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ABSTRACT

" The objeof of- the thesis is‘to study the speed control
'of.direct current motor by using nhase locked loob'principle

and compare alternative mefhods applied in practioe.

The opefation_of#phase”iocked servoAsystems is described
andia iinearvdiscrete model is;developed.to describe their‘
".behaviof.'dThis model explains\the‘obsefved'phenomenon that
the system becomes unstablefaf lon'speeds, Also'discussed
are- the. de51gn problems, speed Variations, and the extension

of lock range by lag 1ead networks.

A phase locked loop speed control system lncorporatlng
'»a dlgltally controlled 51ngle phase thyrlstor brldge is
1descr1bed and the experlmental results are glven for the case

“of a'separately'exo;ted d.c. motor.
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' Bu. tez calismasinda bir dogru akim motorunun sayisal
‘evre kilitlemeli'cevrim prensibiﬁe géré hlz'denetimi ele
.allnmls ve uygulamada kullanilan diéef yéntemlerle karsilas-

tirilmistar.

ﬁ#re kilitlemeli*géQrim dﬁzeneklerinin'gallsmés;
~anlatilmis ve‘davbanlslhl beiirleyén d;érusél‘ayrlk mbdeli'
gelistirilmistir. Bu modeliﬁ dﬁzeneéin diis ik ﬁlZlérda niye
kararsiz olduéunuiaglkiadléi»gésteriimistir.; AyricaAtasarlm'
sorunlarl; hlZ deglslmlerl ve ileri- gerl (lag-lead) slzme"
'devrelerlyle kllltleme arallglnln genlsletliﬁes‘ de 1ncelen-

-~ mistir.

Denetimli siliéyumlu_dogrultmaclardan olusanitek
evreli tam dalga kopri ile.éerbest uyérmall‘bir'doéfu aklm
vmofofuhun hlz denetihinin'tasarlml, uygulama51 veidenenmesi
evre kllltlemell gevrlm pren51b1ne gore yapllmls, deney

sonuglarl varllmlstlr.
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INTRODUCTION,

Speed control of eleotrlc notone is ‘a common nequlrement
ln industrlal pnocesses.. Varlous analog technlques‘are.proposed
from'tlme to tine and'many of then,are.now'ln,common use. The
‘general procedure is to sensevthejangular speed, oompane it with
the deSLred one. and develop some bontrol 31gnal which acts to

brlng the_actual speed to the deslred speed.:

With the necent ad;ances in dléltal tecnnology,‘digital
vtecnniqnea.are replacing the analbg tecnniqnesfnlth'reapeot to
measurement of speed and productlon of error., Speed control of
notors by Phase Locked Loop (PLL) senvo systems is becomlng in-
“crea51ngly popular. Most_offthe,methods use phase locked loop
in which an encoder mounted‘to_the motor shaft provides a pulse
.train.eignal'vrepfesenting its”epeed. A referenoe pulse train
and encoder 51gnal are applled to‘a phase detector, the output"
of whlch drives the power ampllfler and the motor, which, in

’ thls way; behave like a voltage controlled osc1llator (VCO)



: This‘fhesis‘reports fhe'workbcarried out for the develop-

“" _ment of a motor control circuitry‘for a de motor using phase_

‘~locked loop technlques. The purpose of such. a control loop is
xrto prov1de very accurate speed control, repeatablllty and syn—
b'fcﬂonablllty. ;fi”ﬁf“hv“

i:.?The proposed‘clrcuit is based on the PLL principle; ?The
f.effects:of discrete phase detector output are explalned and the
hhstablllty llmlts.ontspeed are predlcted,’ Compared to a analog
fsystem- thls system'is.simpler,“cheaper‘and prov1des speed con;
frol with extreme‘precision. The scheme is espe01ally sulted

v for appllcatlons where a number of motors are to run in synchro—

~nism W1thout any mechanlcal 1nterconnectlons.

0 The'system is basically made up of the following units:

AJ a; ‘A phase detector uhich comparesAthe phase and.s-;
frequency Ofxthe‘reference‘slgnal with those.ofpxj
fhe encoder signal, |

b; ‘A lag lead fllterlng uiit which fllters the PFD out—h
put. and extends the lock range,

uc. A thyrlstor brldge whose'output is varied in
‘accordance with the filter output uslng pulse
widthbmodulation fechniques. |

.~;d.‘_A,separately.eucited d;c..motor coupled'to a d.c.

generator for loading purposes.



* In Chapter 1, a survey of dc motor speed control

techniques is given and PLLrserVO'Eystemvis introduced.

In Chapter 2, the theory of PLL systems is developed
and using the z-transform ahalysis, the system stability and

lock range is related to the system parameters.

In Chépter 3,‘the implementation of the system is.pre-

~sented, the design of various units are described.

Finally, in Chapter 4, the experimental results are given

.and compared with the theoretical expectations of Chapter 2.



CHAPTER 1

 DIRECT CURRENT MOTOR CONTROL

- -The abiiity to be éble to‘céﬁtrolﬁifénspéed by variatioh
of the'afmatufeAvqltage orrﬁy chaﬁge in its fields-cﬁfyent
gives thé’dc motbr'gréat fléxibility'of operafioﬁ., The fact
) fhat its torqﬁélis depéndeﬁt on érﬁatureVCurrent énd aif—gap
fflui.énﬁblés,it to'perform séfisfactorily eQen‘unaer thévmost

-~ arduous duty gycles;‘u

Aé‘é result, dcbmotdr has beeﬁ»éxfénéively ﬁsed in ali 
.industriéé and ih all epvirbhments whére&er iériable épéed_ro—_
tational:drives:have been requifed; to‘drive factory machihgs,

A frains, printing prgsSes, mine hoists pumps,véfanes, Steel milis,

ships; fahs, paﬁer‘making machines, conVeydrs.
1.1. DIRECT CURRENT MOTORS

Since its invention in the late 19th century the dc motor

has been recognized as an ideal means of obtaining controlled

L



rotational motion and great nﬁmbeps_of de motoré arefstill made
today because their charactebistiéé afe so well suited td‘mgny
&ariable speed drives. Theiruinhérent‘éhéréétefiStiéé lendv
thémséivesbtobhighbstartiﬁg tdeués, whiéhlére requiredvfor
tractioh dfives. 'Their-speed raﬁge is'largevboth above andﬁbeloﬁ
 the rated Values._ thé;ly, fheﬂmethbds of control are in-most
'“caées‘simple} aﬁd;less costly thén{the:methdd of contfél of ac

motors to obtain the same performance.

The equivalent circuit of the armature from the supply
point‘of view is shown in Figure 1.1 in which Ra is:the'total’,
armature circuit résistance and'La is the -total armature circuit.

inductance.

Ta Ra L

%

o

FIGURE 1.1, Schematic Representation of a Separately Excited
" ' Motor. =~ = . ' ' '

The back e.m.f., E will be g¢gerated by the rotation of

armature invthe field flux.

‘Total armature circuit voltage is,



7"The back e.m.f.:Eb is;proportionality to the speed of

rotation of armature and the fieldvflux]can be‘represented by

" 'The torque-developed by:a dc motor is directly propor-
. tional to the armature current'Ia and the flux per pole @ (opr:

¢f); that»ig

The simultaneous solution of the three equations yield for the

spéed_A .
OV, - T (R /K BL)
N =
Kg * %¢
‘where V. = supply voltage
E = armature induced e.m.f.
I, = armature current
"Ra = armature.reéistance
Kp = armature voltage constant

| ¢, = field flux
N = armature speed (rps) -

T = pfoduéed torque

KT = motor torqde_édnstant-



" The second term in the numerator is usually small. The speed
equation shows that-thebspeed of -the mdtpr can be controlled in

three wajs; They are:
l;' by fhe‘armaturefcircuit_voltége v, which is nearly

’propdrtionai'to speed%
v2. by the magnetiq field, which is inversely prqportiohal
to speed;_and - | | :
3. bb§ the.arm§tufé dircuit.feéistahce R, which is

proportional to the speed drop.

