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1'11)09 pupai' presents the <Iesign and .implementation of PlD 
controll er !J~ged on tile urlO of mit:t'op('or.a~Bol·5. The ilor 1ementel1 
techlliQue I:.o){(~e inlo account t.ho pl'obl ems i19SQ<.::iot\3d wj th hl'rdw<\re CIS 
\~ell DB aoCtware, G . g . illt"lrfoc.;ing. reF.l0l\1lioll. oignol leveling. 
m:\croproces6ot' limit6tion. alt; . niB l.ec;llnil1U9 cDlnbinsB the 
advontages of the convention<ll PH) cOl\lroll ~r {e.g . 9:imrl'i<;ily. ease of 
c\68)91I, tWO fluitnbll ily for eli f(e.rellt typ es or. processes} <'lnu those ot 
11I)(;I"Opl:'OCBeOOrs anu microl:omlJ.utern (s.y . ION cost . el)!'!Y lUlling (ll\cI 

(\djusllnant., olld enllancad control leI' reI )1'Ihi l .ily). 

The designed cantrall er is IlIJlJl ied to cOllU'ol the rositioll aod 
speed of DC motor llncler (\jff(!yenl load iln<..l re!(\t'once input conditione. 
Satisfactory resulta regtll'''dilllJ process [led'ormiJnC0 <Ire obtolnad. 
Therefors, the 1180 oC mjCI'o[)rOCessora anel miC:l'ocompLllo)'s is recommended 
Cot' control or pllYSiClll proceSS6S. 
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1, INTRODUCTION 

Digi ta I (;ontl"ol techniques al-e cllrrel,lly being (I(lopted for 
implementoUon in a rapidly illcr<lns i ng numuel' of illtiustl-jal plnnta. 
Dlgi t.n I control leI'" design E' t: h n jrp.l~s bnsed on 7.-tl-·iJnsf oYlIl method (e. g. 
Dead Beat algorithm. DahJ.jn 's o.J g o r ithm .. 0Lc.) r qu -j re thfl existence 
of a precise plant moc\el jn Llle Z domldn [3). However. in many 
l'IjlUiltiolls. th:is Inouel i6 uL to ina h l e onJy through the USG of complex 
pll1-l\m~ter identification techn ir)ues . which mD.l(fl~ the design procedure a 
I'Clther complex toslc. 

fOl- inherent 1 y non linea r pYOC(HJSeS, Ii nec' r i za t j o n techn i qU89 a.re 
used to extract a planl model for controller design purposes. However. 
t.his model is valid only for small ral1ge ~f plvnt parameters v«datlons 
around their nominal values. Thi9 difficulty c(\n be overcome through 
tile use of adaptive contl-ol lechr.:iquea, 'n~ese t.echniques [7..11.5) con be 
jlllplemented succesBt"ully Oilly fo" slow Pl"ocl3sses to 1l11ow for the l",rge 
cOlnputaUonal Ume inherent in tllese mel:tloda. FurLhermore. t.heBe 
computntions often re~uire expansive powerflll digital computers wiLh 
lnrge IlJemories to be able to cleal with the Jnrge volume of data 
t'"Mluired for syetem LHJaptation. These drowoucics hilve made the 
iroplementa.tion ot Z-transform bllsed COlltrollel-s anc\ aduptive 
Gor,trollers a rather difficuLt and <..:ostly operation. 

The convent iona I PID control I er cant} nues to represent a strong 
candjdate in controllar design domain. ~1jS i8 dUG mainly to it.s 
simplicjty, ease of design and implamental"ion. lliid suit.aoilily foy 
cJHfarent Lypes of plants (11. The hnl-d wired PLI) cOlltroller is a<.l~pted 
lo the operating conditions existing in a certtdn proce9S althel­
mallually or througl1 the use of s8lf tuning PIn controllers. This tuning 
il I lows the control I er to handl a vnriat ions in prOC(1f;~ panlmeten3 as 
He I 1 as chung i ng Gllrround.i ng ellv\ romnenta i fi'lctoro. Tun i ng hard wi red 
PID controllers involves changing the setting of some physical device 
(e. g. changing potentiometer setting. adjusting valve position 
etc. ), 'fhese ndjustmanto are somet.imes 11mj tau :in resol L1tion Nh:i ch 
11lOkes it difficult to obtain "optimuw" PID sett.1ngs, Self tunad PXD 
controllers requjre the use of l~rg(3 computers to julptem<:lnt the tunin9 
(uuaptL'ltion) algorithm [fl.l. These 1 imi lations cun be avoided through 
using reJatively cheop microprocessor to imploment PIO controllers. 

