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This poper presgents Lthe designh and implemantation of PID
controller based on Lhe uso of microprocaessors. the iinplementad
technique tokes inlo account tha problems asgociated with bardware as
well ps eofllware, o.g. inktarfocing, yresolulion. Bignol leveling.
mjcroproceggor limitation, .. elc. The Lechniygue combines the

advontages of tha conventional P1D controller (e.g. simplicity, saas of
degign., and suitabllibky for different typos of processes) and those of
microprocesoors and microcompulers (e.y. low «cost. ensy Luning and

adjiuetment., and eunhsnced conktrolter reliahilily).

The designed controller is applied to conltvol the pogition and

speed of DC motor under different lood and refarence input conditiona.

Satisfoctory resulls regerding procese per{ormance are oblaingd.
Therefore, the uso of microprocessore and microcomputors i8 recommendad

(or control of physical processes.
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1. INTRODUCTION

Dijgital control Ltechnijquez are currently being acopted for
implementation in a rapidly increasing number of indusWrial plants.
Oigita) controller design techniques based on Z-transform method (e. g.
Dead Beat algerithm. Dahlin’'a algorithm .. elc.) require ha eaxistence
of a precise plant model in Lhe 2Z domain (3). towever, 1in many
gjtualtions, this model is allesinable only through Lhe wuse of complex
parameter jdenltification techniques, which malkes Lhe derign procedure a
rather cowmplex Laslk.

For inherently nonlinsar processes, linearization techniques are
ugsed to extract a plant mode! for control)ler design purposes. However,
thig model i3 valid only for small range $f plant parameters variations
around their nomina} values. This difficulty can bs overcome Lhrough
the use of adaptive control techrniques. These techniques [2.4.5) can be
implemented successfully only for slow procasses Lo allow for the large
comnmputational time¢ inherent in these methonds. Furlhermore, these
compulations often require expensive powerful digiltal compulers wilh
Ynrye wemories to Le able to deal with the Jarge volume of dalLa
required for system adaptation. These drawhaclka have made the
Jyinplementation of Z-transform based controllera and adaptive
controllers a rather difficult and costly operation.

Tre conventional PID controller continues to representl a strong
candidate in controller design domain. This 1is due mainly to its
simplicity, ease of design and implementation, and suitability for
different vypes of plants [(1]. The hard wirsed PPL) controller ia adapled
to the operating conditions existing 1in a certain process either
manually or through the usgse of salf tuning PID controllers. This tuning
allows the controller to handle variations in process paramesterg as
wgll as changing surrounding eunvironmental factors. Tuning hard wired
PID c¢ontrollers involvas changing Lhe setting of some physical device
(e. g. changing potentiometer setting. adjusting valve position
etc.). These andjustmants are sometimes Jimited in resolution which
makes it difficullt to oblain “optimuw”™ PID settings. Self tunaed PID
controllers recquire the use of )Jargs computers to jmwpiement the tuning
(adaptalion) algorithm [4]. Theae limitations can be avoided Lhrough
uging relatively cheop microprocessor Lo implemenk PID controllers.

In this paper., DPID contro) action is implementead using
microprocessors. Thig technique readuces the task of tuning PID gaing to
changing the contents of one or minre mémory locations. In addition, the
resalution of gaoin adjustment is 1imited only by A/D and D/A converters
accuracy, microprocessor memory word length, and complexily of software
implementing the technique. All these parameters can be easily
controlled to produce Lhe required tuning resolution. The implemented
technique is applied to conlrol the speed and posilion of DC motor,
which 18 a relatively fast procesa. Ilmphasia 1is placed on practical
implementation related aspects such as interfacing and software
developmanlt. The technique could be easgily extended to other types of
praocesses by minor modifications in configuration.

2. THE COMTROL ALGORITHM

2.1. Goeneral Representation

Figure (1) shows the general block diagram of digital Closed Loop
Conlrol System (C.L.C.S). The following notalions apply to signals
depicted in fiqure:
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Figure (1)
- ASP,DSP : Analog and Digital Sel Point;
- DOP : Discretized (digital) QutPut signol:
- DE = D5F-DOP : Digital contral system Ervor; (1)
- DC.CC : Digital and Continuous controller output values;
- QP : analog &ystem OutpPul.

