o
\ . 11. CONTROLLING OFFICE NAME AND ADORESS 12. REPORT DATE 1983
Naval Postgraduate School December 19
A . . 13. NUMBER OF PAGES
X Monterey, California 93943 111
::\: Y& WONITORING AGENCY NAME & ADORESS(i! dilferent from Controlling Office) 15. SECURITY CLASS. (of thie report)
“»
A Unclassified
N 185a. DECL ASSIFICATION/ DOWNGRADING
" SCHEOULE
B —
o 16. DISTRIGUTION STATEMENT (of this Repert)
o4
»Yy Approved for public release; distribution unlimited.
i
Ty
1::: 17. DISTRISUTION STATEMENT (of the shetract entered In Bleck 20, If dilferent from Report)
'i o [18. SUPPLEMENTARY NOTES
..'.,.
15, NEY VORDS (Continue on reveres side If nocescary tnd idontily by biock number)
he Microcomputer Controller Wide Bandwidth
b
‘ E'Jl State feedback Transport lag Compensation
..ﬁ 10. Aﬁ.‘t? (Cantinue en roverse side if necessary and Idontify by block number)
-":: In the design of a microcomputer regulator, continuous
e or discrete method can be applied. The objective of this
A thesis is to provide a continuous controller design method
. that can be used to compensate for the effect of the micro-
o computer transport lag. The compensation over the frequency
o~ range of interest yields a regulator response approximate ly
i equivalent to a direct analog feedback controller.
A
e DD .o EOITION OF | HOV 68 IS OBSOLETE

G i $/N 0102- L~ 014- 6601 SECURITY CLASSIFICATION GF THIS PAGE (When Dais Bntered:




SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered)

[ PO

The technique uses state feedback method for development of
the additionally compared to the discrete system design “or
the second order system numerical example. The method however

is shown to be general enough to also apply to higher order
system.

X
:
d

§
!
!
i
!
i

SN 0102 LF- 014 660)

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




5 el DI
o ot 4
o, %,
A

-~

o .
.

>’

Approved for public release; distribution unlimited.

A Design Method for a State Feedback
8icrocomputer Controller of a Wide Bandwidth
Analog Plant

by

Ki Chul Kim
Lieutenant Coamander, Republic of Korea Navy
B.S., Regublic of Korea aval,Acadeng 1976
B.S.E.B., Korea University, 19 b)

Subaitted in partial fulfillment of the
requirements for the degree of

MASTER OPF SCIENCE IN ELECTRICAL ENGINEERING
fromn the

NAVAL POSTGRADUATE SCHOOL
December 1983

Approved by: Q/_’E%__M [,

7&hesis Advisor

MM&&«@Q&L

Second Reader

c

Chairman, Department 5f Electrical Engineering

/

Dean >f Science and Engineering




o
a
e %

-~

2l
. .
oA ALY, N

Y

[ : | ABSTRACT
ﬁj \E) '
J:ﬁ In the design of a microcomputsr regqulator, continuous
T% or discrete method can be applied. The objective of this
. thesis is to provide a continuous -ontroller design method

> that can be used to compensate for the effect of the micro-
{Sg computer transport lag. The compensation over the frequency
33 range of interest yields a regulatsr response approximately
. equivalent to a direct analog feedback controller. The tech-
gé nique uses state feedback method for development of the
;; required phass coapensation. The continuous system design is
:f additionally compared to the discrete system design for the
At second order system numerical example. The method however is
;;E shown to be general enough to also apply to higher order
:3 systenm.
.- AT
\
L

)

R
L
fzj

&l
o
oo

X

”




-3
Ag
_“
¥
vl‘._
-t
L TABLE OF CONTENTS
i
::'h I. INTRODUCTION L] [ ] ] e - [ 3 [ ) . ) . [ L] [ ) [ - . ) - - 11
\ .
- A. OVEBVIE‘ L] - L J L 4 L] L] [ ) [ ] * - L ] - L ] L] L] * L ] * * 11
:-: B. THBSIS OBJBCTIVES L) e e - L [ L] - [ L) ] ] . - 1“
.
" II. THEORETICAL DEVELOPMENT . . & « ¢ ¢ o o ¢« o « =« o« 15
\b
..‘ A. I"ROMCTION L L] L J L ] L] L ] L) ® L 4 - L] ® * L ] * L] . 15
iq B. PRACTICAL DESIGN CONSIDERATIONS . « ¢« « « « « 16
‘33 C. CONTINUOUS SYSTEM DESIGN METHOD . . « « « « - 16
f?j > 1. State Feedback Control System . . . . . . 16
3 2. Microcomputer Controller Design with
Ti.e Delay L J L ] * * L ] L] L * L J - - L] L ] * L ] - 18

3. Design Procedure « . « « « « « o « « « o o« 19

III. SIMULATION o« < ¢ o ¢ © o « o o « o o o« o o o o o o U1
‘ A. SECOND ORDER SYSTEM . . o+ 2 o o o o o« o o o o 41

+3 B. HISHER ORDER SYSTEM . . o v v o « o o« o o o o 53
"N
f} Iv. ENPIRICAL ANALYSIS « o « o« v « « « « « « « o« o o « 80
).

A. IHRONCTION L ] L] L ] * * L ] * * Ll - L L * L] L] L] L d 80
B. MICROPROCESSOR CHARACTERISTICS « « ¢« « ¢« « « « 80

3

K
oy 1. MAT385 Hardware . . « « « o« « =« « « « « « 80
)
3 2. Static and Dynamic Conversion Test . . . . 88
o
o 3. Sampling Period Test « « ¢« « ¢ ¢ « o« = « & 90
3 C. DESIGN OP STATE FEEDBACK CONTROL SYSTEHN
o WITH MICROCOMPUTER « « o « o o o o o o o o o« o o o« 91
o 1. Control Algorithm . . « &« ¢ o o o o « o o 91
4j v. CONCLUSIONS AND RECOMMENDATIONS . . « « « « « « . 98
o "y
s APPENDIX A: EXAMPLE PROGRAM OP CSMP =« « « « « « « « « « 99
tﬁ
;ﬁj 5
i

L\
G
53

s




-

A

5

“

2

'3 APPENDIX B: ASSEMBLER PROGRAM FOR STATIC AND DYNANIC

'-‘1 rEsT [ ] - -* L ] [ ] [ ] L ] L] L] L ] [ ] L] - L] [ ] L ] L] - L ] 100
F APPENDIX C: ASSEMBLER PROGRAM OF STATE FEEDBACK

“‘j : ONTROL LER - L] -* L] L ] -* L ] - * L ] L ] - L] ® [ ] [ ] 1 o 1
3

:j LIST OF REPERBNCES * [ ] L] - L ] - L ] e - L ] [ ] - L] [ ] * * * - 109
.‘ v BIBLIOGR‘PHY - [ ] * [ ] * [ ) - L] L] [ ] - - L ] L] . - -* L] . - L ] 110
ﬁ INITIAL DISTRIBUTION LIST &« « o o « o o o ¢ o« o« o o » « 11
N

Py -
LA

o
Al oA

LA

. s

-®

OERIREN 1 o

TAN Y

&'.

.l %

RS |- -GN
[+,

»
h]
d
h Y
<
"l
x"
a
5
A




LA

¢_
o rtsNe

ks

3
g

Y

" Ry ] -.Q.—,‘;J

L]
2.0 .

H

R s

LA
LD SRS N

J:_‘ s 1;:.'—1 ‘s 2.

NN |- 4

2 .'A-

oy

I.
II.
III.

I T

-------------

LIST OF TABLBS

Summary Of ARAlYSis .« « o ¢ ¢ ¢ ¢ o ¢ 2 ¢ o o o o 24
Input/Qutput Pcrts of MAT385 . « ¢ « « « « « « « o 83
Sampling Time Measurerent . ¢« « o« « o« ¢« o o « « « 9U

ol

e aran ey

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

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




e
.it
(, -.»
N2
’l
o
a0
3 n.".'g
{
o
X 2.1
M|
»; 2.2
4 2. 3
o 2.4
o~
h 7S 2.5
™~ 2.6
faf 2.7
o 2.8
.‘.::
:::. 2.9
) ".' 20 10
— 2.11
o
=3 2.12
Ny 2.13
-y 2. 14
) "“ 20 1 5
'
ffy 2. 16
oy 2.17
b 2.18
3.1
3.2
3.3
3.4
3.5
3.6

o
.I
e Wt
-

b

IO AEY
XXX XA

ARy,

Li®

~
A
%y
l\‘

s Ca
*f
g
»

.

