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ABSTRACT

The growth of digital technology in the last few years has
represented a chalienge to automatic control research workers.The
increasing use of digital minicomputers has considérably helped the
industrial implementation of algorithmic types of control.For this
ktype 6f control to be practical and efficient,it is imperative fbr
the coﬁtroller to have access to fast digital computing facilities
with fast memory access énd substential information storage capacity.

In this thésis a new method of digital process control which
is applied to a number of industrial processes ranging from power
plants'tdiglass furnaces,is described.This new control method is
called Model Algorithmic Contrql or equivalently Model Predictiﬁe
Heuristic Control.A mathematical framework for the analysis of Model
Algorithmic Control is developed and the operations of the main com-
ponents of the control structure are4descpibed.

The Model Algorithmic Control strategy relies on three
principles: | |

i.the plant is représented by'its impuls response.which

will be used on-line by the computer for prediction,

~



ii.the behavior of the closed-loop system is prescribed by
means of reference trajectory initiated on the actual
output,

iii.the control variables are computed in a heuristic way.
Future inputs are computed in such a way that when
applied to the internal predictive model,it inducés out-
puts as close as possible to the desired reference
trajectory. |

In this.thesis,the Model Algorithmié Control is applied to dc
motor speed control.Control algorithm is evaluated by a %-80 based
microcomputer,and the output of microcomputer\is applied to a fully
controlled thyristor converter unit as a speed reference input
through a digitalyto analog converter.The actual speed of the motor
is inputed to the microcomputer by means of a tachogenerator through
an analog to digital converter.

The appiication of Model Algorithmic Control to dc motor speed
control is devided in two.parts.ln the first part of the application,
the set speed is constant,the algorithm causes the speed of the motor
to reach that constant speéd with a time constant similar to the
reference trajectory.The time responses of motor output speed are
observed for different time constgnts.in the second part,the set,Speed
is time varyihg,in this part the set speed is changed as a linear
ramp,the tracking behavior of the dc motor output speed is observed.

In chaptef one, the methods for the speed éontrol of a sepa-
rately excited direct current motor are descfibed and compared with
each others.Consequently,the equations determining the dynamical

behé;ior of the motor and the transfer function of the motor are

derived. .
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In chapter two,éolid state dc motor drives are described and
the operation of a three phase full converter is explained in general
terms.The features of the thyristor unit ﬁsed in the realization of
the control is then presented.

ih chapter three,a mathematicairfraﬁework for the analysis of
Model Algorithmib Control is’develOped and the operations of the
main'components of the control structure are described.The equations
to calculate the optimum inputs are derived. |

In chapter four,the model which will be used in the algorithm
is introduﬁed.The discrete impuls response of the system is found
and the overall sét up for,closed—loop control is given.Additionally
thé software developed is presented and explained;

In chapter five,the stability analysis of the Model Algorithmic
Controlis developed.The robustness of the system to the.parameter
changes is discussed.Finally the effects of the constraints on input
sequence to system.sfability are discussed,and the experimental

results are presented.
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OZETCE

Ge¢mis yillarda sayisal teknolojideki Onemli geligmeler oto-
matik denetim arastirmacilarina yeni ufuklaf agmistir. Mikroislem-
cilerin gittik¢e artan kullanilim alanlari, algbritma tipi denetim
vontemlerinin endistride uygulanmalarina olanak saglamistir.Bu tip
bir denetim Y6nteminin'ba$ar111 ve verimli olabilmesi i¢in denetim-
ci mikroiglemcinin hizli sayisal hesaplama ve hafizayil en etkili
ve hizlil bir sekilde kullanabilme yetenegine sahip olmasi onkosuldur.

Bu tez ¢alismasinda, gﬁg Uretici dizgelerden cam islemcili-
gine varana.kadar pek ¢ok endiistri uygulamalarinda basari ile de-
nenmis yeni bir denetim yoOntemi tartlsilmlﬁtif. Bu yeni yonteme
Model Algoritmasal Denetim veya Model Tahminle Deneyimsel Denetim
adl verilmigtir. Model Algbritmasal Denetim yonteminin analizi
igin tebri formule edilmis, denetim yonteminin temel elemanlarinin

iglevleri aglklénmlstlr.

Model Algoritmasal Denetim yontemi uU¢ temel prensibe dayan-

dlrlim1$t1r:
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i.dizge,’mikroi$lemci tarafindan dizge ¢ikisinin tah--
mininde kullanilmak iizere, dﬁrtﬁ tepkesi ile tanim-
lanmistar,
ii.kapali dongii dizgenin davran1$i, dizge ¢ikisi ile
baslatilan bir reférans izlence ile tanlmlanlr,
iii.denetim degiskeni deneyimsel bir yolla hesaplanmak;
tadir. Gelecekteki dizge girdileri,dizge ¢ikisini
referans izlenceyi ¢ok yakindan izlemeye zorlayacak

" gekilde hesaplanmaktadir.

Bu tezde Model Algoritmasal Denetim yontemi bir dogru akim
motofunun hiz denetimine uygulanmlstlr..Denetim algdritmas1 Z-80
tabanli bir mikroislemci tarafindan uygulanmakta, mikroislemci
¢ikisi bir sayisal analog Gevirici ile tam denetimli bir tristor
dogrultucunun hiz referans girigine uygulanmaktadir. Motorun
ansal hizi isevmikrbisleméi tarafindan bir analog sayisal ceviri-
ci yardami ile takojenerator ¢ikiginin okunmasi ile elde edilir.

Model Algoritmasal Denetim bu.uygﬁlama31'iki boyilimde gef-
Qeklestirilmistir.lBirinci bolumde ulagilacak hiz sabittir ve
algoritma motor hlzlnl_bu'sabit hiza, referans izlencenin zaman
sabiti ileﬂaynl olacak seki}de; ula$t1récak bicimde Qéll$1r.Mo£or
hizinin zaman tepkesi degisik izlence zaman sabitleri i¢in gdzlem-
lenir. Ikinci bolimde ise ulasilacak hiz zamanla degiskendir. Bu
uygulamada ulasilacak hiz bir yokus olarak'allnmxﬁ ve motor hizinin
bu yokusg islevini.takip edisi gbzlemlénmistir.

Tezin birinci boliimiinde alén uyarlmll-ddgru akim mOForunun
hiz denetim yontemleri tartisilmig, motorun dinamik davranisl ince-~

lenmis, ve gegis islevi ¢ikarilmigtar.
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Ikinci boliumde xati hal dogru akim motor siiriiciileri tani-
t1lmig ve genel olaraKIUQ evreli tam denetimli dogrultucunun
¢aligmasl ag¢iklanmis, ayrlba tezin_uygulanmas1nda kullanilan
tristor lUnitesi tanitilmistar.

Uglincii bdlumde ise Model Algoritmasal Denetim ybntémin;h
analizi ig¢in gerekll matematik ¢aligma yapilmig, temel denefim
elémanlarlnln iglevlerine ag¢iklik getirilmis ve 6ptimum,dizge
glrlslerlnln hesapldnmdbl tartisilmistir.

Dordincu bolumde, dogru akim motorunun matematiksel modeli
elde edilmis, bu model kesikli durti tepkesinin bulunm381nda
kﬁllanllmlstlr.‘ |

Son olarak, dizgenin karafllllgl ve parametrelerdeki sap-
malara karsi duyarllllglAtart1§11m1$t1r. Ayrica dizge girisindeki

kisitlamalarin kararliliga etkileri a¢iklanmigtir,
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" 1.DIRECT CURRENT MOTOR CHARACTERISTICS

The direct current (dc) motor is one of the first machines
deviéed'to cohvert electrical power into mechanical power.Many dc
maéhines were built in theé 1880's when dc was the principal form
of electric power generation.With the advent of 50 Hz alternating
current (ac) as the electric power standard,and invention of the
induction motor with its lower manufacturing costs,the dc machine
became less important.In recent years,fhe use of dc machines has
become almost exclusively associated with applications whefe the
unique chafécteristics of the dc motor (e.g.high starting torque
for traction motor applications,high speed variation both above
and'below the rated speed) justify its cost.

The fiéxibility of the dc‘motor for speed control,its over-

load capability,and its reliability make it the dominant means of ,‘
providing a controllable source of mechanical rotating power in
industry.The steady-state characteristics of the motor determine
how the motor can be controlled;the dynamic chqracteristics deter-

mine how the control System must be designed to obtain the required

response.



A.Speed Control of a Separately Excited DC Motor

 The equivalent circuit of a separately excited dc motor shown

in Fig. 1.1 is equal to a resistance,R, (total armature circuit re-
sistance) in series with a parallel conbination of an inductance,L,
(total armature circuit inductance),and another resistahce Ri.The
resistence Rl'will not be involved in calculations.When the\motor
rotates the armature coil move in the stator magnetic field.The
induced e.m.f. appears aéross the armature.terminals as internally

' generated voltage,eg.Therefore the equivalent electric circuit ofv
the motor is the impedance connected in series to a voltage source

eg.