In this C.L.C.5., the microprocessor is used Lo Jmplement the
comparotor as well as the controal algoritlhm o3 explained later. The

conkroller processes digital error (DE) to produce c¢ontroller output
(DC} through the relation:

DC = FI(DE) (2)

Vhere the (unction F ig usually expressed in difference equations form

to facilitate implementation of the conlrol algorithm using
microprocessor / microcomputer.

2.2. The PID Controlier

In continuous tims PID control asystems. the conlroller output

{control variable) m{(t) is reloted Lo the conkrol system error e(L) by
the relation (1]

L

mit) = Katt) + x, L2 ek [e(r) ar (3)
o]

Where Kp. K,. and [ &sre proportional. derivgtive, ond {ntegral mode

goins, respectively. To implement (hiz relalion using microprocessor,
each term musl ba first expressed in differcace equation form as
explained in the following subgections.

s - Propostional mode conlrol : [n which controller output is
datermined. ot any sampling Lime. by I'he error at that time. Referring
to figure (1), proportional cantrol may be realized by the relation:

DCP = KP * DE + DCO (4)

Where DCP : Digita! proportional controller output:
DCO : Zoro error controller oulput.

1f the output controlled variable DOP ja aqual to the sel point

DSP go that the error DE i3 zero. then the c¢ontrollsr output will be
DCO. Thus DCO operates to "keep the process at its currenl! state when
no error exjists". Although this term (DCO0) is eszential 3n pure

proportional mode contraol, it can be neglected when combining thie mode

wilh othar control modes tas controller output is not 1{ikely Gto Dbe
ZEBYO) .
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ii-Integrzl mode conirel :In which, controller output depends not only
on the error signal currently present at controller inpul., but also on
previous values of this serror. In continuous time control systems, this
dependency may be expreased by:

c () = k. (¢) Ao(t) + ci(O) (5)
vihere ci(t) : Controllayr output at any time t;

l& : Integral mode gain:

'ho(t) ;: Area under 6rrv¥or curve,

To transform this equation into o form that <can be implemented
using microprocasgsors, the area under error curve must be approximated
using any approximation technique. The simplest technique is the zero
order (rectangular) approximation, since 3t requires only the present
error value and thug no memory 1s used to store previous errors. In
this technique. the area under error curve at the k'th sampling instant
is given by:

AREN(k+1) = AREA(I) + DE(k) * DT (6)
wnére AREA(K) : Area uged to produce controller output at sample k:
~ DT . Sampling period:
-~ DE(k) ; Digital error at sample k.
To simplify coding of integral mode contyol using Inicroproceasors, a
new variable SUM is defined as
SUM (k) = SUM(k-1) + DE(k) (7)

So. discrete integral control equation may be written as
DCI(K) = KII * SUM(K) * DT = KI * SUM(K) (8)

Wherse the gain K1 incorporates the integral gain KII along with the
sampling time DT. Thusg only one multiplication operation is performed
which reduces gampling time and hence increages aystam efficiency.

1i1- Dorlvalive conlrol mode : In which controlley output is dependent
not on error valuss, but on the manner by which Lhese vblues change

with time. In continuous time control systema, this conlrol action may
be expressed by:

c (ty = kd de(t) / dt (9)
To implement this controller wusing the inherent)ly digital
microprocesgor, diffesrentiation must be converted into dijifference
equation form. Using bhackward differesnce approxjfmatjon. the equation
for digital derivative control bscomes
pep (k) = xkpp « PEUOZ DEUCL) oy = porgo) (10)
Where DCD(k) : Digitzl derivative controller ouvtput at sample K;
KDD : Derivative gain;
DE(K) . Digital error at sample K:
DDE(K) = DE(K) - DE(K-1):
KD = KDD/DT.

It is notable that combining the sampling time DT and the
derivative gain KDD into one parameter KD =simplifies the control

implsmentation (by eliminating division) and thus reduces computation
time.



Mansoura Engineering Journal (MCJ) Vol. 16, No. 2. Dec. 1991.

C. 169
fv~ Composile control wmode : Combining Lthe previously presented
contrellerg together yield different" composite control modes (e.g.
Proportional Integrol (PI), Proportional Derivativa (PD), and

Proportional Integral Derivative (PI1D) controls). The PID controller ig
the most wversatile one as it provides ability to shape 9ystem

performance more accurately in mosk gituations. So digital PID
contyoller takes ths form:
DC{K) = KP * DE(K) + KI * SUM(K) + KD * DOE(K) (11)

3. DESIGN CONSIDERATIONS

When implementing any digital control algorithm using
microprocogsorsg, several factors should be considered. Thege factors
concern both hardware and softwars. The former arjises wmoinly when
attempting to Iinterface the digital microprocesaor to the inherently
ana)og outsids environment, while the latler depends, among other
things., on control atgorithm complexity, pProcess gpeed. and
capabilities of available microprocessors.