The‘separately;éxcifed mbtpr céhfbe cohtrolled bY,eifher
field curréhf”or armature voltagé;‘ Field'currént control hagi
ifs'iimitationé hbwever;fréduction in field curreﬁf (to increase
' épeed) redﬁées'thé'torQue;and‘in additioh'it canpotvbe‘changed

quickly owing fo the high inductaﬁce.of the field windiqgs.
Hencé;‘field cbhtrol.isvsuited forkappliéatibns where constant
péwer is féquiréd>as speed‘incréaseé,-,Armétﬁre,voltagé.ébntrol
suffers from neither of;fhese»limitatibné and when used with a
~fixed field‘allbws veryfrapid éhanges of speed aﬁd’tpfqué to
takeAplaﬁe. Finélly,'armature reéistancé contrdl-is not. prac-

‘tical except in small motors because of the power dissipation.

It can be seen'thatlwhen the field flux is held constant
at its rated valueéfvariations'of the applied'voltagé wiil\re— 
sult in variationé of spéed'from_zero to base spéed, and the

.motor is said to be operating as a constant torque drive. When
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the applled armature voltage is at the rated value, then re-
frduc1ng the fleld flux results 1n the above base speed belng

.iproduced, and the motor is sald to be operatlng as a constant

horse powertdrlve. These condltlons are lllustrated in Flgure 1.2,

ﬁ Torc'ue.

ot : ‘ . Cof\ﬁtd“‘\l T

}

(
N
{

\

: Arma‘l:\-'ff-‘v"lh“ﬁc ;.,Q_\.L c.ov\'\.foL
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4’1'FIGURE 1.2{ Torque speed Characterlstlcs of a Separately
"~ Excited dc Motor with Varlable Armature Voltage
and Fleld Control. T ' S

1.2. SPEED CONTROL TECHNIQUES OF DC MOTORS

D.C.‘motor control using-WardeLeouard sets required. the
use of three_electrical“machines: _a-tﬁree phase iﬁductionf
motor, a de generator; aud‘a dc motor. This;can‘nowibe replaced’”
by a solid-state controller employing ogly'one_electrlc machihe;[

the de motor} Changing from electro-mechanical1control systems

to. electrenic control systems generally provides a reduction in
efficiency. With recent advances in power;electronic‘components
and integrated circuits it is now achievable with both cost

. and quality comparable to that. of alternative‘systems.-



iIn constant torque appllcatlons the motor fleld exc1ta—
tion‘remalns constant, and as a result the ‘excitation voltage
is‘usually'obtained from an uncontrolled rectlf;er connected

across the ac supply lines;".

In order that the motor wili operate’at the desired

- speed, it is neceSSary that a 'signal accurately represents the
actual speed. There are'three-baSic'methods: :First,.to\sense‘
thé e.m.f. of the'armature'circuit and reduce.the'voltage'
ieteltby a toltage divider netuork,dor'secOnd, to couple a
tachogenerator to'tne output‘shaft of tne,motor. In al; motor

speed control techniques, motor will never remain constant

'at the set speed but w1ll vary sllghtly about the de51red speed,v_’

the amount of the variation 1s a mreasure of "the speed regula-j
tlonacapablltty of‘the drive control system. Arnaturefvoltage
Speed sen31ng technlques usually produces a speed regulatlon
‘capablllty of ha 2 percent a c. or d.c. tachogenerator speed
sensor w1ll prOV1de a speed regulatlng‘capablllty of + 0.1 per-

cent. If 1mproved speed regulatlon is requlred, then digital

speed sens1ng tenchlques are used

The-most-common ayailable‘eiectronicbsyStems in'd;c.
imotor'sPeed_constrol netnodsfare phase‘control and_chopper
Vcontrol methods. Phase controL nethods use ,ocontroiied reca,p“
tifier'circuits whichlare the simplest form_of‘electronicgmotor_p

control because the thyristors are naturally mains commutated
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"or llne commutated from the three phase or S1ngle phase a.c.

source. ' In ‘this case, motor voltage control is achleved by

’ vafylng the phaSe angle at wh;ch the thyrlstors‘are,flred

relative to the incoming’mains'voltage'supply waveform. This

: prov1des an. output voltage ranglng from zero to a value equal

to that pﬂov1ded by a full- -wave dlode rectlfylng brldge.

A1l phase control syétems use line commutation which

'imposesfapcontroller bandwidth limited’byAthe mains supply fre?

'quency, and forvimproved performance other systems are required.

The llmltatlons of phase control may be - overcome. by using

‘.chopper control.‘ In the-pr1nc1ple1of;chopper_control, the,motorf

average voltage is eontrolled by
~ratio for which the‘de SupplyEie
tore‘turn off is now achieved hv
commhtation,,as the name-implies

off hy~using;an‘auxilary circuit

varying the on-to-off time

:applied to the 1load, and thyris-

forced commutation. Forced -
forces the thjristor‘to_tufn'

(the commutation circuit) con-

' sisting of an auxilary or commutation thyristor and a’series

resonant LC circuit. . In the chopper circuit, the thyrlstor is

used as a switch. ' The output of the chopper is a series of

unidirectional voltage pulses.that are'applied to theﬂload.

These explanations are illuétrated-in-Figure 1.3.

The mean load voltage over a cycle is given by

“on
fon T Torr

do
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S F“ftbﬁ;’kP»Q»r‘* ”
» ‘ ~— == - = — — — —— Mean load voltage .=
B » — (Vo)
L Ol — Periodic f:')ng-l . R ; T
T f;]“Q ﬁ 7 con:fan?”“w"w;;;y . Sl o

FIGURE 1'.‘3'.‘ .‘_.DC ch;;ppér, Basic Principle.
, ;whéré J1 § the-periodic fime;;
;ChoppéréuprOQide én-excelient‘meaﬁs 6f confrolling-dc>tréction
lmotofé,néince:théy eliminate thg’energy‘losses in stabtiﬁg and
_control resistances.‘r ’ | |
 MThekdegfée‘pf,§pee&‘c§ntﬁoi ;équired in the industrial
'driyes éépéﬁds on'the-apblication. in some,aﬁﬁlicéfions the
open-loop regﬁlation of the drive/mdfor is adequate. In otheps
'fegAbéCk>coptrolris requirgd'for_better performénce. Conven-
tional;y; tﬁis;is échieYed by an ana;og.féédback-sysfem which_.
anylghénge-in speed is'sensed‘by an analog speed transducer
and coﬁpared wifh a fixéd’reference:voltaée to generaté a cor-
rection signal; queVer; thié-analOg féédback'systemciélnof -
vsatisfactory iﬁ sqme.applicafionsvﬁhefé éxcellgnf spééd'regula— 

tion and fast -dynamic response are required. -

Coﬁvéntional(analog contpol me thods have,disadvantageé,
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’on'eeVefal_ecceﬁnts;>fTheee'met£eds inelude’deniinearit& in the
ﬁ,aneleg epeed1t£eﬁSduee; aed'difficﬁlfy_iﬂ aecﬁrateiy_traﬁsmitfing
the analOglsiggei af{er'itfhae'been‘ebfaiﬁed frem'the‘trenedueer.lll.
In.additien;_erfoffeignal is sﬁbﬁected'tottempenature‘variations;

component changes or noise |2].

.(The blee? dieéfam_shewﬁ?in Figure L.u‘shoﬁs a‘typicalv
cloéed-loop afﬁeture voltege‘enalog.dc motor speed'dontrol Syetem.
iThere are two requlrements th@t must be met by the system.  first,
to llmlt the in-rush startlng currents, and second, to control

‘the motor speed at whatever speed’ settlng has been de31gnated.

?7_ 7' eurrent {2‘45°°k ) Uncodkro\th
ﬂﬂl,é‘""h er %{' 39—
g = TT]

qcnerodbr? a.c. 5’-’??’Y

| Speed -&::.J\:«L

FIGURE 1.4, Block Diagram of a Phase- controlled DC Motor
- ' Analog Speed Control System. ' :

In treditionalielectromagnetic dc motor contrb;, the starting
current is reduced by means of added resistance in series with

the armature. Hiﬁfa solidéstate.controllep,thevsfartihg currenf‘
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is linited-b&Aregulating.the.rate_ofeadvance-of thenfiring
angle by means of a ramp generatort -The function of a ramp
generator is to prov1de a controlled accelleratlon of the dec
motor when_startlng the drlve,.;rrespectlve of thelset;speed»

desired.