Ji,B,J

Fig. l.l.Bquivalent circuit of a sep.exc.
dc motor.

The physical explanation~for this model is that B, represents

1
is usually

1
larger than R, (typically about 5-10 times),and since the effect

the losses in the magnetic circuit.The resistance R

of R1 on the motor operation is insignificant,it is possible to
ignore this resistance in most praétical application,

The steady state operation of the motor is governed by three

equations. The total armature circuit voltage is

e, =e_+ i R | (1.1)



The generated armature voltage is given by

!

ey = K BN | ) (1.2)

And, the internal torque is

T =Kt¢I"Ia (1'3):

The torq}ue»constant'Kt ,and armaturé voltage constant K, are
equal in a consistent set of units.The solution of above three
équations for speed gives |

] e, - Raia
N = | (1.4)

Ka¢f

Equation‘(l.4) shows that the speed-of the motor can be controlled
in three ways by changing; '
i.the armature voltage ea,which is nearly proportidnal
to speed
ii.the magnetik field ¢f,which is inversly proportional
to sbeed
iii.the armature circuit resistance Ra,which is proportional
to the'speed drop.

The control of speed by the armature circuit voltage e,
abbreviéted to armature voltage control,is the most desirable
because the magnetic‘field cah remain‘at full amplitude and fﬁll
torque can be developed.Field‘control is accomplished by reducihg
the.field current and is used to extend the speed above the value
for full armature voltage.In this case‘the/available torque dec-

reases.Armature circuit resistance control is not practical except

in-very small motors because of the power dissipation.



The characteristics for a fullzrange of speed are shown‘in

ig. l.2.Armature voltage control raises the speed Ny ; field cont-

0l raises it additionally to speed N2 The available torque at ra-

ed armature current is maximum to speed "N, and drops with the

1

The horse power 1ncreases linearly to speed Nl

1eld to speed N2

ind remains constant to speed N2.

A
No
Speed
Ny
Torque
Horsepower
- . » Control
Armature voltage ! Field control

control

Flg. l 2 Speed control range of sep.exc. motor under
armature voltage and field control

B.Dynamics of a Separately Excited DC Motor

The dynamic behavior of the motor is governed by ite energy
storage properties; Bnergy is stored in two places: the magnetic
fields in the magnetic circuit and by mechanical velocity in the
inertia of the armature. of course,energy is'aleo stored in the
inertia of the load and.in magnetic fields of the electricai‘sour-

ces and muet be included in tne consideration of the dynamics.



Consider a separately excited dc motor with armature voltage

control as shown in Fig. 1l.1. The voltage loop equation is

_ ' . di, ‘
€y = €, * Ryi, + L, "a (1.5)
dt
where
The torque balance equation is
. dn
T =T + Bn + J —— | ; (1.7)
whére
Te = Ka¢fla W (1.8)

In the Laplace domain,equations (1.5) through (1.8) can be

written as

'Eé(s)=Eg(s)+RaIa(s)+LésIé(s) (1.9)

B (s)s K, B M(e) (1.10)
. Te(§)= TL(s) + BN(s) + JsN(s) (1.11)

1 (s) = K, B, I(s) ; (1.12)

From equation (1.9)

B (s)-By(s) (B (s)-B,(8))/R,
Ia(s)_ = A (1.13)

Rg + SLa 1l # ras

~ where Ta = Lé/Ra is electrical time constant of the motor armature

circuit.



T, (s)

1+sT a"f *2] 14sT
. m
E (s)
g
Ka¢f
n 1_(s)
Ea(s) | Km1(1+slm) a K o | N(s)
l+s'l‘m1 l+sTm

Fig. 1.3 Development of motor transfer function
(a).Functional block diagram
(b).Simplified transfer function

From equation (1;11) |
o (r_(s)-1,(s))/B

N(s) = ' (1.14)

1+ Tms
where Tm = J/B is mechqnical time constant of the motor.

These relationships are shown in block diagram in Fig. l.3.a
The feedback loop present in the form of the back e.m.f.This back
e.m.f. provides the moderate speed regulation .inherent iﬁ the sep-
'érately excited dc motor.
| Neglecting the load toique,the-relaiion between the speed

and armature voltage is found to be



‘N(s) : Ka ¢f

= ¥ — (1.15)
E (s) (Ka¢fJ+RaB(l+sTa)(1+sTm)
Electrical time constant Ta ié always less than the mechani-

cal time constant Tm’ then'Ta can be neglected and the expression

simplifies to

Ms) Py Y (1.16)
EF;(S) =5 v m
a (Ka¢f)+RaB+sRaBTm l‘+ slml
where
R,B |
T = =3 T | (1.17)
(Ka¢f) + R, B
K_¢
K = a { - (1,18)

2
(Ka¢f) + RaB

)

Thus the motor can be represented,for the purpose of ana-

lysing it for voltage control,as a first order system as in Fig. 1.4

=
~~
2]
st

Km __ N(s)
1+sT . o
ml

Fig. 1.4 Simplified transfer function
as a block diagram



C.Closed Loop Speed Control

If a tachogenerator is attached to the motor shaft,a speed
signal which is proportional to the actual one can be fed back and
the error En(s) used to control the armature voltage.This closed

loop control scheme is shown in Fig.l.5.

39
E.(s) > E (8) K, E (s) K, Ea(s) Kml(l+sTm) | K o N(s)
1+sTml 1 1+sTm
speed bridge
controller motor
Kg
tachogenerator

Fig. 1.5 Closed-loop Speed Control

From the block diagram shown in Fig. 1.5,the relation between

the actual speed and the error is found to be

K )
N(s) 1 :
= — (1.19)
'Er(s) | 1 + sty : ,
where -
» KSKCKlem2
Ky (1.20)

) KchKlemZKt 1



Tml _
I, = . , (1.21)

KchKlem2Kt + 1

. B : Ka¢f_ ,
K 1= ——————— K =~ (1.22)
ml . 2 i me - ,
(Ka¢f)+RaB B ‘
Since KchKlemth§> }
1 | |
1 22
Ky
l'L‘ml : . ' ‘ : :
T, = ' | (1.24)
K KX ;K K : :

s cmlm2t

Also from the block diagram above

I,(s) .N(S)’ I,(s) _ Ky (1+Tms) o ’(1,255

Er(s) Er(s) N(s) sz. (1+Tls)
The current response to a step change in input Er(s) is
K.E. (14T s) | '
I(s) = 1Lr m. (1.26)
K o8  (1+1;s) |
We can write the above equation in time domain as
| E K (-7 ) '
1(6) = =25 (1 —B2 exp(-t/1) ) (1.27)
X 7 7 ,
m2 1

‘Since T"§>Tﬁj Tl can be neglected.Normaiizing the current.with

respect to the steady state 1, ()
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Ia(t) , T
_— =1 4+ 0 exp(—t/Tl) . (1.28)
L, (e0) T |

Therefore it can be concluded that a step input voltage
results in a large sudden change in armature current which decays
slowly. This transiént overcurrent is undesirable from the s'tand -

point of converter ratings and protection.
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IT.SOLID STATE DC MOTOR DRIVES

Diregt current (dc) motor drives are extensively.used in
industry all over the world. The outstanding advantages of dc drives
such as ease of control,precise and continuous control of speed
over a wide range and speed of resﬁonse,will ensure their popu-
-larity in the future.

Thyristors (silicon-controlled rectifiers,SCRé) have revo-
lutionized the art of speed control of drives, In the speed of
varjiable-speed drives,a dc ﬁotor controlled by a thyristor conver-
tér is,still a popular choice. In recent years,attempts have been
made to de?elop ac dri?es..However,ac drives still do not chpete
'~ seriously With~dc drives when variable speed is reéuired.Althoﬁgh
ac motors aré'smaller in size,ana require minimal maintenance;
control of their speéd is relatively complex and expensive.Thyris-

- tor controlled dc driveé-range in rating from fractional horsepower.
to several thousand horsepower.