3.1. Hardware Consideratjqns

In dealing with the hordware agpects of implementing digital
controllers vsing microprocessors, onhly problems relatovd to interfacing
between the controlier microprocessor and the controlted process will
be discussed. Characteristice of the microprocegsor itself will be
dealt with when considering software related aspects. That is Dbecause
the microprocessor affects the process only through software.
Furthermore, any limitations found in the microprocegsor can be
overcome via sujtable zoftware modulss.

1- D/A Resolullon : The resolution of a D/A converter is definad as the
smal)lest change in the analog output ag a result of a change in the
digital input (6}). L[t can be shown that the resolution as a percentage
of the full scale output analog signal can be expressed os:

% resolution = —~—§—1——— (12)
2 -1
Where N = No. of bits in D/A input word.

It is thus obvious that wusing D/A converters with large word
length enhances Bystem accuracy and thus reduces o9cillations and
steady gtate error. Howeve)y, such D/A converters are usudlly expensive.
Furthermore, problems may arise when trying to connect guch D/A to
microprocessor having different word lenglh. These problema may be

solved using special bardware (multiplexers) and modificationa in
software.

fi- Control signals level: The allowable range of wvarjation of A/D
input (and D/N output) ig usually small cowpared with signal lavels
found in the analog section of the C.L.C.S shown in TFig. (1). One
golution for this problem iz to use gensors whose outputs match A/D
input range. tHowever, this solution 1is impractical and sometimes
impossible. Therefore., special circuits should be built to match the
digital section with the analog saction of the C.L.C.3. One such
circuit using operational amplifiers is proposed as shown 1in figure
(2). In this circuit. the use of two op amps ensure that no polarity
conversion is made. Furthermors, the introduction of refersnce voltage
VR makes it posgible to ghift the entire opersting rang up or down as

woll as sBcaling it by means of the resistive network shown. The output
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volltage of thjs circuit can be expressed as:

n
X R N R 5
Ya [ 'R ] "R (13)
Where
v Input volltage to scaling circuil:
v Reference DC'voltage;

Vg Scaling circuit output voltage.

na
ANAA
-12 Vv )
R2
W AA—
q
21=
Vi }, 144
au {
12 v
Flg. €25 Op-Amp based matching clrcult
As for the digital controller output (DC), it ususlly neods

amplification before being applied to the analog process. Rlgo the
signal itas)lf may need to -be converted into anothsr form (hydroulic.
pneumatic, .. etc.); thus requiring transducers of suitable type.

3.2. Software Considerations

Due to the unavoidable limitations 3n microprocessor computing
capabilities, seVeral problems arise which wmeinly concern how Lo
ovarcomae theae Jlimitations 8o Ehat tha couded program Jnterprets
faithfully the doveloped control algorithm. 7JThese problems relate
mainly to microproceppor construction and how it carries out arithmetic
operations.

1 - Momory word length v The binary representaltion of numnerical values
in microprocessor memory ig limjted both inm magnitude and in accuracy
by the used microprocessor memory word leugth. An  eight—bit word can
represent integer numbers in Lhe range from 0 to 253 (or -128 to 127)
according to numbor ropresentation schemsa. ln addition, if a memory
word is allocated to the fractional part of o certain vorioble, it can
represent fractions with stsp of 1/255 = 0.0039, which may be

unacceptable value for high precision control. This problem can Dbe
solved by allocating more Lhan one memory location for each variable
(integer and fractional parts). llowever. such 8scheme complicates

gofltware modules and thug increases computalional time.

i{~ Overflow and underflow : Ouerflow occurs when the result of a
cerltain mathematica) operation exceoads the maximum numbex t(hat can Dbe
6tored in microprocessor memory word. One solubion is Lo uge more than
ong memory word to represent congtantg, intermediate results, and fina)
resvlts. This schema calls for wriling special softwane modules to

perform mathewmatica) opsrotions 1involving two or iore words per
variable.
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For practical computational time congiderations, memory allocation
for each variable cannot be increased to more than two or three words.
So. overflow may still occur. To overcome thisg problem, a 8cheme Js
implemented in which whenever overflow condition is detected, the
maximum value that can be gtored in the allocated memory is putbt in
place of the octual result. This scheme makes a compromise betwesn
allocating 1ta1rgs memory space for controller variablea (software
complexity) and wusing one memory location for gach variable
(representation error).