Aa Can be'seen@,theidriye‘uill-start,with the‘firdné’
“angle fully retarded, and therefore“a ninimum voltage is'applied
to the;armature;circuit. The rate of increase of the applled
armature voltage is controlled by the slope of the. ramp output.
As an_added safeguard, a_current111m1t s;gnalgls-also generated;
If”the rateﬂof‘acceleration of the connected load producesfcur—
rents in excess of.a predetermined amount, a SLgnal 1s generated.'
‘which w1ll cause the flrlng angle to be retarded and the output
voltage of thelconverter to be reduced to brlngvthe armature_
current bankiwithin_the prescribedrlinitatb'The current limit

- signal can be obtained either bﬁvuslngva dcqshunt in series
withvthe armature circuit,Awhich will,produce'a‘VOltage'propor-,
tional to the armature current, or by the use of current trans—
former ln the ac supply lines‘to the convertert"The aecondary
Aoutputs of the current transformere are rectified,and once again
a de¢ voltage 51gnal proportlonal to the armature current is
generated. The current feedback SLgnal is compared agalnst the

-dc_aignal from»the(error ampllflerf

The'diSadyantages_of an analog control system can be
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cvercome‘by.using a‘digital control system. By -using a digital
’fspeed contrcIJSYStem;wthevepeed regulation can be as good.as

_the accuracy of:the‘referenceteignal;- The resulting speed will
not drift due tO.temperaturedcrjcomponentrwear. In additicn?'
v“a digital Speed control system"is,vadequateTinvsystemS'where
Vtmctors must»be;precisely sYnchrcnized to each other»or to.a

clock signal'such asvccnveyors3 te#tile; paper;mills,'cr,computer

peripheral drives.

A generaiade3cription cf digital motor epeed control sys-
tem has been glVen by Maloney and Alvarado l3[ In tﬂis wcrk'
'the actual and desired speeds in the forms of pulse numbers are
compared and the error‘is fed to an-up-down counter,”the output
of ‘@ céunter after paesing“tbrcughda’D—A'Conterter and1Suitable
.amplifier,:is fed'to.the motcr'armature to control its.speed;

The system is not continuous. but measures and corrects motor

speed at discrete 1ntervals. This method was not fully dlgltlzed;

Another dlgltal method is to use phase locked method
PLL method prov1des accurate efflclent dc motor speed control.
PLL!'s were developed in thej1930's and haye been extens1vely

‘used in communication system (]
1.3. PHASE-LOCKED LOOP MOTOR SPEED CONTROL

- In this section, the basic theory of the PLL will be
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- presented first, followed by an.intrbductidﬁ‘of.PLL~mdtor speed

“eontrol ‘VSYStem L L ,,1'7' s ‘:",' Tavi :. .'_-:‘—"_-7 )

’ﬂjj”frPhaSe-locked loops have .been intensively used in commu- -

“" nication systems Where accurate frequency synchronization is

required. vIn its baéicvform a phase locked'loop»consisté of a
phase detedtor;'a ldw—paés,filter and a VOltage-controlled"

oscillator (VCO) as shown in Figure 1.5.

e O 10} R S
osC , l - ‘m—j 'f,"v 'LOOP'

_ JDETECTOR [T FiLTER

v

Vo LLTAGE
CONTROLLED

osC :
L(\veo)

"FIGURE 1.5. ’PLL_Basic Form.

A phase detector measures the phase difference between
an input'voltage vi(t) and an 6utpnt-?oltagéAv6(t) to give an

oﬁtput

_vdﬁt) ;,gd(ei -8

whereiei(t) is the instantaneous phase of vi(t) and'eo(t);is

the instantaneous phase of vo(t). This error voltage is passed
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~through a. low pass fllter/to reducevnolse and extraneous hlgh

.freouency)conponents.‘ The flltered voltage drlves a VCO and
'*halters its frequency ln such a dlrectlon as w111 minimize the
= phase error.‘ The output frequency of the VCO is lnversely
'}proportlonal to its 1nput voltage. |

If the veo output is lower in frequency or lags 1nvphase

fw1thhthat of the reference 0301llator, the‘error voltage, appea-‘
" rlngiat the output of the phase detector wlll decrease.bAThe |
'houtput frequency of. the VCO will then 1ncrease (or galn in
“fphase) to compensate for the orlglnal error. kThe error voltage:
vrls zero only when the two smgnals are exactly ln phase. A
slight lead or lag between the two slgnals will result 1n a

- corrective'voltage and compensation will automatically occur.

N -

~In this way, w1th a properly de51gned fllter, the output frequen-
v“cy of the VCO can be made to phase lock w1th and therefore
track w1th_extreme precision, the frequency of the reference

oscillator.

The accuracy w1th whlch the VCO output frequency tracks

the reference is dependent on the dynamlc characterlstlcs ‘of

" the feedback loop and limited ultlmately only by the Stablllty

-of the reference oscillator. The loop is said to be locked
when‘the'error voltage remains_steady and the frequency'of'the
reference oscillator is exactly equal to that of VCO output

. frequency. By inserting a frequency divider (usually a digital
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counter) in the feedback pafh,the,VCO»frequency can be synchro-.
nized to armdltiple of the reference frequency. Such a con-
figﬁration is called alfrequéncy synthetisef; which usually is

used to generate precise frequencies.

A>phaSeelocked loop applied to dec motor speedlcontrol
- is similar to basic PLleoop.teéhnique:except that the motor,
‘encoder, and motor driver (thyristor'bridge'converter'or chopper)

replace the VCO. A basic form of PLL motor control is shown in

) Pigﬁré 1.6. R B
o | B l | o . T
SFererce 7| D HASE Loo? | 1 PD‘C ' o
_COMPAR. FILTER [ A ——\—>®—,— —,
| — — ‘ RS
T B ) K l , v | .

L FEEBEACK SieNAL

FIGURE 1.6. A Basic Form of PLL Motor Control.

The motor speed can be contrblled by varying the refe-
rence input>freqqency'or by changing the counter modulus which

is inserted in the feedback path{

The"userofba;dq’mdfoﬁ as the voltage controlled ‘oscilla-
tor in a PLL increases the complexity of the loop désign} In

electronic: PLL design.;t'is'aSSumed that tHe'VCO“requnds‘in—
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i

stantaneously‘to'changes:inIthe"input yoltage.’ A'motor,-on.
:bthe other hand, has a much longer response tlme due mostly to
dthe‘mechanlcal 1nert1a of the system.‘ Thls response delay |
affects the stablllty of the PLL and places much more strlngent

'requlrements on the phase detector.{ésfu

. The most important parameters.of notor'PLh control are'
i‘the frequency capture range; the frequency Lack‘range, and the
‘ablllty of the phase detector to av01d locklng on’ harmonlcs.