In this paper. rrn control IJC ti 0)) lS implemented using 
microprocessors. lllis techn.i que r(,.luce~ thoq tasl{ of tuning PID gains to 
changing the contents of one or r:lore memOI-Y locutions. In addition, the 
raso I utlon of ga; n adjustment is 1 iOlj led on I y by 7\10 and D/1>. converters 
accuracy. microprocessor memory word length. nnd complexity of 80ftware 
"implementing the technique. 1\11 these parameters can be 911s:ily 
control I cd tei produce the reqLlil-od tunillY resolution. The implemented 
techniC]u8 is nppl ied to c(.1ll\.rol the speed anti pb ~' l tion of DC motol'. 
which is a reilltively Cast proces8. J::mphasi!'l i ~~ pluced on prar::tical 
implementotion related aspects sLlch fiS illt e rfacing and software 
development. The technique could be cosily extende d to other types of 
processes by minor modificatl0n5 in configuration. 

2. TilE CONTROL 1\LGORI T HM 

2.1. Gone Y"o I Represen t a tion 

Figure (1) shows the generlli blocl< diagr{lm of djgHi'l1 Closed Loop 
Control System (C.L.C.S) _ Tile following notations apply to 5ign~13 
depicl€"d in figure: 
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Figure (1) 

- J\sr,DSP : 1\nalog and Digital Set Point; 
- DOP : Discretized (digital) OutPut signol: 
- DE - DSP-DOP : DigitaL control system Er~or; (I) 
- DC.ee Digital and Continuous controller output Values; 
- OP : <Ina I og system OutPut. 

In til is C. L. C. S. the mi croprOC68S0)' is used. to j mp 1 ement the 
cornpar<ltor as \.Jell as the control algorithm CIS exploined loter. The 
controller PJ'Oc9Sses djgila 1 error (DC) to produce Gontrollel- output 
CDC) through the relation: 

DC - F(DE) (2) 

Where the function F is usually expressed in difference equations torm 
to focilitate implem~ntation of the conLrol algorithm using 
micronrocessor / microcomputer. 

2.2. The PID Controllsr 

In conU nuou.s time PIO control systems. the controller output 
(contro! vari{lble) met) is reloted to the conLrol system error e(\:') by 
the relatlon (1) 

m( t) K 
p 

d e(t) 
e ( t) + Kd --d-t-. -- + K 

L 

S e(T) dT (3) 

o 

Where K , £( • a.nd 1<, ore propoYtional. dorivative. and integral mode 
pd. 

gajns. respectively. To impJement this I'elntion using microprocessor, 
each term must be first expressed in differ~nce equation form us 
explained in the following subsections. 

1 Pl'c:.,por\"ionai mode eonLr-oJ fn WhlCh controller output i5 
determined. ot any somplinu time. by "he error nt Ulat time. nefen'"ing 
to figure (1), proportion~~ control mny be rB~ljzed by the relatjon: 

ncr '" KP • DE + DCO (4) 

Where DCP Digital proportioned cont_roll~q- output; 
DCa: Zero error cOlltro\ lor oulpul. 

If the output controlled vnriable DOP is equnl to the set point 
DSr 80 that the error DE i9 zero. then the contl-o) ler output wi 11 be 
DCO. Thus DCa operates to "l<Gep the process Dt its current state \oJhen 
no error exjEts". 1\lthough lhis term (OeO) jg essential in pure 
proportloni"tl mode controJ. it can be neglected when combinjrlg this mode 
with athor control modes (ilS contl-oller Ol.\tput is not likely to be 
zero) , 
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ii-!~~eg~ ~l ~de c~~t~~l :In which, controller output depends not only 
on the error signal currently present ~t controller input. but also on 
previous va lues of this error. In cont inuous time control systems. this 
dependency moy be expressed by: 

c . (t) =' k. (t) 1\ (t) + c. (0 J 
.. .. 0 " 

\'Jhere c. (t) 
\ 

1< . 
L 

Controller output at ~ny time t; 

Integral mode g~in; 

Are~ · under error CUrve. 