~

.............
. . -

LIST OF FIGURES

Signal Plovw Diagram of State Feedback Systenm
FPeedback Control System with PD Control . .
Bode Diagram of Eqhe 2.7 ¢« « ¢ ¢ o o s o o o
Nyquist Plot of EQoe 2.7 2 ¢ ¢ o ¢ o o « o =
Bode Diagram of Egn. 2.10 (Kp=1, Ka=1) . . .
Nyquist Plot of Eqn. 2.10 (Kp=1, Ka=1) . . .
Bode Diagram (Td = 0.006 sac, Kp=1) . . . .
Nyquist Plot (Td = 0.006 sac, Kp=1) . . . .
Bode Diagram (Td = 0.008 sac, Kp=1) . . . .
Nyquist Plot (Td = 0.008 ssc, Kp=1) . . . .
Bode Diagram (Td = 0.00045 sec, KaeKp=1) . .
Nyquist Plot (Td = 0.00045 sec, KaeKp=1) . .
Bode Diagram (Td = 0.002 sa2c, KaeKp=1) . . .
Nyquist Plot (Td = 0.002 s2c, KaeKp=1) . . .
Bode Diagram (Td = 0.006 sac, KaeKp=1) . . .
Nyquist Plot (T4 = 0.006 sac, KaeKp=1) . . .
Bode Diagraam (Td = 0.008 sa2c, KaeKp=1) . . .
Nyquist Plot (Td = 0.008 sec, KaeKp=1) . . .
Second Order System Block Diagram . . . . .
Response of Delayed System without
compensation « « ¢« ¢ o ¢ ¢ o o o 0 o o o o o
Response of Delayed System with
Conpensation(Kp=1, Ka=1) <« « « « o ¢ o o o« o
Response of Delayed System(Td = 0.00045 sec,
KP=T) o o o ¢ ¢ ¢ o o ¢ 6 o ¢ o o« o o s o s
Response of Delayed System(Td = 0.002 sec,
KP=1) o « o « ¢ o © o o 2 o o o o o o o o =
Response of Delayed System(Td = 0.006 sec,

KP") L4 L J L] L ] * -* - L ] - * L] L L ® L L * Ll L]

17
18
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

43

44

45

ué

47

N - .




L X

]
: |
3 ]
;: 3.7 Response of Delayed Systea(Td = 0.008 sec, '
- KD=1) o « o o « o o o o o o o o o o o o o o o o 48 ;
{{ 3.8 Response of Delayed System(Td = 0.00045 sec,
KaoKp=1) o o ¢ ¢ ¢ o o o ¢ o o o o« e o o o « o o U49
;3 3.9 Response of Delayed System(Td = 0.002 sec,
 ~ KAOKP=1) & « o o o o o o o o o o o o o o o o « o 50
3.10 Response of Delayed System(Td = 0.006 sec,
o KaoKP=1) ©. o ¢ ¢ ¢ «c ¢ @« ¢ e o o s o = o o« o o« « 51
rﬁ 3.11 Respanse of Delayed System(Td = 0.008 sec,
3 KA®KD=1) @ o o = o o « o o o o o « o o o o o o o 52
E‘ 3.12 Signal Plow Graph of 3rd Order Plant « « « - « « 54
» 3.13 Third Order System Block Diagram . . . . . « . . 56
W 3.14 Simulation Result SUBBATY . « « « « « o« « « - « 58
~ 3.15 Simulation Result without Compensation . . . . . 59
- 3.16 Simulation Result with Compensation(g =
7 0c1) ¢ o ¢ o @ e o a o o o o o« o o« « a o a s o o« 60
< 3.17 Simulation Result with Compensation(Td =
2 0.05 secy Ka=1) ¢ o o « ¢ o « o o« o« o o a o« o« o« 61
': 3.18 Simulation Result with Compensation(Td = 0.1
'i S@C, KaA=1) . o ¢ ¢ o o ¢ e o s o s o o o a o o« s« 62
f@ 3.19 Simulation Result with Compensation(Td =
o 0.15 S8C, KA=1) « o o o o = o o o o o « o « « « 63
R 3.20 Simulation Result with Compensation(g =
" 0.7 K& % 1) & ¢ o o o o o o o o o « s o « o o o 64
ﬂ 3.21 Simulation Result with Compensation(g =
= 0e2, K& ® 1) & o ¢ o o o ¢ o o o o« o« « s« o« o o« o« 65
3 3.22 Simulation Result with Compensation(g =
003, K& = 1) 2 o o v o o o o o o o o o o o o o « 66
'S 3.23 Simulation Result with Attanuation(Td = 0.05
?: S8C, § =0o1) o ¢« ¢ o o ¢ o ¢ o o o o o o o « o o 67
- 3.24 Simulation Result with Attsznuation(Td = 0.1
S8C, G 1) o ¢ ¢ o o o o« o a o s 2 s o o« o « « 68
3.25 Sisulation Result with Attanuation(Td = 0.15

Sec' g ’0. 1 ) L e e * - L] L] [ L) - - L] [ ] L] e o () L] 69




3.26 Nyquist Plot of Delayed System . « ¢« ¢« ¢« « « « « 70
3.27 Nyquist Plot(g =0.1, Ka=1) o« « © ¢ ¢ o o o o o o 11
3.28 Nyquist Plot(g =02, Ka=Z1) o« o o o o o o o o o « 12

i 3.29 Nyqni.st P].Ot(g = 003' Ka=1) e ® e o © e o © e o 73
o 3.30 Nyquist Plot(Td = 0.05 sec, Ka=1) . . . . . . . 70
5 3.31 Hyquist Plot(d = 0.1 sec, Ka=1) . . « . « . . . 75
N 3.32 Hyquist Plot(Td = 0.15 ssc, Ka=1) . « « « « . . 76
o 3-33 Nyquist P].Ot('l'd = 0005 Sec, g = 0. 1) o e ¢« o o o 77
ﬁj 3.34 Nyquist Plot(Td = 0.1 sec, g =0.1) . ¢« « « « « o 78
4 3.35 Byquist Plot(Td = 0.15 sec, g =0.1) . . . . . . 79
A 4.1 The MAr385 Functional Block Diagram . . . . . . 81
;:.:' “02 The ulr 385 Helory Hap e L] L) - . [ ) - L] [ ] - [ ] - L] 86
’3 4.3 Hardware for the Software~Based A/D
{::: converter [ ) L] L] - L] L ] [ ] L ] [ ] L ] - L] L ] L ] L ] - [ ] - - 89
. 4ou Conversion Test Block Diagram .« ¢« « « ¢ ¢ ¢ « o 90
4.5 Result of Static Conversion Test « « « ¢« « « « o 91
4.5 Result of Dymamic Conversion Test . « « « « o o 92
4.7 Analag vs. Digital (Delay Pactor:01H) . . . . . « 93
. 4.8 control Algorithm Block Diagrams « « « « « « « « 95
;: 4.9 Flov Chart of Control Algorithm . . . . « « « « 97
%
%
*l
:
i
f-‘
'
.
o
¢
o
"‘.‘
b,
\:
2
o
N
\
i; 10
N
2N
b
*
R

)

..........
..........................................
CRFORS v



I. TSIRODUCTION

A, OVERVIEW

Most of the established design methods in <control
systems rely on the so-called fixed-configuration design in
that the designer at the outset decides the basic composi-
tion of the overall system and the ©place where the
controller is to be positioned relative to the components of
the contrelled process. The problem then involves the
design of the elements of the controllar. A majority of the
design technijues in the modern control theory 4is based on
the state feedback configuration. That is, instead of using
controllers with fixed configurations in the forward or
feedback path, contrcl is achieved by feeding back the state
variables through constant gains. In this case the state
variables are fed back through constant gains to fora the
control. The problem with state feedback is that for high
order systems the 1large number of state variables in prac-
tice would require a large number of transducers to sense
for feedback. Thus, the actural implementation of the state
feedback control scheme may be guita costly. A more serious
problem is that not all the state variables in a given
system may be directly accessible, and thus the need of an
observer or estimator for the <€inal implementation of state
feedback [(Ref. 1)

Usually, sampled-data systems refer to a more general
class of systams vhereas a digital control system refers to
the use of a digital computer in thas system. Since digital
control systeas have many advantages over continuous data
systems, dquite often, in practica, controllers that are
designed in the analog domain ars implemented digitally.
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However, there are situations under which the controller of
an existing system is analog, and the system already oper-
ates in a satisfactory fashion, but the availability and
advantages of digital control suggast that the controller be
implemented by digital elements (Ref. 2].