The frequency lock range is the range of frequenc1es over whlch
_the PLL.can malntaln-a locked condltlon. ThlS determlnes the
;range of motor speeds;’ The frequency capture range 1srthe
rangevover whlch lock can be acqulred if 1t has been ‘lost. This
isuimportant because the motor cannot respond 1nstantaneously
hto rapld changes in the speed set p01nt, and the motor w1ll lose
“lock" for a short time period.‘ Wlth the proper phase detsctor,
"lock":may be reacqulred qulckly _For the same reason, the abi-
-llty to'"lock" only on the fundamentalrfrequency is also neces-

sary. ‘ Large changes in set- p01nt could result in incorrect

motor speed if the loop locked onto a harmonlc of. the reference

781gnalr

| An alternative approach-to PLL speed control of a dc
motor is by the'use’of_VCO“which is used as a referencegsignal,
The VCO is basically an external R-C astable multivibrator whose

frequency is setsby angexternal R-C combination to.the center:.
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dor free.running frequency.~ The desdred'speed is set by varying

the center frequency of the VCO.

tem is glven in Figure 1. 7

o

e ———

The block diagram of the sys-

[ VCO.

l REFERENCE

( =E | . .
PHASE | errop | LooP

(

T I

|
e . <y ¥, -
Vo picome. | e J?K%“.“’@'

PHASE .l_ocKEb L9°P-CPLL) o

1 —l——m Feenmack sieNAL

FIGURE 1.7. Block Diagramtof the PLL Motor Control System;

The feedback SLgnal from encoder representlng actual speed

capture range. Any drift of the

noise, or temperature variations
If there is a deviation of motor

: detected by the comparator and a

"1s locked "to ‘the. VCO frequency, prOVlded ‘that 1t is w1th1n the

VCO_frequency caused by aging,

"will be followed by-the motor.

speed this deyiation'wiii be

error signal Wlll be produced

_ by the low- pass fllter, whlch w1ll cause the VCO frequency to

stay in phase with the encoder 51gnal, and also supply a correc-

tive 81gnal to the dc ampllfler,

‘opposite the change in the'motor

whose output w111 be varied to

speed. As a result, the:motor

©is forced to maintain the speed set by the center frequency of

the veo.



o CCHAPTER 2

~ SPEED CONTROL BY PHASE%LOCKED.SERVOVSYSTEMSE

_in tﬁi;;chééter,_ﬁhevéﬁalysis,énd d§sign of PLS sysfgms’
afe>discu§s§d.“.A modé1Ais derived for fhé”phaée frequency ae-
tector. VThis'moael_egplains why PLS bécomes uﬁstéﬁle at séme |

 defined>speeds.\ Also, the design réquifeménts'éﬁd fheumaiﬁ §r0—
- bléms énéoﬁﬁtebed in thé/implemehtation.are discussed. kTheée.
 ‘in¢lude thé system bahdwid{h, the ld;k range and the éééea varié— :

tions_of thé motor. -

2.1. . PHASE-LOCKED SERVO SYSTEM

VPhgse;lockeﬁ loop‘prihcipié éaﬁ be a?plied.to sérvé(syé;
téms in ofdef:fofréguléée-the motor speed. Thé VCO.ié’reélaced
by:an pqﬁer amplifiei ;Aa mbfor; aﬁ enéoder which generates
a_pﬁlse-tra;n‘gignal ihat.acéurafely'fep:esenté the:écfuai.motor
speed. - The,resﬁ}fing sy;tém ié fﬁe'pthefldcked:seryo_éysfem

'.fPLS) shown»in'Figure'Z.l." 

20
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FIGURE'2.1,' Phase-Locked Servo System.

When the system ln Flgure 2.1 is locked tﬁe refefenee
'ana feedback signals have the same frequency ana a consfant‘
:phase dlfferencer Any dev1at19n from’thls cqndltlon is detec—
ted,. flltered, amplified and fed back to the motor for speedv<

correctlon.

"Zhile the fundamentals of PLL and PLS are the same, there
“are several important diffefences. " These diffenenceS»give>rise
to different design requiremeﬁtS'andisystem components;e The

main différences between PLL and PLS are:

1. Frequency Range

’ . The frequency of the input eignai in PLL is'usually
"high and its range_is narrow. In contrast, the input frequency

of PLS is much lower and ifsvfange'ie wide, up to 1000:1.

2. . Loop Componehfs»
The,feedbaek signal_ie generated in the PLL7by'VpQ,

which responds instantly to ehaﬁges_in’command._ In PLS, the
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generation'of’the feedbeck sighal is done by the motor and an
amplifier which have cdnsiderably'ibhgerfresponse time, thereby

introducing additional lag in the‘loop.

3. Noise
- The main source for noise in PLL is the input'signal
" Which is usually corrupted. In contrast, the noise in PLS is

_.genereted_primarily‘by the,loop”eompqnenté.
2.2. SYSTEM MODEL

In this eectlon, we develop a model for the PLS deplcted
in figureezflc As a flrst step, weyeomblne ell_the‘llnear;'
edntinupue)componenfe,enamely the filter,btﬁe'pdéerneﬁp;ifier;:
ffiéger,circuit aﬂd the metor.; Tﬁé trensfer_functiedief thie
’cembinefion of ceﬁpenehts is the ratio_of fhe Leplaeeﬂtransform
ef>metor angulap"speed Qiéb the Lapiace transforﬁ of the phese
compapeter eetpetex._ | | | | -

F(s) = &lsd

o X(‘S)

Next, we c“nSLdef the optlcel encoder and the waveforms S (f)
vand s (t) by 6. (t) and G (t) respectlvely Slnce_sz(t).is aui
nonllnear functlon of ) ; we’ prefer to regard Gl‘ena-eé as‘the '
basic variables.>:Sinceuthe,encoder;produces n_ppiseelper.ehaft
revelution;eﬁhe phase 62-is‘ﬁ tires the engula£ shaft positioe.

The encoder transfer function can be expressed as
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6,(s)

H(S) = = ..n_
: S

w(s) ' S R

-~ The . last component to be conSLdered ls the PFD | Thls
is a dlgltal circuit whlch senses the leadlng edges “of the in- .
put signals and changes accordlngly. In splte of the varlety
of detectors, most of them can be descrlbed by a three state
“model’ where_tran81stlons arevcausen bytleading edgesrof sl.or"

FIGURE 2.2. Three-State Model of PFED.

‘When the ffeQuenoies of sl and s, , fl‘and f2 respectively,
_are the same and sl'leads, the-output'switches between ¢ and

‘Vs' If sl
be seen that the output w1ll be between 0 and V when £< fé"

lags, ‘the output switches between 0 and -Vgs-it.can"

~

;and between O and fVS‘nhen'fl.> r2.

It 1s clear that such a component is quite . complex to

describe by a transfer functlon3 and the develonment of the mode.
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‘needs to be tailored to its-behavior. »Accordingly; seyeralv

models were developed.

Average'output'undef'lock‘condition -- Whén'f )=:f2

_and the phase dlfference is constant, the output ®

will be statlonary, with a pulse w1dth proportlonal

to the phase dlfference 'Therefore, the‘average

>output 51gnal is proportlonal to the phase difference

6, wherepﬁ,; le— 62 ThlS model was suggested by

' Moore [5].

Average‘output undef frequency difference - When .

1

When the two frequenc1es are nearly the same,‘the

£ > f the output sw1tches between 0 and +V .

output stays for equal tlmes 1n»the two states,’ref'

,suiting’in’an:average of V /2.‘1As“fl'increases, the

output will remaln ‘in the +V state-for longer timesi

than 1n the 0 state,'result;ng;in an'increased-

Laverage. Consequently, the average output increases

w1th the frequency, as shown in Figure 2.3. This

model was suggested by R. Schmidt [6]. It is useful

s;n understandlng the acqulstion,mechanism‘of PLS.

t.These.two\mOdels'describe'thepaverage of the ‘output,

"and therefore cannot be used for stability analyéis. For this

.. purpose,

a‘linearized model is developed: The mathematical

details are giyen-in Appendix A,‘and'the'sumnary’is shown below.



FIGURE 2;33 Average Output Under Lock_and_LinearizedAModel.'

'q.' Linearizéd ﬁodéi~—; The lineariZéd_modél for PFD, .
when the reference signal has a period T, is that
the output x*is”6btainéd-byASémpling_the‘phase

differenbe, 9, by é,train,of impulses of weight

VST/2H7
o VT = B
L x == 1 oe(t) s(tikm) )

~ 2@ k=0

-When'thé PLS‘cohpbnents'are combined togethéf; they form the
‘ linearized'model shbwn‘in‘Figufe 2.4, This model is a basis

for the analysis and uﬁderstaﬁdinglof{thg systém.

. poBAIC UN\\JERS“ES‘ Kv‘“"“'*“‘? .
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|

-

FIGURE 2.4. Linearized Model of PLS,

2.3, DISCRETE SYSTEM ANALYSIS

In fhisusecrioh,vWe use the models deplcted ln F;gure

S 2.h to analyse the stablllty of PLS.- The analysis qf.the dis- h
dcrete system is more complex as_lt lnvolvesvdetermining;the
aharacteristies roots of the ioop hsihg techniqtes~of discrete-.
time SYStem analysis. Anaiysis of this diserete:model is mest
_:eas1ly done in the z- domaln where root: locus methods eanAagaln.
.be applled ’ ThlS 1nvolves-the z- trahsform whlch is descrlbed B
in most sampled data'conrrql texts [7[?‘l8[ and will not be

detailed here.