The thyristor controlled dc drives have the following

advantages:

i.the thyristor-power unit eleminates the electrical time
lag of the field and the armature.Time response is there—‘
fore limited only by dc motor commutating ability and

the inertia of the motor,
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ii.the operation is simple and reliable,
iii.minimal maintenance is required,
iv.Operating efficiency is high,above 9%%,because of the
- relatively low losses in SCRs,
v.small size,packaging flexibility,lower initial cost,and
lower instailation and operating costs. | |

The thyristor drives have the following disadvantages:

i.the high ripple content of the converter output adds to
motor heating and commutation problems. The addition of a
reactor in the_érmature circuit ‘may be required to smooth
out the ripple current,
ii.under gertain operating conditions,the power factor in
the ac supply is 1low,
iii.the overload capability is low,
iv.distortion of the ac supply voltage and telephone inter-
féée may be produced due to the switching action of SCRs,
v.regeneration réquires a complex converter control.

i

A . Phase~-controlled DC Drives

"In phése—controlled dc drives an ac to dc phase-controlled
converter is used to control the.dc drive motor. The converter
changes the ac input voltage to a controllable dcvoutput voltage.
In suéh converters thyristor commutation is easily achived by a
process.referred to as naturel commutation. When an’incoming
thyristor is turned on,it immediately reverse biases the outgoing

thyristor and turns it off. No additional circuifry is required

for the commutation procéss. Phase-controlled converters are
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therefore simple and less expensive and éfe extensively used in
industries. |

Phase-controlled converters can be classified as semi-con-
verters and full-converters. Semi—coqverters are one-quadrant
converters,that is,they have one polarity of voltage.. and 6urrent‘
at the dc terminals. Full-converters are two—quadrant converters
in which voltage polarity can reverse,but current remains unidi-

rectional because of tne unidirectional thyristors.
B.Three Phase Full-Converter Operation

Large-horsepower de drlves ltake poweb.from three phaée
sources. In such drives,the drive motor is controlled by three
.phése phase-controlled converters. The ripple frequency of the
motor terminal voltage is highef than any other con?erters.
Consequently filtering requirements for smoothing out the motor
current aré less. The motor current is mostly continuous,and
therefore the motor performance is better than other converters.

The three phase full-converter is shown in Fig. 2.1.It uses

'Pig..2.1 Three phase full-converter

sik thyristors and no diodes except for freewheeling operation.

The thyristors are fired in sequence évéry 60 and the ripple is
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alwaye 8ix pulses per cycle. The full wave converter produces less
ripple than the three phase semi- converter,and is prlmarlly used
where regeneration is requlred If the polarlty of the motor arma-
ture voltaga is reversed with a reversing connector or by revers-
ing the field current,then the.three phaseefull—coﬁverter can be
operated as an inverter to transfer power from the motor to the
line and finally to accelerate the motor to its required reverse

speed The voltage and current waveforms of full- converter are

shown in Fig. 2.2.

l L > Wi

) a=120

Fié.2.2 Three phase full-converter waveforms at different
firing angles for continuous motor current.
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At wt = T/6+X ,S1 turns on. Prior to this instant S6 was
turned on therefore,during the interval (TI/6+X){wt{(T/6+ X+T/3),
thyristor S1 and S6 conduct,and the motor terminals are connected

to phase V_ and Vb,making e, = v At wt=M/6+X +T/3,thyristor S2

ab*®
is fired,and immediately thyristor S6 is reverse biased and tufns
off.(Naturel or line commutation) The current from S6 is transfer-
red to S2,and therefore the motor terminals are connectedvto
phase Va through S1 and phase VC through S2 making ea = Vac.This
process - repeats after every 60’ whenever a thyristor is fired.

The motor terminal voltage can become negative,as shown in
Fig. 2.2.d,for the triggering angle-o&>90i This is the inversion
mode ofvoperatidn of the converter. '

The average motor terminal voltage can be calculated as

follows:let the supply voltage be

v, = 2’V Sinwt
v, =J2 V sin(wt-21/3)
vV, = [2 V sin(wt-4T/3) (2.1)

The average motor terminal voltage is
A+« T3

3 .
B,0) = — ('V,-Ty) at) (2.2)
Mg+ |

solving the above integral one gets

3f60 |
E (X) = e V Cos& | o (253)

The relation between E, and . for continuous motor

current is shown in Fig. 2,3.
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Rectified Inverte
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Fig. 2.3 Voltage-firing angle characteristic of
full wave converter.

C.The Thyristor Unit Used in the Thesis

In the thesis the thyristor unit CA6000 is used for the
experimehtal’ydrk. CA 6000:1is an educational three phase six
- pulse bridge connected,nonreversible thyristdr converter which
can be used for laboratory-exercises or practical training.‘

CA 6000 is based’on a modern thyristor converter "Contra-
vas VDB 380.30 ",developed and manufactured for industrial appli-
cations by Contravas Antriebstechnic AG,Zurich_(Switzerland) and
adapted for use as a laboratory training aid. This converter in
addition to all classic functional units,like speed and current
controllers,firing pulse control circuits,thyristor briage,also

contains a number of auxiliary protecthn and monitoring functions,
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which are necessary for industrial applications.

Technical specifications of Thyristor Unit CA 6000

Ambient temperature range 0-45°C
Rated output dc¢ current | 30°A
(continuously at 45)
Input current mains side . : 26 A ac
Max. power dissipation . | 150 W
Mainsvfreqﬁency (selectable) 50 or 60 Hz
Mains supply voltage _ 3x220 or 380'V ac
Field supply dc voltage - 0.9xmains supply voltage
Field current (max.) 4 A
Stabilized reference voltage ‘ Tisv _
Speed control range O - 100 % of the rated speed

(with tacho feedback)

The internal circuitry of the thyristor unit can be divided

intb two basic parts

i.power circditry

ii.coptrol,protection and monitoring circuits
The power circuits basically consist\of a méin thyristor controlled
rectifier fofvarmature supply and an ag;iliary rectifier for field
excifation supply. In thyristor unit CA 6000 the main thyristor
fectifier consist of a fully coﬁtrolled three phase bridge connec-
ted thyristor rectifier. |
| The auxiliary rectifier supplies the current for the field
excifation of the dc motor. In most cases, dc motors are being
operated with constant field and only a simple low power siﬁgle
phase aiode'bridge like in CA 6000 is used to\supply the field

current.
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Closed-loop automatic control circuits are used fof both
controlling the speed and the current of the motor. The actual
speed of the motor is measured by a dc tachogenerator. This
tachogenerator is a low power dc generator with permanent ﬁag-
net field excitation,designed S0 that itsloutput voltage is a |
very accurate linear function of its rotor's angular veloc&ty.
The value of actual speed and direction of rotation are thus
represented. by the magnitude and polarity,respectively,of the
tachbgeherator*s output voltage.

At the input of the speed controller,the tachogenerator
'output (actual speed) is compared to another voltage, called
speed reference, which represeﬁts the desired motor speed.The
speed reference voltage can be set by means of a potentiometer
inside the unif,_or’may come from another source. In this thesis
this reference voltage is generated by the microcomputer,apply-
ing the model algorithmic control algorithm,through a digital
to analog converter. ' | |

The sEeéd reference can be fed to the speed controller's
input directly or via a linear ramp. The linear ramp prevents
sudden“changés of the speed reference. Linear ramp limits the
raté of change of speed reference to a certain ,pre-setable, -

" maximal value. The difference between the speedkreference and
actual speed voltages in the speed controller is thus a measure
'of the speed error,which has to be corrected by the control
algorithm. In most drive applications, this correction has . to
be made as fast as possible. To determine the necessar§ change

of the value of the armature current and to actuate this change
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the following control scheme is used ¢ -Speed controller,.the input
signal of which is the speed error; determines the value of the
current necessary to correct (or maintain) the speed, that is,thé
output voltage of the speed coﬁtroller;is the measure of the desir-
ed armature current,the current reference. A current controllér
then compares the signai representing the actual value of‘the
armature current with the current réference and determines the
angle at which the thyristors in the main rectifier are fired,as
that the desired value of the armatureICurrent will be achieved
(and maintained) ,irrispectively of the motor speed,within a
‘short time.

The task of generating firing pulses at time instants,
determined by the current controller and distributing them in the
right sequence to the thyristors is performed by the firing pulse
unit. The firing pulse generating circuitry is shown in Fig. 2.4.
This figure actually'shows only generation of firing pulses for
the thyristor.pair S1 and S4. Identical circuits are used for
generating flrlng pulses for the two remaining thyrlstor palrs
The signal waveforms of firing pulse circuitry is ‘shown in Fig.2.5.

“The transformer Tr is used for synchronization,on the secon-
dary part of thé T. wefobtain the synchronization voltage U+

This synchronization is phase delayed by 60°in the RC filter ( Rf
»

Cf'). The zero crOssing of this delayed voltage is thus coincide
‘with the points of natural commutations of the thyristors S1 and
S4. These zero crossings are detected by the zero crosaing
detector. Zero-crossing signal drives the saw-tooth wa#eform

genérator of which output frequency is twice the line frequency
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‘and synchronized with the points of natural commutatién’of thyris-
tors. |

This saw-tooth voltage is then in the c0mperator>¢ompared
to the control voltagelvv’which.is proportional to the firing |
angle. The control voltage changes from approximately 8 V in the
beginning to appfoximately 1V at the end,so the firing anéle

varies from approximately 30° to 150°.