(5) 

To transform this equation into 0 form that Cdn be implemented 
usjng microprocesSOrS. the area under eYror curve must be approximated 
using any approximation technique. The simplest technique is the zero 
order (rectangular) ~pproximation. aince jt requires only the preeent 
error value and thus no memory is used to stol'e previous errorS . In 
this teChnique, the area under <3rror curve at the k'th ·sampling instant 
:is givE.\n by : 

lIRElI{I<+l) = lIRElI(I() .. DE{k) .. DT (6) 

where lIRElI(k) Area used to produce controller output at sample k; 
- DT : Sampling period: 
- DC(k) ; Digital error at sample k. 

To simplify coding of integrl1.1 mode controL using )(licroprocessorfl. <:l 

new variable SUM is defined as 

SUM (x) = SUM(k-l) ... DE(J{j 

So . discrete integral control equat:ion may be writtfln a9 

OCI(K) = KII • SUM(K) ~ DT ~ KI • SUM(K) 

(7 ) 

(8) 

Where the gnjn KI incorporates the fntogr81 gain KII along with the 
sampling time OT. Thus only one multip!iclItion ope.t".!ltion is performed 
which reduces sampling time and hence increases system efficiency, 

1.1i- DerlvaLiv0 cor.Lrol mode : In which controt l~r output is dependent 
not on error volues. but on the manner by which these volues change 
with time. In continuous time control 6Y8tems. this control action may 
be expressed by ; 

(9 ) 

the inherently digital 
converted into djfference 

approxJmilUon . the equatiol1 

To implement this controller using 
microprocessor. differentiation must be 
equation form . Using backward difference 
for dlgital derivative control becomes 

llCD(KJ .. KDO * DE(K) - DE(K-l) _ KD • DDE(K) 
DT . (10 ) 

Where DCD(k) 
KDD 
DE(K) 
DDE(l() 
KD 

Digitill deYivative controller output at sample K; 
Derivative g6in; 
Djgital error at sample K: 
DE (K) - DE(K-l): 
KDD/OT. 

It is notoble th~t combining the sampling tjm~ 

dGrivative gain KDD into one parameter KD simplifies 
implementatjon (by eliminating division) and thus reduces 
time . 

DT lind the 
the control 

computa t:i on 
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iv- Compos:lte conlrol mode Combining the previously presented 
controllers together yield ditfeyent· composito cont~ol modes (e.g. 
Proportional Integral (PI), Proportional Derivative (PD). lind 
Proportionnl IntegrBI Derivative (PID) controls). The PID control ler is 
the most ver$~tile one as it prOV}de9 ability to shape system 
performance more accurately in most aitu~tions. So digital PID 
contra I I er tal<os the form: 

DC 00 = I<'P * DE (I() '1' K I • SVM (1<) + (<0 " ODE ( I() (11 ) 

3. DESIGN CONSIDERATIONS 

When implementing any digitol control nlgorithm using 
microprocossors. severnl factors should be consiuered. These fnctors 
concern both hardware dnd softwdre. The tormer arises mainly when 
attempting to interface the digital microproc9s8or to the inherently 
analog outside envSronment, while the latter depends. among other 
things. on control algol'ithm complexity, process spseu. and 
capabllities of aV8jlable microprocessors. 

3.1. Hardware Considerations 

In oeal ing with the h"rdware aspects of implementing digit.:tl 
controllers using microprocessors. only problems relatod to jnterfocing 
between the controller microprocessor and the control led process will 
be discussed. Charucter1atic6 of the microprocessor itself will be 
dealt with when considering software related osp&cls. nl~t is because 
the microprocessor affects the prOcess only through software. 
Furthermore, ~ny limitations found in the microprocessor can be 
overcome vla sujtabls software modules. 

i- D/A Resolution : The resolution of a D/A converter is definad as the 
sm~1 lest cnange in the analog output ~9 a result of a change in the 
digital input [6). It can be shown that the resolution os ~ percentage 
of the full scala output an~log signal can be expressed as: 

% reSOlution' 1 

2N - 1 
( 12) 

Where N = No. of bits in D/A input word. 