Consider the system shown in Flgure 2. 4 and deflne the

transfer functlon H(s) as:

: : ‘n-Vs T F(s). . S
H(s) = — Lo (D)
2L s . . - o
2
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The stability_of.fhevlbop'is'detefmined'by’thé_Chafac—

teristic equation
1+ H(z) =0 o (2)

_ﬁhére”H(zj is the diScreté trénéfef}funét;oﬁ‘whiéh éofbespénds
1?0 H(s) . »Tﬁe'systéh'isvsfable-aSv;ong as all the rooté of (2)
are Qithin“thé gnitléircule: Vquthérmope;’roots close to the
origin result'in rapidvfesponsérﬁhile foots,ciose té the unit‘

circle result in slow response.

As an illustration of the analysis, consider a system .
with F(s) of thé‘form'
'k - . o ‘ o — NG
F(s) = ——— o (3)
' se + 1 C .
Although the combined tpansfer fundtioﬁioffthelﬁbkerb
amplifier, filter and motor is‘typicéily 6f‘the thifd and
 fourth order, Equation (3) is valid only an approximation for °
" mechanical time constant of the'motgr iS’ofteh the dominant.

factor.
The resultant open-loop transfer function is

- s(sz + 1) '

" where
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, nk T Vs . - _ ‘
c= —= o (s)
21 ' - :

" The correspopding'transfer discrete transfer function is |8}

e e RO
H(z) = ==~ — 2 _ (6)
z-1 - e-T/z S . :

z—

- The characteristic equation becomes

.‘ o Z _’ Z ) - -— : : J .
1+ ¢l _T/zl = 0 _ | (7)
. L - e :
denote
B e_T/g‘

(8)
- then characteristiq>équation becomes
2

z° + z(-1-B-BC + C) +B =0 (9)

The stabiiity'of thé'systgm is examined to determine the condi-
tions under which the roots of Equation (9) will be within the
unit circle. In order to determine the stability, use the

Ltrénsformaticn
= LA = . : 0
z Iy | v (10)

This transforms the inside of unit circle, |z|<] intoAthe LHP

L cof the éomplex Qariabie A, thus enabling us to'apply the Routhé
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Horewitz criterion to

C(1-B)A" + 2(1-B)X + 2(2 + 2B + BC - C) = O () -
In-ofder for the rodts of Equation (11) to be in the LHP, all'
‘the coefficients in Equation (11) must haye the“same'Sign.
Fufthermore;‘as (1-B) is always positive we require the last.
term to be positive too.

2 +2B +BC-C>0 R (12)

This can be written as

c(1-B) < 2 (1+B) S (13)
or R |
'C‘<, 2(1+B) (14)

1-B
" The resultihg condition for stability is

¢C<2313 . (15)

Combining EQuation (14)‘witthquatiqns‘(S)‘and (8) gives .the

following explicit condition

- LT (eT/? + 1)
k- < T/e
o nVs T (e - 1)

“V'(lS)'
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_Equatlon (16) is the key to understandlng the stablllty pro-

blems of ‘@ PLS., Since n is’ a‘large npmber, typlcally equals 500

the allowed gain is usuaily small.

In- order to. evaluate the minimum veloc1ty of n Eq ation5

(16) may be wrltten as fOllOWS

4Hz’(eT/z

T (

+ 1)

n kg Vé < S (17)
EQﬁation_(l7j-represents a limif.for‘nkmvs as a function*bf T/Z.
"It is shown in Appendix E that for the range of interesting,
where T/2< 1, this expression must be aeeUrately.appfdximated
by

8llz”

0 kz vV, < (18)

Eqﬁétion (i8)séts ah'uppefllimit'fqn T,>the,periodfof the re-

ference signal
% o » - (19)

'This can be translated to an equivalent motor velbeity
T, = = ( ). |rev/sec| . o (20)

.mln . aT . 8llnz
max - B
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2.4, SYSTEM DESIGN

In this section,‘we.feview several‘important'pfob;ems
theh-arise in connection with the designfOE PLS syStems;"
,Indeed,hsyatems maY'hevdiffereht and they may have some spec1al
:speeificationa;~hoﬁever, there are some basic requlrements to
all PLS whlch are discussed- here.k The flrst_hequlremeht ls-the:
'fsystem bandw1dth wB, which determineé the‘epeedbof eystemfre- |
,dsp%nse to varlatlons 1n-1nput or load Thisvmay.Vary.betweeh
0. l and 300 rad/s, accordlng‘to‘the system:parametefs}'

The second requlrement describes the range of veloc1t1ea‘
b'whlch ‘the PLS can follom._ This range 1s_cal;ed,the lock range;v
It is characterlzed byfthellewer iimithLFand an uﬁperEOne; Qﬁ,v
~of the motprfspeedbmeasured in rev/s. The laat requirement're-ba
fefs‘to the_speed variations. _Altheugh this isjusually the most
impbrtant'fequirement_ef‘the PLS‘ there is llttle that can be |
“aaid about'it in”geheraig except that we want to keep the speed
iQEriétionS_as eﬁall’as'p5551ble. These.requlfements arerstudled

jbeloﬁ;

2.4.1.,  PLS Bandwidth
.*fIn'order to study thefbahdwidth of the loop, Wwe need an
equivalent continuous medel for it. It is shown in Appeﬁdide
that 1f the sampllng tlme, T, is.much smailer than the time

constant,;ts the 1mpulse sampllng may be approx1mated by a galn_
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of . Accordingly,>thé equivalent model is és‘shqwn in Eigure
2.5, N
- & *" VS ‘, K [ARRCS
TR SZ+

.
©
o

v]
~p-

'FIGURE 2.5. A Continuous Model for PLS under the Assumption
T << &, . ' o . - -

Thé“cnéradteristic equation ‘of the system is. given in Equation:
o

L —L . R Gy
"7_s._(sz,_+ 1) : ’ . -

where C,‘the equivalent gain is

c= —S o - *';.(éz)n

>..The lQop poles, as derived fpom.Equation.(Zl), énei

L -1+ j/ ucz -1 . e v R
P, = ‘ R ¢ 1
-2 e AU SR

-If we design the Syétem damping to be critical,
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P: B} ;w‘ + ju. _ ‘ . o ) (24)

C=uw, S s
ee T e
2w, ' S - ’

~B
‘Eqﬁétion.(?6) indicates the finSt‘difficulty in‘the desigﬁ;’ if;
_ yoﬁ‘want*fo héVé é cerfain bandwidth, youkmust'étart witﬁ a |
moto? which‘has the right timerconstaﬁt,zz . Cleariy, if the
mo%of‘timE:thsfanf is too sﬁoft;'oné cén‘élﬁays gehgféte a
loﬁgéf time Cdnstgnt.by,a filter. -anortunatély, iﬁ most éaseé;
~z;'is tod loné aﬁd the:probiéh,is to féddce-it;_ ;
This can be done by adding a velééify.feéabaék, a'cﬁrrenf\
feédﬁéék or several méthodé’Whigh :e&ﬁée:thé éffeétivé timé édﬂj
Stént of the'mofof; ‘Agsumiﬁg.that tﬁis requirement cén be sa-
utisfiéd,”we aré féaéy tokdiséuSs {hefloék rangé:pr§blém; def

simpliéity; we discuss the two limits'separetely.

2.4;2 Lower'Speéd Limit Qn

It was préviouSLy shown that a PLS system will .be unstable
-2t low speeds._ﬁThe‘deSign problem is to choose the-pafémeters;
of the system such that it will be stable af the desired lp&ef

limi .
limit QL
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.Recall Equation (20) and combiné‘it with-quation'(22)
“to givelthe lower speed limit

y | (27)

=2
1 )
I

- (<
min Yz

Négt, substitute EQuatiQns (25) and (26) in Equation (27) to~

give

Q ., = — | - | o ..(28)

This relates the lower limit, ©_ . , to theISYSfém bandwidth, Wy

min

in?

fItnis—clear from Eﬁuation (28) that'if_ﬁe'want to lower Qm‘
we must increqse n. However, there is a practical limit to-

increasing n due to cost and size. The common values of n are

Ly

500 and 1000~ One can double n by sensing the zéro-crpssing
times of the encoder signal, or increase it fhther by having

separate:snesors,’butvthis adds'fé the circuit complexity.