The complete circuit for the three phase firihg circuit is

shown as a block diagram in Fig. 2.6.



E' ®  PONITIVE HALF WAVE f2av
— .
. -
RC=-FILTER : ; 270,
. FIRING PULSES
© e0® Y 1 (®  NICATIVE HALF WAVE \
— :*6—; FRON LINE S .
v . : : mooutaron | Nh__ POWER I
T Yy @ Y | © 1210 crossing 28 FLIp  MONO- AMPL,
G I *["To= rop STASU =@ o > D
LINE TO O) rLIerLOP =!
° ¢ ® H FIRING PULSES
vou o ‘ ' & @ 211D
VOLTAGE . >
" ® JL ® : L ] l
: o am e af ‘ PR |
O .
MAINS s —d
. SYNCHMRON - TO LINE R 27a
IZATION COMPARATOR 'J Cp
. MODULATING
SAW TOOTH " PULSE FREQ +a24v
Y Pl wanoTH .
WAV » (FROM SQUARE FIRING PULSE
. OfNERATOR -3V *18V WAVE OSCILLATOR) ng_nsrouuns
CONTROL VOLYAGH - ,
vd

\

v -
INTEGRATED CIRCUIT TFX UAA 143

Fig. 2.4 Firing pulse generating circuitry.

+

THYRISTOR
BRIDGE

¢



LINE 10

LINE

VOLTAGE
Uny

SYNC,

VOLTAGE ’

Ugy ©

- ®

FILTER
ouTPUY

®0

1

® ,

1

© 0

@ ,

o ,

ol
NR

FIRING PULSES
[

11— 1 sl
5 B BB B
n. n._
n . n n
. o » L
i1 ‘ _ o —m
— mm P BE . i M

Fig. 2.5 Signal waveforms in the firing pulse unit



23

CONTROL VOLTAGE

V¢
(9...18v) ‘
10 THYRISTOR
% 1 firing puise o 24 }—=— PR
;!l uNIT
A . LINE .n O] 21 p—— NR
T
) FIRING PULSE 0] 21 |——— s
:!I!; uNIt
s . LIKE S ( 0] ]2 f—— ns
B
. ~ FIRING PULSE © g S ) I
El UKt .
) . LINE T 0] 21— uv
T
RST
MAINS 2kHz SQUARE WAVE | I
LINES
o —im R
R
o . AJML
o 1] 1]
s
o hifih g _Jf
@ fang e
T
o . IR I
PR ____QOR_fand_ 11
NA . 1 S 1
- J S | O | 1
Ns MM I
PT ML _ _ Wi 0N L]
NT . ML_gin N 11

Fig. 2.6 Three phase firing unit

The speed controller part can be operated as proportional,

vproportional—integrating,or proportional-integrating-derivating
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control by means of selectable external connections. Current cont-
rol part can be operated also proportional and proportional-integ-
rating control. In the thesis, the speed controller is achieved

as proportional control,
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ITI.MODEL ALGORITHMIC CONTROL

The increasing use of digital microcomputers has consider-
ably helped the industrial implemehtation of algorithmic-adaptive
types of control. Fast digital computing facilities with fast
mémory access and substential information storage capacity made
the algorithmic-adaptive types of control to be pradtical and
erficient. | | | |

The success of model algorithmic control‘gbheme operating
on a process is due to the particular representétion~of the pro-
cess that it uses, namely impulse response representation from
input to output. For most multivariable industrial processes,
parametric models ,such as state-space models based on physical
laws are difficult to obtain. It is known that parémetric models
can give results with large error if the order of the model does
not agrée with the order/of’the plaﬁt. Moreover in an industrial
environment,perturbations affect the planf structure more ofteh‘
than the measurable variables. This requires a constant check-
ing and updating of the model p&rameters. The impulse response
representation is Convenient, since in most industrial multiva-
riable processes,the identification of impulse response is re-:

latively simple. The error due to truncations and approximations
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of impulsevresponses can be looked at as a mismatch between the
plant and its model. This mismatch is,partially,responsible for
the discrepancy between the process output and its predicted value.
The closed loop model algorithmic control, where this discrepancy
enters the computation of the plant input,displays a particularly
high degree of robustness against model -plant mismatech.
The model algorithmic control strategy relies on three
principles
1i.The process to be controlled is represented by its
impulse response'which constitute the internal model.
‘This model is used on-line for prediction,ité inputs
and outputs are updated according to the actual state
of the process. Though it could be identified on-line,
this model is most of the time computed off-line.
‘ii.The strategy is fixed by means of a reference trajec-
tory which defines the closed-loop behavior of the
plant This trajectory is initiated on the actual out-
put of the process and tends to the desired set- p01nt
iii. Controls are not computed by a one-shot operator or
controller but through a procedure which is heuristic
in the general case. Future inputs are computed in such
a waj that, when applied to the fast time internal
predictive model, they induce-outputs as close as

possible to the desired reference trajectory.

A.Representation and Prediction

The system 1is represented by its 1mpulse response, the iden-
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tification of which can be done both on-line and off-line. However

in most cases, the off-line identification is accurate enough for
the purpose of coltrol and one can avoid the cost and complexity
of an on-line identification procedure. This is due to the par-
ticular redundanCy of the impulse response representation which
allows a considerable enhancement of the robustness of the cont-
rol scheme against identification errors and parameter pertur-

bations.

The representation of thé system isi.as follows :

y(t+l)= gTz(t)= hox(£) + hyx(t-1) +....0 o+ X(£-N) (3.1)‘

where y(t+1) is the plant output at time t+1 , h%ERN+1 denotes

the plant impulse response. X(t-j)ESZCR for j= O0,......,N, is the
input at time +t-j to the plant. S2Zis the cohstraihed set of
the input.

The model (3.1) is also called the actual model to emﬁhasize
~that hT representskthe'actual process. But since such a perfect
knowledge of the plant impﬁlse response 1is usualiy not possible,
one has to usé’an approximation ﬁT to hT, The model correspond-

ing to this latter impulse response is than
y (t+1) = " x(%) . (3.2)

The above model together with the past history of the plant
output denoted by Y(t) ={ y(T) z$t} is used to predict the

future value of the output.
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B.The Reference Trajectory

The purpose of the control is to lead the output y(t) along
a desired, end generally smooth,path_to an‘ultimate set point c.

- Such a path is called a reference trajectory. From the last éamp-
led value y(to) a trajectory yr(t0+k) is initialized which
reaches c¢ accofding to some criterion ( e;g. no overshoot, fixed
time response ). The desired values of the fufure output ‘can be
obtained. from stored data or computed by a recursive equation. One

of the simplest ( first order ) reference trajectory is
(t+k) = oy (t) + (1-xF)e 1
YpiBoThd = R yplt, - X X1
yp(t,) = y(t,) B (3.3)

The control algoriihm has to find a set of future control
variables eﬁch that the future outputs of the internal model will
.be as close as possible fo the reference tfajectory.

The refefence trajectory can be chosen to be of higher 1

order and the set point can be made time variant.

. C.The Optimality Criterion and the thimal Control Strategy

The optimality ériterion should reflect the previously men-
tioned purpose of following the refefence path to the desired set
point c. This can be done by defining the dptimum control strategy ;
as‘ﬁhe one which minimizes over a certain horizon in the future, |

the deviation of the predicted outputs . from the reference path.
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Formally,at each instant t  , the optimum set of © futufe‘inputs
H_fkto),fkto+l)f......,iﬁto+T—1)} are such that thé predicted T
outputs {yp(tofl),. ...... ,yp(to+T)} are as close as possible,in
the sense of a weighted Euclideén norm, to the reference trajectory.

Therefore the function to minimize is

T ‘ _
I =Z( vy (t+k) -y (t+k) )2wk | . (3.4)

k=1 o '
_where Vi is a nénnegative weighting factor.

The interval lto , »t0+T} is called the horizon of control

evaluation, and sametimes the horizon of prédiction since at time
to one has to predict a set of 1 outputs yé(t+k), (k=1,2,;..,T).
Ones the set X?(to) of the «T-;0optimum inputs is determined, it is
possible to wait up to T periods before obserVing the process
output y(t), and reinitializing yr(t), predicting ypé and
computing the next set Xf(t0+T). This means that all the elements
of the optimum control set X*(to) have been actually.applied to
the plant. ’-

| In_thié thesis, the horizoh of control evaluation is selected
as a one éampling period. This is called one-step predicfion. The
reference trajectory for one-step predictioh-is'COntinuously ini-

tialized on the observed plant outputs - y(to), y(t0+l),...,y(to+$-1)

that is
yp(t+d) = x y(t +3-1) + (l—?g-)c .