The flexibility is one of the advantages of a micropro-
cessor. It is a key to increased productivity and energy
efficiency in mechanical and process systems. Microcomputers
provide the built-in intelligence which engineering systems
must have in order to respond with maximum speed and effi-
cisncy to diverse and changing demands. The processing in
microprocessor contrcllers is in r2al +¢time and only fixed
point two's complement arithmetic is used, consequently
numabers are truncated. PFurthermore, the major effort of the
designer in practical implementation of digital controllers
is concentrated around the subjects of finite word leng*h,
selection of sawmpling rate, programming of <the algorithnm,
proper scaling of all variables and coefficients and selec-
tion of analog-to-digital and digital-to-analog converters
(Ref. 3].

Digital control design can be accomplished via contin-
uous design method or discrete dasign method. The contin-
uous data control system design method is often more
fapilier to control system designer than the discrete data
control system design method. Because, throughout the years
the analysis and design of continuous data control systems
have been vell developed, and pratically all these methods
can be extended to digital control systenm.

The implementation of a microcomputer must take into
account the important fact that there is a transport type
lag from input to output of the wmicrocomputer as well as
other considerations such as word length, limit cycle, etc..
When the microprocessor is used as a controller for a high
performance systeam where the time constants are very short

12

=y




compared to the time of typical process control applica-
tions, <the effect of the time +to 2xecute the control algo-

ritha in a microprocessor sn the control performance cannot

)
Y

be neglected. If one designs the control system by

s

4 2 a"e

neglecting this processing time, tha cor “rol system perform-

NN

ance in this case never fails to become unsatisfactory.
From the above mentioned point of viaw, the control algo-
rithm nmay be complex and produc: considerable delay in
providing the contrel, since the control algorithm must
treat the input and state variable constraints and the
transportation lag simultaneously. The control algorithm
vhich requires repeated computations or a 1long computation
time, however, cannot be utilized because a resonable
sampling perisd for the high performance system is too short
to process a time-ccnsuming algorithm during the sampling
period [ Ref. 2].

A fact that because very apparent early in the program
develorment was the need for a cancellation factor to take
into account the delays in the system due +*o calculationms
and conversions. It is possible to apply an attenuation in
the <controller output 3in the fora of an exponential to
correct for the effect of the transport lag, hovever, the
bandwidth of the <closed 1loop system becomes smaller
{Ref. &]. More improved compensators such as 1lead/lag
network as well as state feedback technique are well known
methods for providing the required phase shift cancella+ion.
These methods usually require a hijh level of language for
convenient implementation such as Basic and Fortran. The
assumption to be used here is that only assembly language
programming is available and state feadback will be applied
to provide the required compensation.

Physical systeas to be controllad often have large time
constants and therefore the transport 1lag produced by the
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microcomputer contrcller becomes 1 problem oanly when the
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control algorithm is lengthy such as in a nonlinear optimal
estimation and control type problem. In this thesis, a wide
bandwidth analog computer systeama is chosen as the plant so
that the effect of transport lag can be an important consid-
eration in the system design, that is, ¢transport delay in
the order of a few milliseconds can readily produce an

unstable systaa.

B. THESIS OBJECTIVES

In the design of a microcomputar regulator, continuous
or discrete method can be applied. The objective of this
thesis is to provide a continuous controller design method
that can be used to compensate for the effect of the micro-
computer transport lag. The compensation over the frequency
range of interest yields a regulator response approximately
equivalent to a direct analog feedback controller. The tach-
nique uses state feedback method for developmen+ of the
required phase coampensation. The continuous system design is
additionally compared to the discrete system design for the
second order systam numerical example. The method however is
shown to be general enough to also apply to a higher order
systen.




[ II. THEOBETICAL DEVELOPNEET

XX

N A. INTRODUCTION

A

'35 In the development of the theory for awmicrocomputer

N control, it is often not clear which procedure one should

Eﬁ, use to implement a compensator to negate the =2ffect of the

%ﬁ; transport lag that results from ths A/D, control algoritha
computation and D/A delay tinmses.

_ Por state feedback applied to 3 rsgulator system, it is
"?: possible to provide the desired coampensation within certain
1l{‘ limitations using continuous system design technique.

::;‘ In general, a linear plant can be represented by the
iq state equations

3

3 I = Ax ¢+ Bu

4" Given that the order of the system is n, then the require-
,ﬁ ment is for a reduced state feedback of k € (n-1) gains that
‘i will nmeet certain design specifications such as percent
ﬂj overshoot and time of first peak.

’ Nov whenever a microcomputer is used to iaplement the
?}H above design, the additional factor of transport lag due to
$§£ A/D, control algorithm computation and D/A delay times can,
ﬁ%& for high performance systea, strongly affect the overall
= perf ormance.

ﬁ:j To ¢“ake into account and reduc2 the effect of transport
&ﬁ lag, - it is possible to use (k+1) state feedback gains
&;ﬁ thereby providing a phase shift that will approximately

cancel out tha transport lag phass shift over the frequeacy

range of interest.
A simple second order system is used to illustrate the

method. Both real time application and computer simulation
are used to verify the theory.

15
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B. PRACTICAL DESIGN CONSIDERATIONS

The design considerations for a second order regulator
system could be assumed as follow.

e §: 0.35 - 0.55(percent overshoot : 15 - 35%)
L]

e Bandwith : S0 - 70 Hz (300 - 440 rad/sec) for high
performsance control systen.

e Peak overshoot time (tp) : 0.008 - 0.015 sec
e Natural frequency (w,) : 250 - 400 rad/sesc

e Initial condition (or Disturbance) : below 5 ¥V due ¢to
A/D and D/A conver-
sion liasitation in
Bicrocomputer

C. CONTINUOUS SYSTEM DESIGN METHOD

1. State Peedback Control Systasm

A powerful design method in the state variable
domain is +the state feedback. In practice, not all the
state variables are accessible, s> an observer is used to
estimate some or all the state variables. The state feed-
back control systema is that, instsad of wusing ccntrollers
vith fixed configurations in the forward or feedback path,
control 1is achieved by feeding back the state variables
through constant gains. The typical second order systenm
vhose transfer function is repressatad by Equation 2.1 is
considered in this section.

Gp(s) = Ay (egn 2.1)

s(s + 28wy)

RIS T D S S S T T LU
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Pigure 2.1 Signal FPlov Diagram of Stats Feedback Systen.

If the states x;, and x; are physically accessible, these
variables may be fed back through constant gainrs g, and g, ,

respectively, to form the control, as shown in Pigure 2.1 .
The closed loop transfer function of the system is written

. 2
ces) | Un (egn 2.2)
R(s) s +(25Wntg )s + g

Here, it can be compared with a PD control systaam. Por the
system with PD contrcl shown in Pigure 2.2, the clos=d loop
transfer function is

a
C(s) Wn
- a» = 2.3
R(s) ' s +(2%ww+KaKdwd)s+wiKakp (eqn )

Thus, the <characteristic a2quations of +he systems
described by Bquation 2.2 and Equation 2.3 would be iden-
tical if g, = wieKaeKp and g, = wleKaeKd. If the reference

17
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R(s) _/*~\7U(s) gé? C(s) N

+ —\jr/-— s(s + 23wn)

KaxKdxs

Ka*Kp

Pigure 2.2 Peedback Control System with PD Control.

input =-(t) is =zero, the class »2f systems is commonly

described as regula+ors.

Under this condition the zontrol objective is to
drive any acbitrary initial conditisns of tka system to zero
as quickly as possible. Then the rcegula*tor system with +he
PD controller is the same as the stata feedback controller.

2. Microcomputer Controller Desiga with Time Delay

wy

The time delay is most impo>rtant in the controller
design for microcomputer controller, since the microcomputer
requires time for processing of th: control algori*hm. Iz
gsneral, a closed loop system with time delay in the loop
will be subject ¢to more stability problems than systems




et 6, S g

vithout time delays. 1In practice, pure time delays may be
encountered in various type of systeas. In *hese systenms
the output will not begin to responil to an input until after
a given time interval. Since a pure time delay Td 1is
modeled by the transfer function ralationship e"¥® +¢he char-
acteristics equation of the systan will no 1longer have
constant coefficients. The transfer function of control

system with time delay is represent2d in Equation 2.4 .

-TaS

G(s)H(s) = G, (s)H,(s)ee (eqn 2.4)

In order to apply the continuous system design
method to design of microcomputer controller, the time delay
must be considered in the system modeling. The procedure of
the design of microcomputer controller usingy continuous
control systea design method will be described 4in the nex:
section.