2.4.3. Upper Speed Limit QHj

In ordef for the loop‘to'follow speeds in the lock
;range, the.gain'hés to be such that when the PEDboutput‘varies\
befwéen the extremes, thé m6tbr speed willfchaﬁgé the lock-

range. Thus, we want

'AQ; = '1'QH - QL’ | | (29)‘
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On‘the-other hand, we can comblne Equatlon (29) with Equatlons

-

(22) and (25) to- express

N
(@]

2w : : - -
= =__._'B o ‘ (30
FUR B N £

.

Thus, once we selected wB,and-n,»AQ is determined,tand_it may;

or may not satisfy Equation (29).

Note that we' are concerned only w1th the magnltude of AQ
as compared w1th (Q - Qt), and not about the actual veloc1t1es}
The reason that the speed can always be shlfted by addlng a blas

voltage to the ampllfler..

The lock range problem, when AQ is obtained by Equatlonb.
(30) does not satlsfy Equatlon (29), is a_ serious one, and 1t
can be solyed in one Qf-two ways; The flpstbmethod ;s_to;dl—\
_vide the desired lock range'into several bands;\each being'nar—:c
rower than'AQ as glven by Equatlon (30) - A band selector
sw1tch prov1des the de51rable blas to the ampllfler,‘to Shlft
the speed to the deslred band, and the PFD can vary the speed
' ‘w1th1n the band Whilebthls solution is relatively 81mple, it
’_dls not acceptable in cases where a contlnuous speed varlatlon
1sbrequ1red >In those cases, one can’ use the second method
‘.ThlS method 1s based on the ldea of keeplng F(s) to be the samel
‘as 1n Equatlon (3) in the range of frequenc1es whlch affect sta-'

blllty, but 1ncrease the low trequency galn by the addltlon of
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lag-lead ﬁeﬁwork'G(s) of the‘f@rm

(s) = : _ __-(31)
-The lag frequency, a, is sélec;ed to be muchvsmal;erihAnan-
Consequently,'G(S) ~ 1 for frequéﬁcies about wg . S6 the actual

Vfilter tranSfer‘function, Fl(S), eqﬁals~'

: o _ s + ma k .
Fl(S) - Q(s)‘F(s) T Ts + a. sgt 1

‘The bode plots of F(jw) and F,(j®) are shown in Figure 2.6.

Y(Majﬁ}ﬁude]ds o
k --'-' -
. (m Js N
- EEEANCY
. [ I N .
: 1 N .
e TN
- | N t '
i | i;'\\\ :
a ma- /z "“\__’w

"Bode Plot of the Original Function, F(jw),
Curve (i); Curve (ii) the Compensated Function
. Fl(jw), - : ’ _ A .

FIGURE 2.6.

Noﬁe'that at . higher frequencies, the two functions are

-actﬁally the same. On the other hand, the dc gain of Flfs)'is‘
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is-Fi(C) = mk whereas F(0) = k. ' Thus, the lag-lead networkv
allows a gain.inCrease,iﬁ»AQ. This éiiows us to extend AQ as
'mﬁch as necessary, so the lock range is limited’On the lower

end'byrﬂmin, and on the higher end by the maximum allowed

velocity of the motor, or by the amplifier saturation voltage.



 CHAPTER 3

 THE IMPLEMENTATION

In tnis chapter, the deSLgn of a thyrlston flrlng angle
generator whlch uses a pulse w1dth modulator to convert the
analog erropryoltage into the dlgltal word and_the associated
: cifcuitry to”make np avcomplete#systemhare described., Tnecdi—
'gltal won& is translated into the tlmlng of a thyristor trlgger

-pulses so as to prov1de proportlonal control -of the dc component :

of the load voltage.

:Flgure 3.1 shows the block dlagram of the complete speed
:contfol system.l The system employs dlgltal phase locked loop
.control where tne motor speed‘ls controlled 1n_prec151on_w1thv
‘a‘conmano from‘a reterence ffeQuency.' An-anxiliety PLD'f;equency
Syntheslzer'is elsopprovided-to»genefate line synchroniged'clock

" pulses for the reference wave of the converter.

The speed of the motof.is-measured with.a digital tacho-

- meter which consists of a slotted disk mounted on the rotor

38
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FIGURE 3.1. Control System Block Diagram.

shaft and opto-interruptur sensor. A Schmitt trigger 4s used
to produce a square*pﬁlselfrom:theiphoto detector assembly

»outﬁut{

The speéd éoﬁmand freqUency fR and the actﬁal speg@ fre-
quency fy gre'compargd'in PFD to gener?te a frequénéy and phaéé— 
-seﬁsitive error'for actuating the converter;..Thé presént‘cir—-
cuit used the Mcusuu type PFD whlch has error characterlstlc |

as a. functlon of phase difference ¢ ‘and is shown in Flgure 3. 2.
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FIGURE 3.2. Error Characteristic of PED MC4344,

3.1. PLL FREQUENCY SYNTHESIZER

The fﬁndtion of PLL fréquency synthesiZér is to geﬂerate
’line-synéh?onizéd,¢iock'pul;es forlthévrefereﬁce"Wave'bf fhe_con_
‘bvertéf; In- the analog_égntpoleystem, the reference wave -is |
derivéa'erm the ac supﬁiy.»:fhe distoffioﬁ and transfents in~
thé maiﬁ:aé subply cauéé changes in the reference signél wave -
.fofm. This effedts'the tiﬁing of.triggef pulsés. PLL frequency
s&ntﬁeSiZer.cif§uit ﬁfodgcesla:firing pulse’forvthe thyristof‘
at the samé:§oint.on thevméins c&cle, regardléss~df‘the vafiation

" in the mains frequency.’

A biéckbdiégram‘ﬁf ffequéncy éynthesizéf iéfshown.in
_Figure 3.3,/”it generateékaﬁ_gutpu{_frequency'fo =-Nfi which
,,can’be'pfogfaﬁmed éifher by varying theTinpgt frequency fi of
by séttingAthe'modulus N 6flthé couﬁte?. 'Essentially‘it‘is é'

‘digitél feedback system in which the_fefebence frequency and



41

»feedback frequency are compared in the phase frequency and-
analogverrorvs;gnal proportlonal to the phase dlfference of
}the input nayes; is generated at the output of the loop. frlter.
The ampllfled error 51gnals actuates a voltage controlled osc1l;
~flator (VCO) to generate the de31red frequency i If the output"'
:wave.tends to fall back in phzse (or frequency), the error~vol—
,tage‘builds-up to correct'the VCO‘output such that'the.reference";
and feedback WaVes_always-lock’together in phase under'stabie

condition.

B N | uscoobz
ol Jeeld .m LIS

— 1 | Comp Xy : : ' ‘ ' :

L BT R R

3o {% he P
hal . ! -%.‘: \
o - B B . :‘
f. . o R 2 v 4} _-__26 s . {
s I ooy BN pewcy
 Gate drive ' " lonE V‘;OO‘H:
steering , & {swkor Carrier wave

T
CouvﬁtCr cleac 'f‘pu_\scs_

FIGURE 3.3. Phase Docked_Loop Frequency'Synthesizer.
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In this cerdcuit, PLL system can.fupctibn:as a fréquenéy-
séléCtive frequency multip;ieb. Wheg a frequency diyideriof
lco#nter‘;s insérted into the feédbaék'lopp between the‘VCO oﬁt-
put énd the compérator‘inﬁut. In the_circuit'df‘Figﬁre 33355n

external frequency divider consisting of CD 4040.

Phase Compéfator I; of MC u43u4h4 is used in this applica-
tion because it willvnot_ibck_on harmpnics'of the'Signal_input
reference frequency.