- | Vj=1,.......,T ' | (3.5)
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Also the optimality criterion requires thet
7y = Cyg(ee1) -y (641) )2y (3.6)
Yp(t4l) =y (t41) | | (3.7)
_ The optimal control strategy is then, as shown schematic-
_ally in the Fig. 3.1, realized as follows : At time to, the plant
output'is predicted from the feference trajectory, then the optimum

input is calculated to lead the process to follow the reference

trajectory as closely as possible.

T

y(t+1) = n7 .x(%)
past . future past future
™ T — ) ‘ ]
measured reference measured ~  to be solved
, trajectory |
A 4

from model

FPig. 3.1 Optimal control strategy

D.Open-Loop and Closed-Loop Predictionl

The simplest one step ( T=1 ) open-loop prediction scheme

that one can imagine is
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| yp(t+l) =y (t41) = i’fg(t), « (3.8)

that is,.thé model of the plant is used to predict the output one
step ahead. The main inconvenience of such a prediction is that

the output y(t) of the controlled plant would not converge to the
set poinf ¢ when there is a mismatch between the model and the
plant. |

From equations (3.7) and (3.5)

yp(t+l) = o y(t) + (1- X)c , S (3.9)
~and writing tne above equafion ih the expanded form,-we get
ﬁox(t)+ﬁ;x(t—l)+.....,+ﬁNx(t—N) ;-m( hox(t-1)+h1x(t-2)+.....+

th(t-N-].)’) = (1-)e : (3.10)

hox(£)#(hy = )x(8-1) + (hymothy Ix(£-2) +oveneneut

(hy-%hy_ )x(t-N) ~X hyx(t-N-1) = (1- X)c (3.11)
1f the system is stable, the sequence converges to a value E,'theh

(hg+ h) -Xho+ h,- ‘xhl-""”"f+hN_O(hN;-l-°(hN)x = (1-9{)0 (3.12)

Therefore
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_ (1 -X)e
X = — 3.12
T ] (3.12)
Ehi-o( Ehi
i=o0 i=0
The output for this input is
N
(1- q) Ehl
o § = . ‘
N N .
Ehi-cx E h.l
i=0 - i=0.
The difference between the set p01nt and the output is
(1~ Wﬁ:j{}
y-¢ = ( - -1 Je - (3.14)
Z i
Therefore the bias term is found to be
N . N
Ehi - E hi
i=0 i=o0
(3.15)

c
N " N
Ehi— X E hi ;

i=0 " 1=0 »

To alleviate the baas problem, the closed-loop prediction

is applied. The closed-1o0p predlctlon is as follows

yp(t+1) =y (t+1) + ( Y(t) - ym(t) ) §3'16)
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where y(t) - ym(t) =( h-h ) x(t-1) represents a correction term
similar to the innovation term of Kalman filter or the correction

term of an observer, assuring the final convergence of the plant

output to the set'point.

Rewriting the equatidn (3.95
(1) = y (£41) = &k y(t) + (L-x)c , (3.17)
and inserting this equation into the équation (3.16), we get

(1) (e= ¥(£) ) =y (41) =y (8) . (3.18)

A 3

Assuming that the system is stable, as t—+oo it can be shown that

(1 -%) (c- y(t) ) =0

then , _ .
lim  y(t) =0 - (3.19)

tren '

The optimum sequence of inputs x*(t) in the sense of mini-

'mizing Jl, for a closed-loop system; is generated by an auto-reg-

ressive equatio, which results from equation (3.18), where yp(£+l)

and yr(t+l) are expressed in terms of inputs

: N , N ) N |
(1= & )( szzgjx(t'j—l) ) =§£: hjx*(tfj)_- Z{:gjx*(t—jf})_ (%.20)
| J=0 -

jj::O j=0
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| N N | N -

(1:-_-«)(c-§ hjx(t—j-l) ) = hox*(t)-i-g ﬂjx*(t-j) -E ﬁjx*(t-j-l)

' j=0 . j=1 g j=o . B
(3.21)

Therefore the optimum input is

) N_ N N \
.hox*(t) = hjx*(t-j-l) - g hjx*(t—j) + (1-K)(c- g hjx(t-j—l) )

j=0 j=1 j=o0 ' \
| (3.22)

The summation in the last term in the equation (3.22) can be
Qriﬁféh as y(t) because this summation is the actual speed ob-
tained by measurements at‘every sampling inétants.Alsovwe can
write the summations in the above equation in opened form and
making some manipulations we get

-~ L3 -~

h -h h.-h -
(1) = (— L) (t-1) + (—E—2)x*(£-2) +evenuenot
Lo o |
h, ~h h (1-ex
(——H=dy X (fon-1) = M (£-N) + - (c-y(t)) (3.23)
h ho hg : :

p

E.Tracking.Type Model Algorithmic Control

In many applications, it is desifed\for the outpﬁt of fhé
system under the cohtrol to track a certain trajectory. The trac;
ing behavior of the output does not complicates the theory of
model algorithmic control. The only thing that we should have to

~do is to mzke the set point ¢ time varying. i
Time varying sef spéed can bé achieved in different ways.

For example, the desired trajectory might be the output of another
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process. If at each sampling inferval the computer reéds this exter-
nal process output as a set speed c, th?n the oﬁtput of controlied
process follows the time varying set speed, the output of the ex-
ternal process. The rate of chahge of external process output, of
course, must be slower than the time constant of the software
tfajectory. If the time constaﬁt of software trajectory is‘lower
than the external process, there will be always error between the
desired trajectory and the process output, because the software
trajectory will not have enough time to follow the external pro-
cess output. |

In the thesis, the time varying set Speed_ C(t).is in the‘
form of a linear ramp, the slope of which is made equél to desired
acceleration., The maximum acceleration of the motor output can be

calculated from the equation (1.7) by neglecting the load torque

dn g
T =Bn+J —— =K
e dt a'f

(%.24)

ia
For maximum speed and maximum generated torque, maximum accéle-
ration —ggQJig calculated. If the maximum speed is devided by
the maximum accélération, the time that the rémp reaches the max-
imum speed is found.

'For the parametefs of the system that the experimental

investigations were carried on, the maximum acceleration that

the system is capable of was found to be ll.27_rad/se02.
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IV.MICROCOMPUTER BASED CONTROL

In this chapter the design of a microprocessbr based coﬁt—
fol of a dc’motor'fed by}a three phase full-converter is déscribed
The system is realized by %2-80 Dbased microéomputer. The miQro—i
cbmputer manipulates the software of model algorithmic control |
and communicates with the thyristor unit and the tachogenerator

through a D/Aconverter and a A/D converterrespectively.

A.The Internal Model of the System

The purpose of the internal model as mentioned in chapter
three is to have a flexible representation of the controlled
system stored'in the microcomputer memory, which can be updated
as the,sjstem changes and which can be uséd at any instant to

¥

predict the future behavior of the system under‘different control

- inputs.
The internal model of the system is generally obtained
via off-line identifiéation, using either a physical model struc-
‘ture’when one is evailable or an input-output type representation

model such as the impulse respohse modélQ,

The simplified transfer function of the dc motor is



37

N(s) __ %p - (4.1)
Ea(S); 1l + sTml
where
K_ ¥ ,
K = 2t (4.2)
T (K @)% + RB
R,B |
m a f '
ml = P T (4.3)
(K 8:)° + R,B ,

In order to be able to identify the ac motor used in the
thesis, we have to find the motor parameters Ka¢£ » B, J, Ra
and Tm. These parameters are found with the help of thyristor
unit, so the transfer function obtained at the end of expe-
riments‘represents both the thyristor unit and the dc motor.

Thé’érmature resistance Ra is measured when the motor
is hot by using an ohm-meter. This measurement is repeater for
different angular positions and the average value is calcula-
ted. After this process R, is found to be 4.8 ohms.

The back e.m.f. constaﬁt Ka¢f is obﬁainéd by ruhning
the machine as a generator at the rated field current and cal-
culating the ratio of the generated voltage to speed. Ka¢f is‘
found to be 1.3%61 V/rad/sec.

The mechanical damping coefficient B is found with the

help of equation below

dw

4+ Bw + T, =T
dt L

J

e‘= Ka¢fia" (4.4)
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If the machine rotates at a constant speed and no load is applied

- the equation (4.4) reduces to
Bw = Ka¢fIa | : (4-5)

- Measuring the Ia at rated speed, and repeating this a few times
B is found to be 0.006498 rad/V.sec . |
| The equation (4.4) is also utilized in finding the

total ﬁbtor armature and tachogenerator inertia J. The speed
reference potehtiometef of the thyristor unit is preset to the
value thet the motor rotates at 1400 rpm. Thé start switch is
depreSSed and by means of a storage oscilloscope the acceleration
rechdihg in Fig. 4.1 is obtained. Since no load is applied the
equation (4.4) becomes

798 4 Bw =K BT, | (4.6)

dt ' ;

and’ the armatufe current is measured to be 0385 A. Because of
the inteérnal dynamics of the thyristor unit, the acceleration
recofding‘consists of ﬁwo‘parts with diffefent time constants.
only the interval from O to 0.5 sec. part is considered for"‘
the.calculation of J.