Underflow occurs when the result of arithmetic subtraction
oporation ig less than Lhe minimum valug of the digital word. 7This
minimum value depends on number representation scheme adopted 1in the
program. The occurrence of underflow is desalt with in a manner gimijar
to that used with overflow (i.e. replacing result by the minimum value
that can he stored).

1t{- Microprocessor insiruction set : The existence of certain "high

leve)” ingtructionzg (e.g. MUL. DIV, ..etc.) in the used microprocegsor
instruction set simplifies the controller program significontly.
Howevor. not all microprocessors have such capabilities. Therefore.

gpecial modules are ususlly written fo perform multiplicotion (and
division) operations. These modules should handle variables stored in
more than ore memory location. Furthermore, they should handle
fractional part as wesll 03 integer part jin mogt variables (o8 many
mjcroprocagsors do not support flosating point arithmetic Jdirectly).

lv- Ercor polarity : The arror DE applied to the controller as defined
by eqn. (1) con be positive or negative. The ervor wil)l be a digital
number in 2's complement repregentation. It is very inconvenient to usse
this representation of the arror in subsequent computations required to
produce the output. Therefore. once DE has been calculated jt will be
converted to an unsigned number and the polarity wit]l be remeambered by
8 flag word. This technique 15§ outtined in the flow charl of the
integral controller shown in figure (3).

4. EXPERIMENTAL WORK

The developed control sygtem s implemented using the following
hardware modules:

i- Microprocessor module (7)
The system uses the 63502 microprocessor. This microprocassor unit
has the following gspsacifications
Memory word length : 8 bits.
Clock sgspeed : 1 M liz.
Interfacing : Memory mapped interfacing using 65C02 VIA.

{i- analog to dligital CA/D) converter (8]
The used analog to digital converter has the following technical
specifications:
* Based on the MPU 7581 circuit that includes the converter system
and B8-channel analog multiplexer.
Input voltage range : O V to +10 V.
Conversion time : 80 usec.
Input circuit protection : up to 15 V.
Binary output ronge : 0000 0C00D to 2111 1111.

* % % *

11%— Digital Lo analoug (D7/A) converter [9)
The system uses digital to analog convartsr having the following
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gpecifications:
* Two B-bit channels, TTL compatible.
* DAC~08 based D/A, 8-bit guick converter with a maximum alinearity
of £ 0.39 % fs.
* Qutput voltage range : +10 V to -10 V.
* Output through an active filter to remove switching peaks when
the digital value of the input byte i3 altered. Filting the
circuit pass-band to the control program response.

The controller is applied to control the position and speed of DC
motor under different load and reference inpul conditions. Different
combinations of values for KP, KI .and KD are used to obtain 'optimum®
set-point tracking for position and speed of the DC motor. Figure (4)
depicts the general schematic diagram of the position control cass.
(M1l olther schematic diagramg, programs and flow charts are under call
from authors. They are omitted hers for space considerations).

Figures (5) to (10) show chosen samples from the large amount of
recorded results. From all these results., the fo)lowing comments can be
summar ized:

1- Higher values of proportional gain lead to smaller rise time, but,
on the other side, increase Lhe percentage overshoot. MAlso (hese
high values conceal the effect of derivative gain (if present).

2- It is not recommended to use integral conirol only or to use high

values of integral gain, since it causes oscillations and may cause
instability.

3- The steady state error can be decreaged by either increasing the
proportional gain, or adding properly chosen integral action (not
high) to the relatively small proportional gain.

4— PID ‘'optimum' tuning is not so easy, as it needs a large amount of
trials. Carrying out these trials jg made easy through the wuse of
microprocagsors.

5. CONCLUSION

The implemented, microprocessor based, PID controller has several

advantages, such as:

1- Simplicity and non cogtly design and construction of the control
gygtem.

2—- Lasy tuning of the PID parameters by changing values storsd in
MiCroprocessor memory .

3- The system <can be easily extended to accommodate parameter
adaptation to varying plant dynamics.