3.2. PULSEWIDTH MODULATOR

" .PFD genefatés'an'analog error VOltage.which,is_prbpor-"
tional to the difference in frequency or phase between the inputé.
This error voltage is converted to digital error word in pulse-

- width modulator éhownvin FigureIS.H(a) and (B).

_The comparator{reéuiré; two input signaié.. One signala,

3 is;altriangulérAQavqgafAfiXed freqﬁency]aﬁd amélitude;vnfhe otﬁér
'signél‘is'a variabie d@fvdltage tﬁat .comes from a phase;frequehcy’
"defeéédr; OpérAfipn is.éhéwn.in Figure 3.5. B

'Iﬁ:situatipn.l, ﬁhé direct voltage is ﬁigﬁgr at all'timeS»

" than the friangﬁlarsanQ'Lé&ei;ﬁaﬁd'fhe oﬁfputgié a:édﬁﬁinuoﬁsiy 

" high signal.
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———=— prp

o MC43lh
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ONE +
SHOT

OP\‘\'cal sPeec{'
»enxoder ’
a) |

1}

L M3l

A q!o e
(5) CO:"F:cxar-a{or

FIGURE 3.%. The Basic Explanation of the Pulsewidth Modulator:

~In situatiqh 2, the friangulaf wave exceeds tﬁe ac inpﬁt‘r’_
'for only é‘very_sﬁgrt“period;'and;thus pfoduée;va_naffow,.low |
volatage puise on théldﬁtpﬁt waveform. In*sifuation 3, tﬁg dc
level:isibelow the averége triangular wave. Thﬁé,»the iowAperiOd
v_iof the oﬁtpuf’éignal is greatéf than the high ﬁeriod. .In situa-
“tion 4, the7refer§ﬁCe ie&el is below the ffiangular ﬁaie1level
iniall fiméé,‘thus'giVing'low éompabator butpﬁt.::The:comparéfpr

Circuit'dan.control'pulsé widfhs from full-on ﬁo full-off.
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FIGURE 3.5. The Operation of the Pulse-Width Modulator.

The trlangular wave is. derived from one of the PLL fre—

quency synthe51zer outputs, (400 Hz carrler) A 400 Hz square

wave which is derlved from PLL is 1ntegrated to transform to a

trlangular wave “and is then biased such that 1ts maxlmum and

mlnlmum values correspond to these of the error voltage.
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~Figure 3.6'ShoWs the generation of triaigle wave from

.-,

. ’ i
Square wave.

400 Kz
_carner
Wove

A-’rVg

. COMPARATOR = R
R : INTEGRATOR © BIASING

FIGURE 3.6." The“Generation of Triangle Wave from Square Wave.

The analog signél (the output of thévPFD5‘isAc§mpargd
‘f6 tﬁe'triangﬁlar cafrigr wave and thevoutpuf gateé an oséilla—’
top,' The pulsé.train is coﬁntéd'on‘achﬁnter_which cé;responds
to a diéital‘word, At-the'fréiiing édggrbf tﬂe_pulse frain;
| monéstable puiseé‘load tﬂé counter content to the latch énﬁ‘

‘clear the counter in sequence.

The érror signal in the latch is refreshed four times '
every“haif.cyclé of line wave and is ébmpared to the reference
counter. The thyristor firing pulses are generétedvaf the

crossover points. Figure 3.7 explains 1its waveforms. -

The]details.of the puIsewidth'mpdulatbr circuit are

shown in Figure 3.8.
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FIGURE 3.8. Complete Circuit of PWH.
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'In this .circuif,‘_‘errd'r word is modified fo.\ir times every
half—cycl-e‘o‘f‘ line wave. La'i:¢11-vis used for bstoring fhefse foﬁrv
yalues. The -binary compka'pat_or éqmpares_ the _counter"ar‘ld t't:le'
latch outputs and generates a pglse at the cfosébver point which

corresponds to the delay angle'.‘

“The preference counter curcuit waveforms are shown in

Figure 3.9.

creae L

J‘LI’U"L COUNTER
cLoCc K _4-Bt

25600 Hz \L 1 ‘L }/

LR v ' o _ -
. /’\ 50 Hz L»S:‘nic Waye . . '
5 n\\g\‘;/;//ln | o

50 Hz sguare wave - "

M3R

: : B o j,lOQ vz
e " Counier
ﬂ . ’_] S _! c\ear ‘;u\icS
1 ek
ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂnnn PL‘SQS B
. R
‘ ; Counter
‘ ou_tput
X ,

2

FIGURE 3.9. The Reference Counter.
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"3.3. - THYRISTOR DRIVE CIRCUIT

The ohtput‘bf the comparator extends from'al to II. This

output is gated by a pulse train from an oscillator. These

pulses are coupled'to the steering circuit. The steering cir-

-cuit direcfsAfiring pulses to the SCR's which have positive

»anodes,'ifeQ;'Qi'and Q2vih the positive half éyéle_apd Qg and.

Qu in'fhé negatif half-cycle.

-The @etails of the thyristors drive circuit are shown

| ' | é__fy?‘)s To THYRISTOR
Z% % FL earzs”
5¥eerm9 C)l"cu, QA :

in Figube 3.lQ.

Pu \sc Tr

| oM TS R
| a /\

Q, To THVRugoﬁ

. l - GATES
SE
3 - . ——_—J\—_‘ \ Pu\;e_Tr_n |
[ T s B o
S0 *Hz g\\unr.‘ wav & )

FIGURE 3.10. Thyristor Drive Circuit.
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3.4, CONVERTER

Coﬁvertef'regulafes fhe amouﬁtﬂ?é.Powe? transferred from
én ac Supply to a dc ;oad;l D.C- motqfs céntrolled by:thyristor
converters haQe‘bebdme'tHe ﬁqst popular‘fobmv§f indusffiai ?ari—
able'speed dri§e. VThe thyristdh'cohveffer has thé:advantages
of high'réliébility,Aeffidiéﬁcy_and poWéf gain coupled with it$

“small size and fast response.

The speed control systeﬁ described in this thesié»employé

'a single phaée‘full-bridge converter apd is shown in Figure 3.11.

o*
D.C.

Cexcilobon

0

"FIGURE 3.11.

The field current. supplied tHrough a diode bridge recti-.
‘ fief, is maintained constant but can bé réVefsed for speed re-

versal of the motor.
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The basic priﬁciple of thé‘ slirvug‘_ie _p:ha’s_é bridg'_e."co.nverter
ca‘n be ex.plai:ried asl,follows: ‘The load impedance can be a pure.
res’vi;stive _1ovad-‘ or a‘ resistivé | in"ductivvev,{lqad‘ ( f'or example‘_ rvnvoitorv)'. ‘
Figure ‘3. .12 | shows . thé 'éc .sourc;.e; voltégé Waveformf FY:Figu’ré 3,13

shows the load voltage waveform for a.p_ure' resistive load.

AV

V‘ FIS 5 {2 | a.C. SOQVCQL \iol{qg; L
;‘ E SRR IH C}Q\O‘ (\r\ \Q_ (o() .
~—Firing delayiangle (=)

<

b
rd

wi

Fig 243, Laad veollage

waveform
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- At time SCR's 1 and 2 are tdrned oh 51multaneously, and
bithe voltage supplled to the load is the ac source: voltage 1ess:
the dev1ce voltage drops | At time t SCR's l and 2 .are reversed
blased and turn off and load current ceases. At tlme f s SQR1
3:and_4 are turned onﬂahd evenvthough the ac source voltage'has
'reversed' the voltage applled to the load has the same polarltyg
as whengSQR s 1 and 2 are conductlng.‘ That ls,'the load voltage
ls'unidifeotional;'and_has‘ajmean'amplitude \émY{ .fhezlnterval1g

to f/is known as the fifing delay angle S

Increasihghthe firing delay anglerx reduces the meah |

output voltage, as is;Shown'in"Figﬁ:e 3.14.
’ o ‘ LOCIG) vo“[oac.
| : w\e_om. \nc\a vo\{ooe Vj-u
= .
et

' FIGURE -3.1%.
"By varying the firing delay angle & fromrko‘degree to
180 degree the mean.outputfvoltage is varied from. its maximum

to."Zero..