3. Desiag Pracedura

The Equation 2.4 has a time delay factor as an expo-
nential form. The effect of the exponential fora is that it
rotates the phasor G, (jw)H, (jw) at each w by an angle of
wTd radians in the clockwise direction. The amplitude of G,
(Jw)H, (Jw) is not affected by tha time delay. Since, the
magnitude of 295 {s unity for all fraquencies. In prin-
ciple, the stability of the closed loop system can be inves-
tigated by sketching the Nyquist 1locus of G(jw)H(3¥) and
then observing its behavior with refarance to the (-1, j0)
point of the complex function plans. For the closed loop
system to be stable, all the intersects of the G (jw)H(jw)
locus with <the real axis must occur to the right of the
(-1,30) point.
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‘ The analysis and design problems involving pure *ime
o delays are more easily carried out graphically in the Bode
diagraa. Since the time delay term affects only the phase
- but not +the magnitude of G(jw)H(jw), the phase with time
‘% delay is obtained in thea Bode plot by adding a negative
% angle of wId to <+he phase curve of G (Jw)H, (j¥). The
frequency a* which the phase curve 5f G(jw)H(Jjw) crosses the

;ﬁ 180-degree axis is the place where the Nyquist locus inter-
-?3 sects the negative real axis. Thus, in order to reduce the
™ affect of transportation lag due t> time delay, the phase
}\ lead type compensator should be chosen. The PD <+ype
s& controller is used as the phase lead type compensator. The
Qﬁ state feedback controller and PD controller are used inter-
> changablely in this work as described before. The PD

contreocller transfer function is

X2

A
,3 H(s) = Ka(Kp + Kdes) (eqn 2.5)
{

R vhere KaeKp : Proportional gain

2
o KaeKd : derivative gain

% Ka : Attenuation factor

ﬂ In the microcomputer state feedback controller with single

input, state x; is not measured ani must be estimated. The
‘o estimation is performed using backward difference approxima-

fﬁ tion method. If the sampling periol becomes too large, then
}i the differenca of two adjacent stat2 values also becomes too
iﬁ large. Because of this affect, tha output of th2 controller
ih is not available for the input of plant. This is the reason
;f for applying the attenuation factor in the PD controller
"% transfer function. The details will be described in Chapter

Iv.
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: The design procedure is gen2ral enough to apply to a
o high order system as demonstrated in Chapter III - Computer
{ simulation.

-~ The general idea 2f this design technique is:

(1) The system is designed with lass than full state feed-

ﬁé back. A continuous systam plant of order n |is
jzﬁ designed with kX < (n-1) state faedback gains +o meet
o the desired system performancs specification.

?;3 (2) The transportation delay from analog input to analog
fﬁi output is then estimated or computed to a good approx-
: % imation. This delay Td is duz <to A/D and D/A as well
:: as control algorithm computation time.

o

¥

‘fﬁ (3) The number of state feedback gain are selected equal
o tom = (k+1) to provide a phase lead cancellation of
i\’ the phase lag ,due to <+he transpoert delay within a
,\3 reasonable approximation over the frequency range of
;SE interest.

. A pure second order system is used for coanvenience,
:ﬁ- and the ¥ and w, are chosen for the numerical example as the
0 following:

::: $ = 0.5

5§ ¥, = 250 rad/sec

25 These values are chosen to meat the desired design
ii considerations.

T Since the system is second osrder, n equals 2, then
ﬁﬁ the number of 1less than full state feedback gain is 1. 1In
;ﬁ this particular case, 1less than full state feedback control
=S is the same as direct feedback control. We assumed tha+t the

-
a

L
.
L B Y
.
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direct feedback control system performs %o meet the desired
performarnce. The traasfer function of direct f£eedback
control systeam without transpcrt delay is vritten

G(s)H(s) = 250 (egn 2.6)

s(l + 7%U s)

Wh2n the microcomputer is used for the controller, it must

: ' 250 .
G(s)H(s) = o & 95 (eqn 2.7)

1
s(l + 7§53)

irclude the transport delay term. Then, Equatiosn 2.6 is

This transport <+ype delay tims can be calculated by using
Equation 2.8 .

T3 = T,op * Tex + Top/a (egn 2.8)

where Td Transport delay time
Tap ¢ A/D conversion time

Tex Program execution time

D/A conversion time

Tom

for the <cancellation of the phase 1lag due tc the

trarsport delay, the phase lead types compensation is needed,

thus the number of state feedback gain m equals 2.

Thecefcre, the transfer function of the compensator can be
written

H(s) = FKa(Kp + Kdes) (egn 2.9)

Finally, the closed loop systam transfer function is

AR VY P
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250Ka(Kp + Kdes)

G(s)H(s) = o 7T (eqn 2.10)

s(1 + -7%3—3)

Using these transfer functionms, the characteristics are
analyzed by the Bode diagram and Nyquist plot. Pigure 2.3
through Pigure 2.18 show the graphical analysis which were
obtained using standard IBM 3033 computer programs. Table I
is a tabulation of the wvariation 0of gain margin and phase
margin obtained from the computar output. Thus, the appro-
priate wvalues of attenuation and other factors can be
decided for a specific delay time using this <%able.
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¢
s
2 TABLE I S
‘ Summary of Analysis .
; Delay K2 Kp K4 Gain Mapgin Rhas2 margin :
: T (s2¢) (d8) (Degree)
0.00045 1 1 0 16.73 n5.73
‘ 1 1 0 16.73 46.73 b
4 1 1T 19.13 46.73
! 0.5 2 T 19.13 46.73
: 0.25 4 T 19.13 46.73
4 0.2 5 T 19.13 46.73 "
3 0.002 1 10 6.62 29.21 .
] 1 1 T 6.62 29.21 B
: 0.5 2 T 6.62 29.21 -
: 0.25 4 T 6.62 29.21 b
N _ 3.2 5 T 6.62 29.21 :
\ 0.006 1 10 -5.63 -15.98 2
¥ 1 1 T -2.35 -15.98 X
0.8 1 T 1.48 -2.79 ’
j 0.4 1 T 5.61 37.22 -
! 0.2 v T 11.63 61.98 5
0.5 2 T -2.35 -15.98 B
6.25 4 T -2.35 -15.98 '
0.2 5 T -2.35 -15.98 N
) 0.008 1 1 0 -4.63 -38.58 §
: 1 1T -4.63 -38.58 ~
: 0.8 1 T -2.69 -22.43 =
- 0.4 1 T 3.33 26.48 .
) 0.2 1 T 9.35 56. 35 ;i
5 0.6 2 T -4.63 -38.58 ;
i 0.25 4 T -4.63 -38.58 <
1 9.2 5 T -4.63 -38.58 EI
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Pigure 2. 10 Nyquist Plot (T4 = 0.008 sec, Kp=1).
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o
" III. SIMULATION
N
-’IZJ In this section, botk a second srder system which is the
Z:” main example and a third ordar system which is used as an
b . example of application for higher order system are simulated
oY by using the Continuous System Modeling Program (CSMP)
N
2 control simulation language [Ref. 13]. According to the
‘r?, resulet of simalation, the transport dzlay effect
. cancellation aethod will be verifiei.
J'-I'
L
My
o
\: -
A
E}.} R(s) u(s) 250 X (s)
e 2ot _; s(1 ‘—“‘“ s)
~ 43
\ Ka
A
-‘.:1 Kd S
ey
b7 g s +
\)
“‘-J'.
d Kp
=
o
::.’. Pigure 3.1 Second Order System Block Diagram.
>
’:
2
;'." A. SECOND ORDER SYSTEN
: ~- First of all, the second order regulator system with the
:"? block diagram as shown in Pigure 3.1 is treated to verify
B the adaptability of the design method for compensation of
; transport type lag. There are four parameters which are Ka,
..’!
% 41
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¢
o

'''''''''''''''''''''''''' ot W Wt b 8T P P - c e e e m e e
YCORAAY AT O A RS A A Yy \‘\ '\'\ WP ‘N'."- ot .'.f . A S A




sy T ELT I 7%

Kp, Kd and T4 in the block diagraa. Since the derivative
gain(Kd) is assumed the same as transport delay(Td) for
convenience in programming of <the microcomputer, practi-

D l’;&:l_‘;“" .'-:‘1'_'1. ‘-x }1_(- W 4 -

cally, there are three parameters. Various reasonable
values are used in this simulation work in order to investi-
gate the performance of compensation system to be designed
by theory.