It is thus obvious that using D/A converters with large word 
length enhnnces system accuracy ~nd thus reduces o9cillotions and 
steady state orror. Howevel', such DIA converters are usuully expensjve. 
furthermore, problems may orise when trying to connect such D/A to 
microprocessor h~vjng different word lengLh. These problema may be 
solved using special hardware (multiplexers) and modificatjons jn 
BDftware. 

11- Cc,r,trol sigl'"l::\ls level: The allow{Jbtc range of variation of 'AID 
input (and D/A output) is usually smOo11 compared with signal levels 
found in the an~log section of the C.L.C.S shown in Fig. (1). One 
aolution fOI- this pyoblem is to use sensors whose outputs m5tch AID 
input runge. However. thi B sol ut ion is impYBct ica I and sometimes 
imposs:ible. Therefore. special circuits should be built to match the 
digital section with the analog section of the C.L.C.S. One such 
circuit u8ing operational amplifiers is proposed as shown in figure 
(2). In this circuit. the use of two op amps ensure that no polarity 
conversion is made. Furthermore, the introduction of reference voltage 
v~ mQkes it possible to shift the entire oper~ting rang up or down us 

well a6 Bcoling it by meons of the resSstjve network shown. The output 
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voltage of tl1js circuit can be expressed as: 

\'Jhel"'fl 

R 
:; 

-n-.. 
V Input voltage to scaling cjrcuit : 

l 

V Reference DC voltage; 
)\ 

Vo Seal ing circuit output voltage. 

-1 V 

Vi 

ru 

F.1 g. (2) Op-Amp based Jl\atch.lng circuit 

(13 ) 

Vo 

As for the digital controller output (OCI, it usually needa 
amplification hefore being applied to the analog process. Also the 
signal itself may need to ·be converted into anc>t:her form (hydraullc. 
pneumatic". etc.); thus requiring tron6ducers or suitab Je type. 

3.2 . Software Considerations 

Due to the unovojdoble limitations jn microprocessor computing 
copabiljtiae. 6o~eYnl problems arjse which moinly concern how to 
QveYcoma these limitntions 90 tllat the coded progrl\m jnterpretB 
faithfully the dovelopod control ulgorithm . These problema rfllate 
mainly to m5croproceo8or construction and how it carries out arithmetjc 
oparotions . 

1-· Hornory word lenglh I Th0 bjnory rapl-essntotion of nUln91~ icol va ill-as 
in microproceseor memory is 1 imi ted both j n n\(l~!nj tude and in occuracy 
by l.: 116 used mi c roproc:essoy memory wonl I 911t;1th . All 0 ight-bi t word elln 
represent integer numbers in the range froln 0 to 255 (or -128 to 127) 
according to numbor ropresentation scheme . In addition. if n memory 
word is allocated to the fractional part of a certuin v~rjoble. jt con 
l-epreasn\: fractions wi til steip o( 1/255 U. 0039, wh ich molY bo 
unacceptuble valu6 for hjgh preCision control . This problem can be 
solved by allocating mora than one memory locatjon for each variable 
(integer and fractional parts). l1owever . such schema complicates 
software mc>dules and thus incroases computational time. 

1J- Overflow and uhdgrflow : Overflow occurs when the result of Q 

certain loathematicQl operation excoeds the maximum number that can be 
stored in microprocessor memory word . One solution is to use more thon 
cne memory word to repreGent cO/1stants, intermeuiote results, D.nd flnD.J 
r€l8ulls . This schema calls foy writing spoc1o.1 Roftwo.l1G modules to 
perform mathelnatlCo) opel"()tions involving tHO or more HOYds per 
variable, 
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For prl1ctical cornputLltionul Urns con$id~l-otions. memory allocnt ion 
for each variable cannot be increased to more thun two or three words. 
So. ove~flow may still occur. To overcome this problem. a scheme jg 
:implemented in which whenever overflow condition is detected. the 
maximl..l!O villue that can be stored in the allocQt.ed memory is put in 
placB of the actual result. This scheme rno.1<e6 a compromise between 
allocilUng lorg(3 memory space for cOl')troll eT vayjilble9 (software 
complGxity) and using one memory location for each variable 
(representation e~ror). 