‘A : f dw 5,75
The slope in the interval O to 0.3 sec. is about ——==——

dt 1.5

"~ then

7.5:75 4 0.0065-1250 2 _ 1 361 0.85
1.5 60 |

Solving the above equation the total inertia is found to be
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J = 0.098 kg-m°.

The transfer function of the system is then

N(s) - 0.722
E (s) 1 + 0.249s

(4.7)

(rpm)
1400 4

4200 4
{000 J}
800 -
600 A

' 400 -

2004

> + " t L + —> .t
0.2 0.4 5.6 0.8 4.0 {.2

Fig. 4.1 Time responce of dc motor driven
by thyristor unit..

The next step is to find the discrete impulse response of
the dc motor.The control input e (t) is assumed to be piecewise

constant,then the system is as in Fig. 4.2.

e(s) = = - - (4.8)
E (s) s s+a :
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1_e"ST

E%(s)*‘ —__—*NCS)'

S : ‘s+a

"Fig. 4.2 System with Zero Order Holder

In the Z domain the equation (4.8) is

b -g' _ |
G(z) =Z{"_— (1 -e )& L1 )} . (4.9)
a s s+a

Our system representation was y(t+1) = QTx(t) s0 the outbut in
the 2 domain is multiplied by z then the transfer function in

2 domain is

H(z) = 2z G(2) (4.10)
theﬁ |
H(Z) = "g" (Z"'l) ( Zfl - Z_Z_éT ) (4-11)
b - X g ,
H(z) = — (1~ e-a’l) T afT ‘ (4.12)
a z-¢€ .

The discrete impulse response is found by taking ‘inverse

7 transformation of the above equation. It is found to be
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: b _ ;
n(kT) = — (1 - e @y g3kl 40 k=0,1,0.0, N (4.13)
where a = 2.893 and b = 4.001 .

N, which is the number of the impulses to approximate the
dec motor,is selected such that the hN can be considered as zero.
The sampling period T is selected as 8 msec. This time ihterval
limits the computer time to calculate the control inputs at e#ery
sampling period. For the system used in the thesis N is selected
ags 145, because time limit lets us only that amount of data to
~manipulate.

Ag it id mentioned in (,:l_u;mpt;é.n.' three, for model ulgorithmic
coﬁtrol to be practical and efficient; the contrqller must have |
fast digital computing facilities. Our system is controlled by
a 7-80 based micrbcomputer with clock frequency 2.5 MHz. This
clock frequencyrnever let us to be able to manipulate 145 multip—z
lications and thé'same.number of summations., This limitation ‘
fofces us to group the coefficients in equation (3.259, without
disturbing thg‘exponential decay of them as much aé possible.

This approximation is shown schematically in Fig. 4.3.

fgrouping the cbeffiéients iniequatiqn (3.25) considerably
reduces the computation time of the control inputs. Instead of
145 multiplications and 145 summations the computer does 145

summations and 13 multiplications. The mutliplication program
consumes much more time than the summation, so reducing the num-

ber of multiplications saves quite an important amount of com-

putation time.
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The overall model algorithmic control system is shown

as a block diagram in Fig. 4.4.
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4-80 Thyristor
Mlcro— 8 bit > D/A Unit
computer _ - CA6000
. iEn;f © qrEau
: La Ra
10
bit @ N
f Motor
output
speed

.'Fig. 4.4 Dc motor speed cohtrol system

B.Software

The optimum control input x*(t) was found in the previous
chapter in equation (3.23). The coefficients in this eqﬁation
are precalculated by solving the equation <(4.13), discrete im-
pulse response; and iocated in the memory of the microcomputer.
The software of model algorithmic control for constant sét‘speed

in the memory solves the equation (3.23) for x*(t). The flow-
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chart of the program developed is given in Fig. 4.5 and the
software listing in Appendix A. Since software takes 8msec cal-
culation time which is equal to the sampling period, an external

timer is not included in the hardware of the system.

(:‘ START :)
l

READ
COEFFLICIENYS

oUT x (t)
l
CALCULATE
blx*(t-1)+b2x*(t-2)
+.....+bNx*(t-N)

[ NO

READ y(t)
T
"CALCULATE
BERROR
CALCUEATE ' our 99

x*(t)

SHIFT ¢

PRESSED 1ES

1 _ 'STOP
UPDATE THE
PAST HISTORY

L

Fig. 4.5 Flow-chart
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Also the software listing for model algorithmic control

for time varying set speed is given in Appendix B.
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V.STABILITY AND EXPERIMENTAL RESULTS
A.Stability

~ The optimum sequence of inputs x*(t), obtained such that
the outputs minimizes Jl’ for a closed-loop system , was generated
in chapter 3 by an auto-regressive equation, Where yp(t+1) and

yr(t+l).are expressed in terms ofbinpﬁts.

Me=

N
xM(E)=y  Bx(-3-1) > AxA(6-3) + (1-x)(e- y(£))  (5.1)
j=0 j=1 | ’

If the sequence .x (t) tends to an equilibrium value X ,
that is,if the '‘corresponding auto—regreésive model is stable,then
the output ;kt) tends to an equilibrium value y(c0) which equals
to set speed in the case of closed-loop prediction. But differs
from set speed for open-loop prediction, because, és it is expiaineé
in éhépter 3,section D, the open-loop prediction produces a bias
term which deviates y(e) from set_épeed.

The closed-loop one-step prediction control equation was

(1-«)(e - y(8)) =y _(t+1) -y (£). ) (5.2)

Rewriting the above equation in terms of impulse responses one gets
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(1-0&)(,c-§ hjx(t-j-l)) = hjx*(t_j) -g hjx*(t-j—l), (5.3)
| J=0 - =0 j=o '
In order tp be able to analyze the stability of the system ,
we have to examine the response of the optimally controlled system
~to the set point ¢, that is, the relationship between y(t) and

‘c(t). This relationship is found in the Z domain as follo&s. if

the equation (5.3) is transformed to the Z domain, the equation

becomes

(- x)(c(2) - 271 H(z)X(2)) = H(2)X(z) - 2% H(2)X(z) (5.4)

(1-%)0(z) = ( 2 H1-0)H(z) + (1-z"1)H(z) )X(2) (5.5)

x(z) _ (1= | L (5.6)
02l i wH(e) + (1- 2 hHce) -
Since |
'"f(z) — H(z) X(z) , B (5.7)

then -

. -1 -
¥(z) _ 2" H(z)(1-&X) (5.8)

c(z) Lo gOH(z) + (1- 2z h)E(z)

The closed-loop transfer fﬁnction obteined above can be

represented as a block diagram as it 'is shown in Fig.ﬂS.l.
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Fig. 5.1 Closed—ldOp prediction

- If the identification of the system impulse response ércan
"be considered as perfect ,that is, H(z) = H(z), the closed loop

transfer function becomes

wz) __ (L -%) (5.9)
c(z) + (L-xz l)u(z) |

and

Y(z) _ (.1"°<)2th(2)'
c(z) (1- Xz~ 1)H(z) |

(5.10)

The bOundedness'condition'for the input sequence x*(t) is
jdentical to the stability of the auto-regressive model, that is,
the polynomial in the denominator of the equation (5.8) which is
rewritten in equation (5.11) must have all its roots within the

unit circle.



?fl(i-<x)H(z) + (1-2'1)ﬁ(z) =0 | (5.11)

Under the consideration of perfect identification the trans-
fer function of Y(z) with respect to lC(z) is the first order
and identical to the reference trajectory. Sinée the ]o&\ is
always less than 1, the system is always stable.

We have to consider the case of imperfect identification
H(z) #£ ﬁ(z). From the transfer functions (5.6), (5;8) it becomes
clear that for the output y(t) to be convergent and the dptimum
input sequence to be}bounded; it is necessary and sufficient that
the denominator of equation (5.8) hés all its roots within the
unit circle. | | |

In general the exact plant transfer function H(z) 1is not
known and therefofe one can not evaluate the'exact»expression of
the.polynomial in equation " (5.11). However, if the identifica- |
tion of H(z) is fairly good, Then it ié expected that the roots
of z-l(laéx)H(z) + (1—z*l)ﬁ(z) be close to the roots of /
(1- 2z 1)H(z). Therefore,the stability of the identified model i
ﬁ(z) implies the stability of the controlled system. But when the
1dent1flcatlon error becomes large so that the dlscrepency between;
H(z) and H(z) becomes 31gn1flodnt then to determine the stablllty
of the system one should recourse to robustnesskana1y31s which
invélves determiniﬁg the set of plaht polynomials H(z) for

" which the above characteristic polynomials have stable roots.