Pigure 3.2 through Pigure 3.11 show *he results of simu-
lation. Figare 3.2 and Pigure 3.3 show the microcomputer
regulator response with and without the state feedback
compensation. As shown in the Pigurs 3.2, the system becoumes
unstable at rd = 6 milliseconds but when compernsation is
added the response is improved although still unstable. In
this case, the attenuation factor Ka = 1. If Ka is reduced
in value system stability improves as shown in FPigure 3.6 ,
for exanmple, but there is then a reduction in +*he system
- bandwidth which can be observed by the increase in the time
of first peak overshoot value. This effect can clearly be
sean in Figure 3.7 where the delay is Td = 8 milliseconds.

It should be kept in mind that this simulation result
does not take into account such factors as <the finite word
length of the microcomputer. For this reason the upper
limit of <transport delay time for microcomputer controller
iaplementation can be taken as 6 milliseconds and is
verified in the experimental results which is discussed in
the next chapter.
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oy B. HIGHER ORDER SYSTREE

!.4.'

o

Eﬁ To investigate the method applied to a higher order
W system, a third order example is us24.

E;' Generally, tha transfer function of .the +hird order
R systea is written

’:

o W

G(s eqn 3.1

. (=) (S+0U(S +23WnS + W) (eq ’
- [9 = ¥ (eqn 3.2)
;t*- an

; ,.’ . K} . I}

S anl For the numerical example, the state equation is given
1S

.‘;-.

I .

- X = AXx ¢ Bu (eqn 3.3)
:if vhere

{

e 0 1 0 0

o A= |0 O 1 and B = 0

:31 - 0 0 -1 130

I 1

I,J

‘e vith control u =3 x whare

¥ '

\;.' s = [ 1 005 0 ]

e

oA

g

i Note that by design g, is not used here since it is required
:S; to compensate for phase lag due to Td.

3; Then the characteristics equation is

I sI - 3 ¢+ BGI = 0

"~

:f Thus, the equation becomes

ko)

b

ol

-I:-.:’ 53

&
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Pigure 3.12 Signal Plow Graph of 3rd Order Plant.

'ﬁi S3 ¢+ 10es2 + SQes + 100 = O (eqn 3.4)
A

The parameters, 4 and g’ are chosan arbitrarily.

B = 2
{ = o5

Using these two parametars, the percent overshoot is

:. 'll .‘l .",
MG

'.
Pl
NS

2teav.
NN

detarmined to be about 8 ¥ from using the dasign char:t of
Ref. 10.

The third orier plant Signal Plow Graph is shown in
Pigure 3.12 .

U

W -
P XA 4 ROATATAIN T RANY

%

(nd

W

4 &
(&'

Proa Mason's 3ain Rule, the transfar function is

A
4

:4 ’ .XJ - 100

(eqn 3.5)

S3s + 10)
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and, the less than full state feedback is

u = =-x, = 0.5ex, (egn 3.6)
Then
H(s) = - 3%1 = 1. + 0.5es (eqn 3.7)

The closed loop transfer function is

10(1 +0.55)
“Si(/ +0.18)

GH(s) = (eqn 3.8)

Now, when designing for the microcoamputer controller, full
state feedback will be used. Sincan =3, k =2, and m = 3
as stated in the theory, the additional state feedback

yields
U |
H(S) = -'3?- = Ka(le + 0.5es + g es?) (eqn 3.9)
!

This is a feedback transfer function for the third order

system. Thus, the completa closed loop transfer function is

Jo-Kall + 0.55+ 938 . TS

st (8 s3I+ 0.15)

(eqn 3. 10)

..‘:l. 5 5




‘; Tha Xa and g are selected so +hat the phase shift due to
g transport delay(Td) is effec+tively cancelled. Piqure 3.13
gv shows the block diagram of the third order system with
v
o
L
N
2
. R(s) u(s) 10 X (s) R
b s Q s (1 + 0.1s)
;‘;':\ -
‘ Ka
au Kd - s
i
e evns .
%
- &
‘ ds S
1]
]
‘éi Pigure 3.13 Third Order Systea Block Diagram.
‘-:;
o

compensation. In this simulation of third order regulator
systea, it can be expacted that ths compensation theory
using micrccoamputer should be available for high order
systean. ‘

In Pigure 3.14, simulation results are shown for direct
analog feedbazk as well as microcomputer controller design

't .;;'.'-".'..'v.-"{.} b “'

s

Ej vith and without compensation for various values of %rans-
tﬁ port delay. Pigure 3.15 and Pigure 3.16 show their rasults
&3 seperately. Pigure 3.17 shows the affact of state feedback
-

%

- 56
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gain g on the response for transport lag of 50 millise-
conds. Additional time response ra3sults for the parameters
study are shown in Pigure 3.18 to Pigure 3.25 . The Nyquist
plots for each of the above cases are present2ad in Pigure
3.26 to Pigure 3.35 .

The results of this simulation study indicate <that the
method can be applied successfully in a microcomputer
controller dasign for higher order systen. In order ¢to
provide the desired degree of compsnsation, however, more
freedom would be necessary in the use of the parameters of
the controller. This might require that the direct feedback
design use k £ (n-2) rather than k £ (n-1) state feedback
gains which would allow additional phase compensation %o be
applied in the required frequency range for suitable phase
shift cancellation.
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Pigure 3.26 Nyquist Plot of Delayed Systenm.
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Pigure 3.29 Nyquist Plot(y = 0.3, Ka=1).
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Pigure 3.32 Byquist Plot(Td = 0.15 sec, Ka=1).
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Pigure 3.33 Nyquist Plot(Td = 0.05 sec, g = 0.1).
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A. INTRODUCTION

Based upon the theoretical analysis of the Jdesign
sethod, measurements wera performail to demonstrate that the
system desigqn using a microcomputer controlier can be
applied to an analog(Rep-op mode) computer plant. The
analog computar can simulate the physical system with wide
bandwidth, i.e., high performance system. The description of
the analog computer is represented in Ref. 5. The digital
controller is implemented by using the Peedback Inc.
MAT385, microprocessor-bassd computar [Ref. 6,7,8,9). Since
the characteristics of the microcomputer is important in
designing the digital controller, it will be described in
more detail in the next section. The A/D and D/A converters
are built into the MAT385 microcomputar and provide single-
irput single-output signal ports for the controller. Because
of the restrictions imposed by hariware limitations such as
single-input/single-output and software considerations such
as Asseably language programming, certain special program-
aing techniques were required.

B. HICROPROCESSOR CHARACTERISTICS

1. BAT385 Hapdwage

A typical microcomputer system comprises a micropro-

EE cessor (the CpU), a select ion of aemory circuits and some
ﬁ A input~-output(f/0) ports. Typically the memory is made up of
some read-only memory(ROM) to hold the fixed application
program and some random-~access(read/write) memory(RAM) for
temporary data storage.
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During the development of a program, however, it is
advantageous if the program is initially stored in RAM so
that it may ba readily changed if any errors are found when
the prograam is exscuted. Since a typical program(machine)
instruction takes only a few microsaconds to execute, it is
also helpful and instructive if, during program development,
the execution of the program can be controlled.

The MAT385 ajicroprocessor-bised system used in this
experiment has been designed to enable the user to write and
store a programa in memory and readily follow and monitor the
state of the coaplete system while the program is being
axecuted.

The MAT385 is a salf-contained microcomputer system
designed around the INTEL 8085 microprocessor and its family
of peripheral components. Pigure 4.1 is a functiomnal block
diagram of the MAT38S5.

The 8085 CPU is an evolutionary enhancement of
INTEL's industry-standard 8080A. It is 100% software compat-
ible with tha 8080A while offeriny the benefits of single
powver supply, higher integration, bkigher performance, ani
improved systes timing.

As the systea block diagraa shows, the 8085 derives
its timing inputs direc'ly from a crystal. 1In addition the
8085 drives the syst:m with control signals availabla
on-chip. ¥o addition status decoding circuitry is required
for most small-to-medium sized systams. The 8085 multiplexes
its data bus with the lowv 8 bits of its address bus. The
8155 and 8355/8755 Memory I/O components are designed to be
compatible with this bus structure, precluding the need for

external bus latches.
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Pour vectored interrupt iaputs are 2available in
addition to the standard 8080A typa interrupt. There is also
a serial input and serial output data line pair that is
exercised unier program control to provide the MAT385s
simple teletype/VDU/casset*e I/0.