By using thia technique. a good controller is designed and built
to control both the speed and position of DC motor under different load
and reference input conditiong. Satisfactory results are obtained which
agree with the required control task. The implemented technique could

be easily extended to other +types of physical processes by minor
modificationg in configuration.

REFERENCES
1- Curtis D. Johnson, "Microprocessor Based Process Controtl,”
Prentice-Hall Inc.. 1984.
2~ Graham C. Goodwin, Kwai Sang Sin, "Adaptive Filtering - Prediction

and Control,” Prentice-Hall Inc., 1984.



Mansoura Engineering Journal (MEJ) Vol. 16, No. 2. Dec. 199}.

higdhf
NP, ISP

ISP - PP —~) DE| 7 calcudalo error
8--> 5 / sol slgn to @

[ B / nake V2 positive
[ - S Al/seinlqnla-
i.s‘.ﬂ- bf --> Sin |‘

XDER FLON N\ | HIN—)S1R1

Yes

-~ Hsun

X318 --) )

Flg. (3 Inlegral conlrol (low charl

- 173



E. 174 'Kamel M.Soliman,Sabry F.Saraya,and Wael R. EIWasif.

Karl J. Rstrém, Bjorn Wittenmarl, ‘“Computer Controlled Systesms,
Theory apd Design," Prentice — Hall, N.J., 1984.

KarY J. Astrdm, Bjdrn Wittenmark. “Adaptive Control.” Addison -~
Wesley Publishing Company, 1989.

I. D. Landau, "RAdaptive Control - Mode! Reference Approach."” Marcell
Dekker Company. 1979.

Ronald J. Tocci, "Digital Systems - Principles and Applications.*
Prentice—Hall International Inc., 1983,

PROMAX Company., "MI 6350C Microinstructor Manval ™.
PROMAX Company, “"Moduls A/D Converter MM-603".
PROMAX Company. "Module D/N Converter MM-602".

PRE ANP.
ATTENUATOR
APeL. HK-602Z gy
DAC —
FEEDDACK POT.
M1 CROLNSTRUCTOR
630¢
SCALING
cis CIRCULT
-
. REFERANCE POT.
EXPANST ON HM-60T
. ADC
SCALING
cHs CIRCUTT
—

Fig. (4> DC~melor position Control



Mansoura Enginecring Journal {MEJ) Vol. 16, No. 2. Dec.

ref
5V

—_—

kg’

\

K :'25 :

7
1

- P |

Vel

ﬁhﬁﬂ”“ﬂﬂ“”;ﬁh

m
ST
‘i

(bd

1991.

v

V4

C.175

Ced

i TIME

16) mrglsec

BV

v

Ced

== ). - -f'- % e EE _8;

S =R = e ae : B
e it AR

L . e

iRl e e b, G g

e ———

TIME

FIG. (5>

10mm{sec

~ PI and PD positf{on conlroller

Cdifferent conirol parameters)

4



E. 176 Xamel M.Soliman Sabry F.Saraya,and Wael R. CIWasii.

0/’31:_‘_112;—r7275-—,;

AP K=s

| e
o :J' T
Veed LA LA L
gvi || =

T,
PRI

Ced

= - B . - i_4 T“}‘&_E
10 mm/see

i ELLER T ALY

S =R 2 cdy -

~
n
v
1
l

Flg (6> ~ PID - positlon contreoller

(differernl control paramaters)



Mansoura Engincering Journal (MLJ) Vol. 16, No. 2. Dec. 1991.

e
P i

.A . | :‘]Ll.
LT
ok =10—
- ™19
Cad : vy T Ced T
! TIME TIME
- IQonsmyspe o 0 rmnm/sec

Flg (7> - PI and PD

speed control

(d{fferenl control paramglers)

Cc)

il

M

- Cad (b ’
TIME | TIME
o | >
)G mm/sec 10 mmigec
Fig (B8) - PID spoeed control

ﬂf

(Different conlLrol paramelers)

.o TIME
— b
W mmlsec



€178 Kamel MSoliman,Sabry I Saraya,and Wael R. CiWas].

TIME

10mMmsec

[ ifpey ;,...,,..,|:!i N
sl jig;u@.;, -sa:]lh-‘:! Jep

)

. \
’ "y
o y
LJll::| i .l!_ , _u.;
deo b
. ).

"y (B
i o

H ||
. |
2, l |
Gy
T

OLrt_pU't response

PID speed control with ramm input

Effect of sudden load on
PID speed controlled motor

9>

Fig.

(10>

Fig.