1.Robustness of the System

The control is said to be robust if the plant output y(t)
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converges t0 its ultimate desired value ¢, under .a rahge of plant
and behavior Changes‘caused » for instance, by failure of some of
its components or by 1arge parameter changes,etc.

With regard to the closed loop prediction control, thé ro-
bustness problem is posed in terms of the stability of the input
sequence x(t) and the plant output y(t). This ié a conséquence
of the fact that the stability of the closed loop system éuarantees
the unbiased convergence of the output to the set point. Therefore,
as lohgﬁas tne stuctural changes of the plant,which amount to al-
tering the impulse pesponse QT from its nominal (identified)
model iT, are such that the characteristic polynomial (S.il) has
~all its roots within the unit circle, the control is robust.

Given the model QS it is great interest to find a range

for the (N+1) dimentional vector E? such that (5.11) is stable.
N+1

The delimitation of such a subspace of R ‘requires complex
searéh algéfithms, and, unrealistic amounts of computation. But
fortunately, in most ali practical problems,valuable‘additional
information”qp'the'physical properties of the plant is aveilable,
-the appropriate use of this inforhation reduceé substantially
the size and dimenfion of the'search space. For instance, if the

robustness against identification errors or small perturbations

is considered, then

hi = hi + fi i=o?launo’N (5012)
where Iéil_are small with respect to h; and their upper bounds
can be estimated from the particular identification scheme in

operation and also the stability can be tested. -
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| As a simple example, let us consider the case where the
mismatch between h' and h' is a pure gain, h'= qh. As it is
explained, the impulse response is represented by a finite number
of elements, then é certain magnitude value of the impulse is
aécepted as zero. Because of the gain error, the impulse res-
ponse representing the system will decay this certain value faster

- than the actual system. The maximum possible mismatch gain is usu-

ally larger than unity. Yhan slowing down the reference trajectory

(increasing,the K ) improves the robustness of the system.
2.Amplitude Constraint on Input

As it is in this application, the input se@uence x(t) is
usually'not'free of constraints. In general, there are both amp-
litude and rate constraints imposed by technical and cost consi-
derafions.

| In this thesis the speed reference input of thé thyﬁistor
unit is constrained by 1OV as a result of &8 bit digital to ana- |
log converters output napability;which_is 10V, The speed referencej
inputvbf the‘thyristor‘unit is 0 to.£15V, but the maximum output

of the digital to analog converter is 10V which is inverted by

an operational amplifier. If the system is forced to reach its
maximum rated speed (1400 rpm) from zero speed, in the first

few sampling intervals the error term glicx) (c-y(t)) is max-

imum. At these intervals the élgorithm-in tBe computer will cal-

culate maximum speed references to be able to reach the set speed

as fast as possible, however, no matter how big the input is
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calculated,the'applied maximum speed reference input is -10V. This
causes the system reach the set speed slower.

The above discussion, amplitude constraint does not effect
the system stability, but limits thé«selecfabié range of & . The
meaning of this iimitation in & , in practical épplication is that
the rate of reference trajectory is also 1imited; The outpﬁt of 10
bit analog to digital converter is 782 in decimal system ( 3¢E in
hex.)lwhen the motor rotating‘at 1400 rpm  (146.6). The resolu-
tion of A/D converter is then 1.79 rpm/bif, or 0.18747 rad/sec/bi
The FF in the input of D/A converter produces 10V at the output.

From the equation (3.25)'the error term is

—(-%—9—‘1— (c-y(t)). - ©(5.13)

0

Let us suppose that the motor is not rotating and no past histdfy
is available in the memory. In the first sampling period while
calculating xl(o) only the above equation is manipulated. The

The calculation will be as follows

0.18747 (1=%) (782 - 0) = x (0) = 255. (5.14)

h,

Since all calculations are done in rad/sec, the speed
of the motor is multiplied by 0.18747 to get the speed in
rad/seé. Equation is equaled to 255 to be able to obbain max—

imum speed reference output from the D/A converter.
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‘From the equation (5.14) minimum & is found to be 0.96 .

' Therefore

0.96 {x 1. | (5.15)

B.Experimental Results

The experiments are done for two different time constanté
ofFSOftware'reference trajectory,which are the haximum alidwable
X and'the minimum one. .Also to observe the system response to
parameter variations, an induction mptor is coupled to the 'dc mo-
.tbr to change the momeht of inertia of the System.

| Fig. 5.2 is the time response of the motor épeed for
X =O.967 with the induction motor coupled and without it. In
Fig. 5.3 the same process is repeated for X=0.99.

Ag it can be seen from these occillograms, the change in
one of the system parameters, namely the moment of inertia dpes
not effect the performancé of the system.

| If the output of the system at time (t+l) is exactly equal
to the prédicted value, the relation between the time constant
and the value of & can be obtained as below.

The reference trajectory was
yp(t+1) = xy (%) + (1-K)e - (5.16)

and from equation (1.16) the system equation is

. . K : |
&m(t) = - —i— ym(t) L ea(t)_ ‘ (5.17)/
tm , - tm C
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the discrete eQuivalent of above equation is

Yp(t#l) = e Ty () + Kk (1 -e ™) e (t). (5.18)
Thus
Py
T |
X=e : (5.19)

~therefore, for = 0.99 , T = 0.7959 sec. and for X= 0.967 ,

Althbugh the fime cOnstant of the step response is not
expected to be equal to that determined by‘the value of
due to continual ﬁpdating, it is seen that the time constants
of the responses are very ciose to tnose values.

The oscillograms of Fig. 5.4 show the tracking behevior
of the system.lfor these tests, the set speed is changed con-
tinuously for 3 seconds aﬁd then it is kept constant and fi-
nally for the- 1ast 3 seconds ¢ 1is decreased in a linear
fashion. In other words, a time Optlmal set speed change is
applied. As discussed in chapter three, the maximum acceleration_

that the system is capable of is 11.27 rad/sec?

. Starting
with an initial speed of 600 rpm, the set speed was therefore
changed by O.86,rpm‘per,sampling interval until a final set
speed of 923 rpm was feached. The same procedure was followed
for deceleration. Lt is seen ﬁhat from the oscilograms of

Elg. 5.4 that this ‘reference trajectory is followed very closely.

The fesponse for & = 0.Y9 are not shown because for this value
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of & ,the tracking behavior is not very good due to the fact
that a change of 0.86 rpm in the set speed can only be followed
with a time constant of 0,967. 1f slower time constants are
applied;the tracking error acéumulqtesAat the end.

Fig. 5.4.b shows that the tracking performahce does not
change appreciably due to the change in J. The slight differ-
ence in Fig.5.4.a and b are due to the fact that the time of
]aqéeleration, the time during which set speed waé kept constant
and the time of deceleration were decided upon by a simple
observation of the CRT spot in the horizontal axis.
| Fig. 5.5.a and b show tne'responseé of the system’under
loaded conditions. A comparison of these with those.qf Fig.5.2.a
and b show that the_loading'does not effect the performance

especially for the time varying set speed case.
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Vi. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK .

In the thesis, the speed control of:a seperately excitéd
dc motor is achieved by using Model Algorithmic Control. The
_starting point of this theory is that the process to be cont-
rolled should be relatively slow and the controller must: have
fast digital computing and memory facilities. |

The frequency of micrdcomputer used in the implementation
of thé<the6ry is 2.5 MHz, than the controller'canibe considered
.as.a relatively slow one. As it 1is explained, to overcbme this
disadvantage, the coefficients in the control equation is
grouped as shown in Fig. 4.3 |

The‘cqefficients are approximated twice, firstbbecause
. of truncation errors and than because of the error caused by
grouping them; In spite of these approximations, it’ is shown
that fhe steady Statererrbr cén be considered as zero, Also
it-is shown that the system is robust, and therefore Model
Algorithmic Control is a good candidate for cases in which
~robust performance is required. |

fhe D/A converter used in the hardware is an 8-bit one
and the inverted output of wﬁich is -10 V. The speed reference
input of the thyristor.unit'is -15 V. This brings an'impor%ant

constraint in the Optimél input sequence. This constraint does
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not effect the system stability aﬁd‘robustnees, bﬁt limite the
value of X , and the time constant of the process output.This
is especially important for tracking case, because the tracking
performance of the Model AlgorithmiC“Control is better for
-small software time constants. if a proper D/A converter
could be available, the region of selectable X would have been
wider, and the system would have.been‘Operated with smaller
time constants. |