The basic clock frequency of the 8085 in the kit is

3.072 MHz.

o

155

B

The 8155 is a highly integrated IC designed for
compatibility with the 8085's bus structure. It contains 256
bytes of static RAM, 22 programmabla I/O lines, and a 14 bit
timer/counter.

Two 8155's ara used on the MAT385. On one the RAM is
available for storage of user programs as well as for tempo-
rary storage of information needed by system programs, ani
the timer is used by the MAT385 monitor's Single Step
routine to interrupt the processor following the execution
of each instruction. The programmable I/0 lines(Port 21 and
22) are used by the binary and anaiog interfaces. The
second 8155 has all its RAM memory available for storage of
user programs and the I/0 lines(Port 21,22 amd 23) and th2
timers are available for user applications through a socket
on the front panel.

The 8155

The 8755 is an EPRON; it contains 2048 (2K) 8bit
words (bytes) of memory and 16 I/) lines. The MAT385 is
supplied with one 8755 which is programmed with the system
monitor program, the I/0 lines (port 00 and 01) are available
for user applications through a socket on the front panel.

Sockets are provided on the PWB for two further
8755's one of which may be programmed with a *'Tiny Basic'
intaerpreter program, and *he other with user subroutines.
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N The 8273

. The 8279 is a keyboard/display controller IC <that
K handles the interface between the 3085 and the keyboard and
:. LED display. The 8279 refreshes the display from an internal
memory while scanning the keyboard to detect keyboarad
inputs.

N The 8205
- The MAT385 also contains three 8205

IC*s (one-out-0f-8 decoder) that d2code the 8085's menmory
address bits to provide chip enables for the memories.

Sajn Nemory

The main memory has 2K bytes. The lower 1K bytes is
nonvolatile so that data can be written into this memory and
it will not be destroyed when the power is switched off.
This is achieved by using CMOS men>ry IC's which consume a
very low current and using a battery to maintain the power
o to the IC's when the MAT385 1is disconnected from the mains.
The CMOS memory is a 5101, =sach 2f which stores 256 X 4
bits; eight are used to make up the 1K bytes. The second 1K
bytes of RAM uses two 2114 IC's each of which has a capacity
of 1K X 4 bits.

This memory is volatile.

Dty
b Yetet 2
I R R

AARAAAIT - &

o A
ey

‘.

A

The wmain memory may be extanded to 8K bytes by
inserting further 2114 IC's in <the spare positions provided
on PWB.

Bogitor reserved BAN locatjons

The RAM vwhose address starts at 2000 is partly used
by the Monitor for storage. The locations below 20C8 are
normally used for the Stack. It is not possible +to define
the number of locations usad as it depends on the number of

& .d-‘.;*-'}.{." [ -
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FFFF

Not used
A000
9FFF
' Provision is made on the PWB for 6K of RAM

{optional extra or may be fitted by customer)

8800
87FF

RAM 1K
8400
83FF _

RAM (1K) Non-volatile

8000
7FFF

Not used
3000
2FFF

Not used (RAM foldback)
2900
28FF
RAM (256 bytes)
2800
27FF
Not used (RAM foldback)
2100
20FF
RAM (256 bytes) Monitor reserved
Locations & user Scratchpad
2000
1FFF
Keyboard Display Controlier
1800
17FF
Special subroutines ROM (2K) {optional extra)
1000
OFFF
Tiny basic ROM (2K) (Optional extra)
0800
Q7FF
Monitor ROM (2K)

0000 .

Pigure 4.2 The MAT385 Memory Map.
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subroutines that may be called at one time. The allocation
of memory addresses(the memory map) in the system is shown
in Pigure 4.2 . The Table II lists the port addresses and
functions.

Apalog Ipput

The MAT385 microprocessor-based computer has A/D and
D/A converters which are necessary for <the design of a
digital controller. The analog input is bipolar and may be
set to any sensitivity up to a maximum of +200V. The input
is set up on test of 35maV per binary step. This gives a
full scale sensitivity of +4,445V to -4.48V and is used to
give compatibility with the analog output which is limited
+5V.

The zero voltage in is set to give a digital reading
of 80H(10000000). The positive voltages give a digital
reading from 80H up to FFH, the negative voltages give a
digital reading from 80H down to 0JH. The clock speed of
tha A/D converter is set to 1.536MHz which gives a maximum
conversion time of 200 microseconds.

Three control signals from Port 23 control the oper-
ation of the A/D converter.

Port 23-4 : Must be *'1* to enable data from A/D converter

to Port 21

Port 23-5 : Must go to *1' and then to '0' before the
conversion will start

Port 23-2 : Goes to '0' when convarsion complate. The port

may be sampled to coanfirm that the conversion
is complete before tha program continuous.

Analog Qutpyt
The digital output from Port 22 1is fed via gates to

the D/A converter. The gatas and <*herefore the analog
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output are enabled when Port 23-3 is *1'* and the output i
relays are disablad. The analog output has a range of +5 ¢V
<o -5 v.

l’. P’y l..'-/ .,

-2

——

2. Static and Dypamic Conversisn lest

Basic experiments are performed to test sta*tic and
dynamic conversion for confirmation of the A/D and D/A
o cenversion characteristics. This A/d and D/A converters ar2
built in MAT385. MAT385 used successive approximation A/D
conversion technigue that is widely used when fast conver-
' sion is required. The basic technique is one of successively
X approximating a value for the digital output, altering this
5& value each time in such a way as to approach the correct
N
Py
>

LR Y S |
o NN

output. The converters that employ hardware +o implement
this successive approximation algorithm are widely avail-
able (conversion times range from submicroseconds to 200

. microseconds). It is possible however, to use a microcom-
. puter program to implement this aljorithm and implement A/D
ﬁf . conversion using a D/A converter and a comparator. An
™ outline of the hardware for an 8-bit converter is shown in
o Pigure 4.3 .

Since A/D converter may tak2 a relatively long time
to perform a conversion operation, after starting a conver-
sion it is necessary for the programmer to decide what

K
el te

f? action the program should take whila the conversion is being
': performed. There are three possibilities.

\

_f (1) After a conversion is started, the program can enter a
Jj delay loop which is equal to or greater than the conver-
]

sion time o2f the A/D converter. The conversion time is

kL,

o 1 255
N e 2558 * ————w—oeee = 160 microseconds
3 A/DC clock freq. 1.536x 106
?f The delay should therefore excead 160 aicroseconds.
N
) 88
4
1‘

L T I i I T SR, - . - e e e e e e .
PEAL /i S SN el g T B S G VS Ay

,
YA QTR RS
[ B )




b {BOAe |

-
)

g
A
olatal it s

o 8-bit
Port B
< | DAC

<Lmic' 'ROCOMPUTER
\ |

BUS A PO Analogue
Y comparator

Port A Analogue
input

*igure 4.3 Hardware for the Software-Based A/D Converter.

(2) The A/D converter ganerates 2a ‘conversisn-complete!
signal after ccnversion has been performed and <the
program ldops until this sigral is detected. This tech-
nigue used on our experiment.

(3) After starting <+the conversion, the program continuous
and the ‘'coaversion-complete' signal generatad by the
A/D converter is used as an intarcupt input.

A £ixad analog input and ramp analog input are used
in static and dynanmic test, respactively. In the static
test, the resolution of the output to input 1is almost one
vhich means input and output voltajes are ala>st the sanme.
But, if the Znput voltags exceeds 4.45 V, the output is
zero. The conversion test diagram for both experimeans is
shown in Pigure 4.4 . The input and Jutput comparision are
shovn in Piqure 8.5 and Pigure 4.6, The resul+: of th2
dynaaic test is ilentical to that of the sta<ic test,.
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A/D je———————— ANALOG INPUT

MAT385
MICROCOMPUTER

D/A = ANALOG OUTPUT

Figure 4.4 Conversion Test Block Diagrana.

3. sampling Rerjed Test

The sampling period of discrete data can be measured
by using the signal generator and sscilloscope. MAT385 has
2 DELAY subroutine which can be used for delay of progranm
execution time in BOM space [Ref. 7]. Using the DELAY
subroutine, 32xecution time can be changed, thus sampling
time can be adjusted in the control algorithm. The range of
delay factor is from 0001H(1) to FPPPH(65535). The control
algorithm can be delayed as much as 6 NOP operations by one
step of delay factor. Por some dalay factors to be chosea,
each sampling period was ma2asursd as Table III .

In the Equation 2.8 , tha control algorithm execation time
could be calculated by the following.