Underflow occurs when the result of arithmetic subtraction 
operation is less than the minimum value of the digital word. Thie 
minimum vGlue depends on numb~r represont~tjon scheme adopted in the 
program. The occurrence of underflow is dealt with in a manner similur 
to th~t used with overflow (i.e. replacing result by the minimum v~lue 
that can he etored). 

lii- MIcroprocessor In~trucLlon s:eL : The exi8tence of certa.in "high 
level"' instructions (e.g. MUL. OIV ... etc.) in the used microproceasor 
instruction set simplifies the controller progra~ 9ignific~ntly. 
Howevor. not <111 mi croprocessors have such cap(~ bi lit i es. There fore. 
specjnl modules ~re usually writtGn to perform multiplicotion (and 
diVision) operations. These modules should handle variables stored in 
more than one memory locaUon. Furthermore. they should handle 
fractional part as well DS integer part in most variables (08 many 
microprocessors do not support floating point arithmetic directly). 

iv- Error polarity: The error DE applied to the control Ie,.. as defined 
by eqll. (11 Ciln be POSl Uve or negative. The error \~i 11 bo a digital 
number in 2'e complement repr~8entntion. It iu very inconvenient to use 
this representation ot the error in subsequent computations required to 
produce the output. Therefore. once DE has been c~lculated it will be 
converted to an unsigned number and the polarity witl be remembered by 
Cl f 1 hg word. This techn i que is oull i ned in the f low cilllrt 0 f the 
integral control lor shown in figure (3). 

4. EXPERIMENTAL WORK 
The developed con'tro! system is implemented using the following 

hardware modules: 

i- K!croprocessor modul~ (7) 
The sys t em uses the 6502 [Ili Cl"""oprOCeS50r. TI,1 s mi croproceasor un i t 

has the following specifications: 
Memory word length : B bits. 
Cloci< speed 1 M liz. 
Interfacing: Memory mapped interfacing u8l0g 6SC02 VI~. 

1 i- Analog La d1.gilal (A/D) con"YerLer 181 
The used analog to digital converter hBs the following technical 

spec if i cali ons: 
* Baaed on the MPU 7581 cjrcuit that includes the converter system 

and 8-channel analog multiple~er. 
* Input voltage range; 0 V to +10 V. 
* Conversion time; 80 ~S8C. 
~ Input circult protection: up to 15 V. 
~ Binary output ronge : 0000 0000 to 1111 1111. 

11i- Dlg1Lal to analog CD/A) converter [91 
~,e system USGS digital to analog converter having the following 
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specifications: 

* T\~o a-bi t channa Is, TIL compa ti b Ie. 
* DAC-08 based D/A, O-bit quicl{ converter with a maximum alinearity 

of ± 0.39 % fs. 
* Output voltaqe range: +10 V to -10 V. 
* Output through an active filter to remove switching 

the digital value of the input byte is altered. 
circuit pass-band to the control program response. 

peaks 
Fi tti ng 

when 
the 

The controller is applied to control the position and speed of DC 
motor under different load and reference input conditions. Different 
combinations of vnlues for KP, KI .and ](D are IIsed to obtain 'optimwn' 
set-point tracking for position and speed of the DC motor, Figure (4) 
depicts the general schematic diagram of the position control case. 
(All other schematic diagrams, programs and flow charts are under call 
from authors. They are omitted here for space considerations). 

Figures [5) to (10) show chosen samples from the large amount of 
recorded resul~s. From all these results. the following comments can be 
summarized: 

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

2- It is not recommended to use integral control only or to use high 
values of integral gain, since it causes oscilldtions and may cause 
instability. 

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

4- PID 'optimum' tuning is not 80 easy. as it needs a large amount of 
trials. Carrying out these tl~ials is made easy through the use of 
microprocessors. 

5. CONCLUSION 

The implemented, microprocessor bused, PID controller has several 
advantages, such as: 
1- Simplicity and non costly design and construction of the control 

system. 
2- Easy tuning of the PID parameters by changing values stoTed in 

microprocessor memory. 
3- ~1e system can be easily extended to 

adaptation to varying plant dynamics. 
accommodate parameter 

By using this technique. 'a good controller is designed and built 
to control both the speed and position of DC motor under different load 
and reference input conditions. Satisfactory results fire obtained which 
agree with the required control task. The implemented technique could 
be easily extended to other types of physicol processes by mjnor 
modiEications in configuration, 
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