‘The performance obtained by the work described in the
thesis is very promising, warranting a‘more{through theoretical
analysis of the Model Algorithmic Control theory as applied to
the dc motor speed control. The‘theorical analysis presented
in this thesis neglects the effects of current control loop.
The:constraint imposed by the set maximum'vaiﬁe of the current
| and. the effects of the P_confroller of the current loob should
be investigafed to gain more insight to the design of a
Model Algorithmic Contreller. |

The performance obtained suggest that the application
" of Model Algorithmic Control to manipulator control could
alle&iate the problems that arise in such a system due to
high degree of cbupling between the links and due to variations
in the pay load. The Lagrange-Euler appfoach to formulate the
robot arm dynamics result in a set of highly coupled diffe-
rential equations making its control difficult. However for
‘the appllcatlon of Mode] ‘Algorithmic Control theory only an
1mpulse response representatxon lS reoulred and this can be“
obtained rather easily.he variations in the impulse response

due.to different arm positions should not effect the arm

trajectory as demostrated in the thesis.
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SOFLWARE OF MODEL ALGORITHMIC CONTROL

;Coefficients of
control equation
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LD
CALL
LD

LD

LD
SUB
LD
ADD

JpP

INC
INC
DJNZ
LD
LD
LD

CALL

LD

NC,MB

D

HL
LB _
HL, 42¢AH
C,(HL)
E,A -

MULT
(TEMPB),HL

HL,4@P6EH
B, #FH

A

D,A

A, (HL)
NC,MC
.

~ HL

LC
HL, 42@BH
C,(HL)

B,A

MULT
(TEMPC), HL

HL, 4P 7CH
B,PFH

A

D,A

A, (HL)
NC,MD

D

HL

LD

HL, 42¢CH
C, (HL)
E,A

MULT

(TEMPD ) ,HL
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219098
ED5B6232
13
ED5B6432
19

~ ED5B6632
.19
ED5B6832
19
ED5B6A32
19
EDSB6C32
19
ED5B6E32
19
ED5B7¢32
19
 ED5BT7232
19 -
ED5B7432
19 |
ED5B7632
19
ED5B7832
19

ED5BTA32

19
226@32.
DB@@
5F
DB@1
E603
57
2A5E32
37

3F

. ED52-

_ EB ‘
21¢D42
4E

LD
LD
ADD

D

ADD
LD

ADD

LD

ADD

LD
ADD
LD
ADD
LD

-ADD

LD

ADD .

LD
ADD
LD

ADD i

LD
ADD
D
ADD
D
ADD
LD

I

LD
IN:
AND
LD

SCF
CCF
SBC
EX
LD
LD

KL, 0909
DE, (TEMP1)

" HL,DE
- DE, (TEMP2)

HL,DE
DE, (1EMP3 )
HL,DE
DE, (TEMP4 )
HL,DE
DE, (TEMP5)
HL,DE

DE,(TEMP6)v

HL,DE
DE, (TEMPT7)
HL,DE

DE, (TEMP8)

HL,DE
DE, ( TEMP9)
HL,DE

DE, (TEMPA)

HL,DE
DE, (TEMPB)
HL,DE
DE, (TEMPC)
HL,DE

DE, (1'EMPD)

HL,DE

(TEMP),HL

A, (99)
E,A
A,(91)
@3H
D,A

HL, (SETSPD)

HL,DE
DE, HL
HL, 4 2¢DH
¢, (HL)
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;Read the actual
speed '

;Calculate the
error term



CD4C32
ED5B6@32
19 |
FC
32FF3F
$192¢¢
219049
119148
ED5B
CD1B@@
FE21
CA1D32
FE49
CA2632
FE44
CA2632
C32C32
97

- DC@@

- Pe9L -
21FF3F

77

23

1PFC
C3gp6d
21¢E@3
225E32
32032
218791

- 225E32
3AFF3F .
C33138 |
214909
p6@6
CB@9
D23D32
19
CB13

MODIFY:

LR:

INCRS:

IN:

MULT:

LC2:

LCl:

CALL
LD
ADD
LD
LD

LD
LD
LD

LDDR
CALL
cP
JP
CP
JP
CP
JP
JP
SUB
our
LD
LD
LD
INC
DJINZ
JP
LD

LD
JP

LD
LD
LD
JP
LD
LD
RRC
JP
ADD
RL

MULT1

~ DE,(TEMP)

HL,DE
AH
(3FFFH),A
BC,$@92H
HL, 4@ 9%H
DEJ4¢91H

GETKY
21H

7 ,MODIFY
49H
Z,INCRS
441
%,DCRS
IN ‘
A
(B8),A -
B,91H
HL, 3FFFH
(HL),A
HL

IR

BRK
HL, #3¢EH
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;Calculate x*(t)

sUpdate the past
history ‘

;SHIFT + ! pressed 2
;Yes - ’
;1 pressed 7
; Yes
;3D pressed ?
;Yes

;Clear the speed

reference input
of thyristor unit

; Increase the set

( SETSPD),HL speed

IN
HL,P187TH

(SETSPD),HL

A,(3FFFH)

© MAIN

HL, $@0@
B,@6H
o
NC, LC1
HL,DE

E

;Decrease the set
speed

36 bit multiplier
with zero initial
value




CB1l2
1pFr4
p6@3
CB3C
CB1D
10FA
C9
21999
pepT
CB@9
D2573%2
19 '
CB13
CBl2

- 19F4
C9

LC3:

MULT1 ;

LB2:

LBl:

RL D

DJINZ
LD
SRL

‘RR

DJNZ
RET
LD

LD

RRC
JP
ADD
RL
RL

DJNZ

RET.
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LC2 .
B, #3H
H

L

03

HL,@@@g = 37 bit multiplier -
B,#TH ~ with zero injtial
C ~ value

| NC,LBL

HL,DE

B

D
LB2

SETSPD: DEFW @3@EH
TEMP : DEFW ¢¢@@
TEMP1 : DEFW $@@@ -
TEMP2 :DEFW 0@@d
TEMP3 : DEFW $¢g@

TEMP4 : DEFW @@@p
TEMP5 :LDEBWOSPEH
TEMP6 : DEFW @@@@
TEMPT : DEFW $Pp@

TEMP8 : DEFW {@g@
TEMPY : DEFW $pdd
TEMPA : DEFW @pp@
TEMPB : DEFW @@
TEMPC : DEFW @@@@
TEMPD : DEFW @@@@
BRK  :EQU  6@@gH
GETKY :EQU  @@1BH
END
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APPENDIX B

~ SOFTWARE OF MODEL ALGORITHMIC CONTROL

FOR "TIME VARYING SET SPEED

‘The difference between the software of constant sét speed
and time varying set speed is in the progpam sections labelled
by INCRS and DCRS in Appendix A. If weVCﬁangeﬁthe below:program
with the programs labelled INCRS and DCRS.in the software of |
constant set speed, the system runs as a tracking type model

algorithmic control.

C39@6P | ~ JP  BRK

211903 INCRS: LD HL,@@10H  ;The increase at
EbSBBE32 : LD DE,(SPD). - the set speed
19 . | ADD  HL,DE

22BE32 LD (SPD),HL

37 SCF

3F CCF

11¢p61 LD DE,61COH

ED52 SBC  HL,DE
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F23332 JP P,PR ;1T reached the max.
C33A32 " JP  NOR  set speed ?
EB PR: BX = DE,HL '
22BE32 - LD (SPD),HL
C34932 JP LL
2ABE32 NOR: LD . HL,(SPD)
CB65 BIT 4,L"
CA4532 JP Z,XX
C34932 Jp LL
112¢¢¢ XX LD DE, #@2¢H
19 o ADD  HL,DE
pe@s LL: LD B,@5H
37 YY: SCF
' 3F CCF
 CB1C RR H
CB1D RR L -
1¢F8 DJINZ =YY |
22BC32 LD ( SETSPD),HL
C38A32 Jp IN
111060 . DCRS: LD DE,@@1¢H ;The decrease at the
2ABE32 , ' LD  HL,(SPD) set speed
37 | SCF -
3F ~ CCF
EB52 SBC  HL,DE
22BE32 . LD (SPD),HL
37T ' o SCF
3F - CCF -
110¢99 LD DE,¢¢ps
ED52 | SRC  HL,DE
FAT332 , JP M, NN ;If reached zero
C3TAB2 . JP OK set speed ?
EB NN: ~EX DE, HL '
22BE32 | LD (sPD),HL
C37D32 - JP 00 .
2ABE32 0K: LD HL, (SPD)
p6@5 00: LD B,@5H
37 MM 2 SCF

3F CCF




CB1C

CB1D

10F8

22BC32

3AFF3F - IN:
C3313¢

21¢¢¢¢ MULT

RR
RR
DJNZ
LD
LD

JP

Lb

H

L

MM
(SETSPD),HL
A,(3FFFH)
MAIN

HL, $009

3
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