Tex = T'n’ + Tda

wvhare T'P

Main program execution tima

Tda DELAY algorithm exacution time

Pigure 4.7 shows <the analog sinusoidal wave input and
discretized ocutput for the case of 01H delay factor. For
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Pigure 4.5 Result of statis Conversion Test.

implemantation of these tasts which ars static, dynamic and
sanpling period tsst, the small program of test algori+thm is
necassary. That program is written in Apperdix B.

C. DESIGH or STATE P EEDBACK CONTROL SYSTEN WITH
HICROCONPUTER

1. Contral AlJoritha

The fini+e precision natu: of the digital Lardwar:
aakes it necessary to chocsa a coaputazional structure “hat
will parform adquately with regard to the iritial ok jectives
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Pigure 4.6 Result of Dynamic Conversion Test.

of “he design. This section describes a procedure for tha
programming of a control algerithm with 8 bit word length
limitation.

The error caused by finitz word 1leagth and <+heir
influence on the behavicr of <ths digital coatroller is

reported in Ref. 2. Phe major 2ffort of the digital
conzroller dasigner is concentratel on achieving appropriats
aumerical implementation >f the algoritha. Usirng .an 8 bit

or 16 bit computer the designer enters the fialds of finita
word length acithmetic and sampled signals. The programming
for a control algorithm is one of rsal tima application.
Thus, the fixed ©point arithmstic should be wused in
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Pigure 4.7 Analog vs. Digital (Delay Pactor:01H).

=) programming in order to reduca the program exacution time.
This section describes the procedure of how to design the
two state fesedback gain control algorithm using single-input
single~output aicrocomputer coutrollar. This program is
:ﬁ: attached as Appendix C.

LAY
- The state equation of Pigura 2.1 is

. o [o]
x(t) = -g -G, x(t) ¢+ { a(t)

vhere x(t) is the state vector of the plant.
Although x,(t) or x, (k) (vhere % or k means present time for
continuous and discrete system respectively) can be meas-
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TABLE IIIXI
Saapling Time Measurement

Delay Pactox Decimal Sam
0

0001H 1 .00045 sec
000FH 15 0.0006 sec
007FH 127 0.0014 sec
OOFFH 256 0.002 sec
O1FFH 511 0.0044 sec
02FFH 767 0.006 sec
0300H 768 0.0061 sec
030FH 783 0.0062 sec
03FFH 1023 0.008 sec

ured, x,(k) (= X, (k)) cannot be obtained because the time
derivative of x, (k) is not realizable in the practical
experiment because of only a single-j "nut port. Therefore,
xa(k) is approximated by

xtk) - xtk-1)

£p(k) = X, (k) = ~em—cemcoemee- o (eqn 4.1)

Thus, the estimation of x, (k) can be obtaind by using the

-above approximation. Pigure 4.8 shows how the block diagrams
are developed for desiging of the control algoritha. Here,
one of the algorithm design idea is that the derivative
gain(Kd) is alwvays set to the sampling period. Then tha
denominator of westimation block can be deleted, This
approach meaas that <the computation of estimation block
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could be decresased which is an important factor when fixed
point asseably language prograaming is required.

The attenuation factor as a part of the correction
factor uses a potentiometer outside of the microcomputer. If
the attenuation factor is manipulated within the control
algorithm, than floating point arithmetic would be regquired.
Placing the attenuator outside the microcomputer then allows
fixed point arithmetic to be used. The flow chart of
control algorithm is shown in Pigur2 4.9 .
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V. CONCLUSIONS AND BECONBEBDATIONS
g
;: Results obtained both experimeatally and by simulation
‘2 have skhown that a continuous systea design method of using
- state feedback can be applied to a high performance micro-
‘ﬁ computer based regulator systenm. The regulator can be
e designed to meet specifications approaching the 1level
3 available from a direct analog feedback controller.
;, Although a low order system was used as a convenience in
‘ij hardvare implementation, digital computer simulation did
‘q confirm that the method is gensral 2nough to apply to higher
& order systeas. The method applied to higher order systems
o would probably provide more flexibility in the controller
'5; design if k £ (n~-2) state gains wa2rs used rather <than k <
DA (n-1). The additional state feedback gain would provide
0 more lead phase shift to offset the transport lag phase
& shift due to the amicrocoamputer.
.3 It is vell known that asseambly language programaming as
! used in <this wdork provides fact implementation of the
b2 control algorithnm. In those cases where additional time is
-~ available, use 9f higher level programming such as the
;i on-Chip Tiny Basic [Ref. 11,12]. would provida convenience
7N in developing the controller design and is recommended as an
= area for future study. National Semiconductor's INS 8073
» Tiny Basic microinterpreter is ona example of a single IC
‘3 chip that can be programmed in a high level language. Use
X of Tiny Basic would allow application of assembly language ]

- e

prograas wvhere speed 1is required such as with input/output
and multiplication operations. Basic would then be used to
develop the 2stimation or optimal control 1law or filter .
design at a language level more familier te design ]
engineers. |
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LABEL STATE FEEDBACK MICROCOMPUTER CONTROLLER
PAGE HERGE

ARRENDIX A
EXANPLE PROGRAM OP CSHP

INITIAL
INCON X0 = 3,0
PARAMETER KP = 1,0, KA = 1.0
PARAMETER DEL = (.00045,.002,.005,.008)
DYNAMIC

KD = DEL

g = 0.0 * STEP (0.0)

F =0 - FDA

VvV = REALPL(0.0,0.004,P)

VO = 250. * V

XP = INTGRL (X0,V0)

V1 = DERIV(0.0,XP)

P1 = KD * V1

F2 = Kp * XP

P3 =P1 + P2

FD = DELAY (10, DEL,PF3)

FDA = KA * FD
TINMER FINTIN=.05,DELT=.0004,PRDEL=0.0004 ,0UTDEL=0.0004
PRINT IP

TITLE STATE PEEDBACK MICROCOMPUTER CONTROLLER

OUTPUT XP

A T LTSI YT TY
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ARPENDIX B
ASSEMBLER PROGRAM POR STATIC AND DYNANIC TEST

SRR RRRRERERER R QAR KK ERREAA R AR R A Rk R R Aok Aok o ok ok ok

+* STATIC AND DYNANMIC CONVERSION TEST PROGRAM

+* PROGRAM BY KINM, KI CHUL

:* DATE : 9,0CT/1983
$EERXARERRRRERERARERERKEREE SERRRE KRR ERRREE KRR KRR K KRR KKK

UPDDT BEQU 036 EH ;s Monitor update data subroutine
DELAY EQU OSF1H ;+ Monitor dalay subroutine
ORG 83008 s+ Starting position

1XI SP,20C8H; Initializa stack pointer
MVI 1,06H s Initializas PIO
s Port A -> input port
s Port B -> output port
s Port c =-> ALT3
ooT 20H ;s Command port
START: MVI A,38H s Port C bit 5 to *1?
QuT 23H '
NvI A,18H s Port C bit 5 to ‘0
ouT 238 s Start conversion
CHECK: 1IN 238 : Conversion complete?
ARI oun s Check Port C bit 2 = 0
JNZ CHECK :+ Return & wait
Ix 211 :+ Read from A/D
ouT 224 s Out to D/A
CALL OPDDT s+ Display
LXI D,00PPH ; Set delay factor
CALL DELAY s Delay
Jup START : Next scmpling
BND

100
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ARRENDIX C
ASSENBLER PROGRAM OF STATE FEEDBACK CONTROLLER

REREERBRRERRE B REE R ERRRRRKR KRR R KR KR KRR KRRk Rk ok kX
+* PROGRAM FOR STATE FEEDBACK MICROCOMPUTER CONTROLLER
+* PROGRAM BY KIN, KI CHUL

+* DATE : 10/N0V/1983
BEREERRERKERE KR REE R RRKERKE KEERRBRREE KR RRER KR KKK KRk ok

IR RRRAREERRRRR AR R R ERREERE KRR KRRRAEERKARK R R RRER KRR
:* This prograam is written for the microcomputer

s* controller vhich is state feedback control.

:* The function of this controller is work such as

:*®* PD controller in the second order systen.

:s* STATE 1 : the input of controllar 1
:* STATE 2 : the astimation by the controller
EREEEEIRERASR AR BN R EERERRERE KRR SR REKE KRR KRKKREREEK KK KK

UPDDT EQU 036 EH : update display subroutine
SMULT EQU 1280H ;s fixed point multiply '
DELAY ERU 0S5P1H ; delay subroutine

ORG 8100H ; set up in non-volatilea RAM space
XOLD: DB 0 s Memory location for o0ld state

: value

BST: DB 0 : Memory location for estimation

1xI SP,20C8H; load stack pointer

BvI A,06H load command

L 1] ae

Port A ~> input pore
Port B -> output port
Port C ~> ALT3
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........
.........

MoV
Hov
SUB
STA
MOV
ANI
JNZ
Hov
vl

CALL

LDA
ADD

ouT

nov
STA

20H

A,38H
23H
A,18H

- 23H°

23H
ouRn
CHECK
211
PSW

H
UPDDT

PSW
B, A
XOLD

C,A
A, B

EST
A,B
80H
NEGA
H,B
E,01H
SMULT
EST

2281
A, B
XOLD

a8 -0 L 2] -e -8 - e L 1) L1 -

- L 1)

L1} -0 L] L 1) -0

D, OOFPPH;

Command status register in
8155 RANM

enable analog input & output
port C

start A/D conversion

Is conversion complete?

load sampling data into ACC.
save on stack

display value in data field
restore value from stack

save in B
load ACC. with previous sampling
value

Nev valua - old value

store in memory vwith difference
save in ACC. with new value
check the negative nuaber

If negative jump to NEGA:
multiplicand(nevw value)
changable proportional gain

save in ACC. with estimation
proportional + derivative
truncate H reg.

output tha control to D/A

store sampling data in memory
set delay factor

..............
------------

.......

. NPT SRS

e
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-

1

3 CALL  DELAY

2 JNP START ; repeat the process

\ FEGA: MOV 1,B :

R CHA 3

) INR A :

¢ (o) H, B ;s maltiplicand(new value)

m MVI E,01H ; changable proportional gain

N ' CALL SMULT

!Q LDA BST ;+ save in ACC. with estimation

o SUB L : proportional ¢ derivative

f ; truncate H req.

R ouT 228 ; output tha control to D/A

Ji Hov A, B ;

‘ STA XOLD s store sampling data in memory

y LXI D, OOFPH; set delay factor

3 CALL  DELAY ;

T JuP START ; vepeat the process

S END

D

’3 : *%% SUBROUTIONS AND FUNCTIONS **x%

' SEREBERARERARE R RAR R R EEERRRE AL RRERAXRRERRKKKK KR KL XK XR
+* FUNCTION : UPDDT - update data field of display

; :* INPUT : B - DOT PLAG -

S 1 means put dot at right edge of field
* 0 means not dot

N +* OUTPUT : none

N s* CALLS : HXDSP, OUTPT

4 +®* DESTROYS : A,B,C,D,B,H,L,F/P's

* DESCRIPTION :
UPDDT updates the data field of the display

using the current data byta.
(ERERBERBEBIBEE R REERFIREBEE BERERRRERERERRE KRB KR LK ExK KR

L 1] -0
*

103




AN
AR R

it 2

NIl

weersee ’5'1 gf

LSRR
B PLP LIS

DTPLD EQU 1 :+ indicate use of data field of
; display
ORG 0 :
UPDDT: LDA CURDT s get current data
MOV D,A s put curreat data in D

CALL HXDSP expand current data for display

address of expanded data in

H6 L '

use data field of display

dot flag is in B

output current data to data field

-0

MVI A,DTFLD

CALL oUTPT
RET

SERERERKEARERE R KRR R K RBRKEEE KRR KKK RRE R XK REK KKK KKK RR KKK
+* PUNCTION : HXDSP - expand hex dijits for display

+* INPUT : DB - 4 hex digits

+¥* OUTPUT : HL - address of output bufer

s* CALLS : nothong

+* DESTROYS : A,H,L,F/P's

+* DESCRIPTION : _

HXDSP expands each inpput byte to 2 bytes in

e

* a form suitable for display by the output

* routines.

H Bach input byte id divided into 2 hex digits.
* Bach hex digit is placed in the low order 4
¥ bits of a byte vhose high ordsr 4 bits are

e set to Zero.

¥ The resulting byte is stored in the output
* buffer. The function returns the address of

* the oatput buffer.

EEEERRE LR ERR R RER K X BRER QR R K RE @R g e ok ek g kR ok ok kkk

104
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:\ .
j 0BG 026CH
ot HXDSP: MOV A,D : get first data byts :
? RRC : convert 4 high order bits =
L RRC ;
N . RRC :
N RRC ;

- ANI OFH H

LII H,0BUPF ; get addrass of otuput buffer

& MOV N, A : store character in output buffer
ﬁ MOV A,D ;s get first data byte and convert
. :+ 4 low ordsr bits to a single
N ; character
“ ANI OPH ;
N INX H : next buffar position
» MoV N, A s stora charactar in buffer
y Kov A,B ; get seconi data byte and convert
‘? s 4 high order bits to a single
" RRC :
. RRC :
% RBC ;
BRC :
! ANT ord ;
% INX . ;: next buffer position
- MOV A : store character in buffer
E nov A,E : get seconl data byte and convert
ks : U high orier bits to a single
> s character
" ANI ord :
2 INX H ;s next buffer position
- MOV N, A : store character in buffer
? LXI H,OBUFP ; return addrass
RET /
$
L 4
105
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IBRRRRERERRAER KR EE X R RRKEREE AR R ERR R KRR KRR KRR EER KRR R KKK XK

+* POUNCT

:* INPUT
;#

s* CALLS

:* DESTROYS :

ION

: QUTPT -~ output characters to display
A - DISPLAY FLAG - 0 = use address field

- 1 = yuse data field

B - DOT PLAG - 1 = output dot at right edge of

nothong

+* DESCRIPTION
OUTPT sends characters to the display.
The address of the characters is received
as an argument.
to the address field, depeniing on the display
Bflag arqument. The dot flag argument
determines whether or not the last outpuat

ADISP

DDISP

CNTRL

DTHSK
DSPLT

QUTPT:

0UT0S5:

character.
SRR R RRAEER KA K KRR R AR Ao ek R A AR AR R R KKK

EQU

EQU

EQU

EQU
EQU

ORG
RRC
Jc

HvI
HVI
JHP

94H

19008

08H
1800H

02B7H
oUTO5
C, 8

A,ADISP
0UT10

o
-

field

- 0 = no dot

A,8,C,D,H,L,P/F'S

Bither 2 characters are sent

L 1] a0 -0 L 1] a0

L 1] -0 o0

-0

indicate use of address field of
display

control character to indicate
output to data field of display
address for sending control
characters to display chip

mask for turning on dot in display
address for sending characters

to display

control character
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..............................................

-'_\

\f‘

\'J_'.

iy uvI Co 2 :

:::;:: uvi A,DDISP ; control cha-acter for da%*a £ield
(. 0UT10:
'.'.':' STA CNTRL H

o 0UT15:

.4-::3 MOV A, M { get out put character

Rk

. XCHG : save output character

= LXI H,DSPTB ; get display format table address
) ADD L :

WO\ MOV LA ;

\ . [0} § A, N ’

RN KOV g,C ;

T

N DCR H :

50

:;: JNZ 0UT20

) DCR B H

X JNZ 0UT20  ;

AN
o ORI DTMSK

R

:q": onTzo:
{ CHA '

NN STA DSPLY

N XCHG :
O

No INX H :
o DCR Cc H

e JNZ ouT15

(S0

3 RET

e

<y

:.,; B T e T T PP P P P T T
5 _i* SUBROUTINE : SNULT

o ;* DESCRIPTION :

- * The 8 bit multiplicand is antered in reg H.
o L The 8 bit multiplier is entared in reg E.
i 3 * The 16 bit product is returned in reg H-L.nt
~ e Saves B,C,E.

S

P By L T T P P P
o
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e
R =
- ORG 1280
o SHULT:
! NVI 2,088 ; loop counter
> VI L,00
Ef OV D, L :
. SHULT1:
o DAD H :
N Juc SNULT2
o DAD D ;
SMULT2:
o DCR A ;
S JINZ SNULTY
o RET
o
;:i ;**““#*“#*##*”******“*********#******#******‘#***
2 :* PUNCTION : DELAY
+* INPUOT : DE - 16 bit integer donating number of
;3 ; :* times to loop
- :* OUTPUT : none
o :* CALLS : nothong
+* DESTROYS : A,D,E,F/F's
< :* DESCRIPTION :
:} i DELAY does not return to caller until
\‘: i input argument is counted down to zero.
x ;t‘#“‘****”*#*”####**#*****************************
53 :
g ORG OSF1H 3 -
~ DELAY:
‘ DCX D ;+ decrement input argument
o nov A,D ;
< ORI E ;
5: INZ DELAY
< RET
X 108
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