“In this study,  the converter»uses_the digital version of
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éoéine_wavé-corss;hg_methbd.,'As we know, the ﬁosine»wave cros-
sihg mgthoa_is_commonly'used‘for_generating ga£e>§iring signals.
vbf‘the thyriétors.v AYQOAVentional'metﬁda consistsqu_comparing
fa cosiné.ﬁave generated from an.synéhrqnized to the a.c. SOﬁPCé,”
 wifh a variable:d.c.zreféreﬁce voltage by meansAofia comparafof_

as shown in Figure 3.15. -

Cgsine.

Yc{ erence N
' v : PULSE o N nd
: COMPARATOR— 2 & neaaTor] DisTRUBUTOR—>

"~ d.e: referen ce

- FIGURE 3.15}’_The‘Cphcept of Cosine-Crossing Firiﬁg>Contrbl."

As the ampii%udé of the d.c. reférence,signal'i;vyarigd
the point of‘interSeCtidn Qith the coéine:timing.curve_will |
..vary, and a,firiné-signal can be genérated d@rreéponding to the‘
ﬁoint of intérsecfibn'and-a result_tﬁe'fifing delay'angle éan_‘
.be varied as desired. Ho%evér;;uﬁless the d.c. reférence signal
is varying, the,mean output voltage Will peméin gonsfant;

In the digital versiqn ﬁflthe method;-ébsiné refereﬁée,
wave ‘is thewoutput of the_féference’countéf.f This oﬁtput'is
appféxiﬁately ra&p fuhction;‘:ihe ramp»fuﬂétioanéfineS tﬁe
timing of tﬁe_firiﬁg pulée in thé poiﬂt of intefsecfioﬁ with . -~

‘the 8-bit control input. The intersection is ‘done is‘the digi-
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tal comparator. The output of the digital comparator drives
thelthyristor.dri?e'Circuit.. The'cbnt?ol method of firing

pulses in the cbnverfer'isvshqwn in Figure 3.16 (a) and (b).

clear ‘bu\ses

(.\OD HZS '
1 BoRit | " - ;.'
Clocw COUNT§Q : . B
(2560¢Hi) _i |
| NYA
TNGWAL‘ B 24&
Comp, >

R

CoNTROL

-

FIGURE 3.16(a). The Block Dlagram of the Timing of the Flrlng
: Pulses ‘ ‘ .
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'255 ' 256 5
/ , 3-Bit conrol
L
1

;(/// lrpuf

ﬂwa nypx_T R
/D‘( dj\""‘t Com?ﬂ\'q{or
=, (,' 'Zj;.’.a.~ — A“ o wf'\

Fl'rinﬂ A}\Slt’-

FIGURE 3.16(b). The Waveforms of the Timing Firing Pulses.
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3.5. AN ALTERNATIVE METHOD TO THE TIMING OF FIRING PULSES

In aﬁpliqation where the lineér,rélatidnéhip bétween the
ayérége“voitagé and the éontrbl.input is‘desired; EPROM can beA
ﬁsed.- The'dElay_anglebin our3proposed,ci:cuit was proportional
to thef;qntrdliinput: In-this,éase, wé haye,a non7;ineaf rela-
fionshi# befween.fhelaverége voltage. and”thevcontroi'iﬁput;
‘By_;dding_a PROM, the deﬁay angle‘cah be'made'prqbortional to
fhe;arc—cosine of the cohtroljinpﬁt; PROM is préérammed to ¢dh— 
-vert the linear;digital fam§ to a cosine fampfto thevcounter
oﬁtput.k | ( |
The block“diagraﬁ'aﬁd waveforms of this appfoach is

‘'shown in Figufé 3.17 (a) and (b).
'3.6. DIGITAL TACHOMETER -

Digital tachometer is the optical_épeed encoder. The
‘disc is shown in~figure 3;l8(a) and the complete assembly for
" measuring rev/sec (revolution per second) is shown in Figure

3.18(b).

A;Sume that the totalinumber of holes, evenly spaced
around the cifcumference of the diSC aS shown, is N. For every
complete revblﬁtiOn, N holes w¥1l pasé through thn pickup head,’

consistihg_bf.the light source and the photo sensor. The number
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'5of_holes passing the head in 1 second is a'direct.meaSure of
" the speed of rotation, rev/sec = n/N. One electrical éycie

eonsists of a hole and space.,"The'dptical-speed encoder gene-

rates'é,pulse train of frequencyueqﬁalvto'~

N .- w
-m

21

where N is the number of holes on'the'perimetérfof the erncoder
disc and mﬁ"ié’the,mofor speed (radian/second). Since,the motor
‘.vshaft'encbder,angulér position is equal.to the integral of its

spéed, the encoder transfer function can bé expressed to

- 8 _(s)
Ht(s) = _Ln—-—.. v: N/s

o

The.phbtb sensor Qilljbé»seigcted_to yield a»anefofm.hsjshown‘s
“in ?igure.3.18(c). .The(rise‘time'of the sensor must be such-
that the signal wili.reach‘aboﬁt full vaiué'during thé'time fhg
.ﬂ»photonsenéor is.éxposed to‘tﬁe_light sburce as a hgle passés.
thr&ugh;the head. Thé_féli tihe‘mﬁs;-ﬁermit_é,subStaptial deéay
to the dark state during the tiﬁe a spéce.pasées tﬁrouéh tﬁe

head.

The pulse train.which generates digital tachometer is

:shaped fhrpugh a Schmitt_friggér and fed to the_phaseefreQuénéy

detector input.
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" CHAPTER &

4.1. DIRECT CURRENT MOTOR

Thé patihgs of‘thé-d;c. motor,uséd are 3/4 Kw;_l25y, 6A
and 1450 rpm. Starting from tﬁé differéntiél e@uations gp#e§_
ning'fhe operation'ofvé:séparately éxcited dfc;bmbtor ﬁith con-
stant fiela éxcitéfibn} théﬂtransfer fun~tion is develgped.

Equationé are simplified by méking the following assumptions:

1. 4fhe’static fuﬁctién{i; negligiblé}

2. bApmature ieacéiaﬁ is negligible.

3. The afmature'resisténceAénd inducfance”can be
regarded as c&nsfént}. |

4, Armaturé”induéfahce is much largérithan'the source
indﬁétance._ | | | |

5. Brﬁsh.andvthyristor voltage drop is negligible.

WithftheSevsimplificatibns and assumptions the following set

58
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of differential équations are obtained:

dw . _
dt L

Assuming all initial conditions are zero and taking Laplaq

transforms, we obtain the following block diagram:

/ : +Z,%
ES(ASX , ‘

¥

Py 444
The motor transfer functiohlfof T, = 0 can be expressed

as
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(s)- : kg

V‘s)A (R Lai)(D + Js) + kEkT

_wheré Ry> L

a? J, D, kB'andvkT are motor parameteﬁs. For most

.casés, the motor electric timé'constant ZE = La/Ra is negligible
compared to the mechanical time constant Zﬁ =1J/D,'so that the

motor transfer function can be written as

k Tk

COH_(s) = —r - 1.
: R Jdg +;kEkT,+ R, D R J s +~lﬁzm1
where
' RaJ
Fm kpoko + R_D
EXT T
If the viscous friction torques are neglected (D = 0) the motor

-

transfer function becomes

: Hm(s)_= ko 1 @ + 1/zhi\

where

 km = l(kEzﬁl

'BY'substituting'éxperimentéllyVdeterminéd:circuit_andfmotor

'pafareters (Appendix D)
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[

1 , e
k. = —=—— = 2,22 . V¥stor gain constant
1-0.45

..

2.22

H_(s) =
m s + 2.22°

4.2, EXPERIMENTAL RESULTS o D - .
"~ In Chapter 2, it was found that the stability of the PLS
is related to thexéystem-géin K. The felation was

41l (eT/% 4+ 1)
’nVST(eT/ZK—‘l)ﬂ

If the speed is lowered furthef, instabiiity mé&lreSQlf
and it is desirable to define thésé‘limits anéljtiqally, It is
obvidusly_diffiCult to evaluate éllimit'oniT in this_expreésion
~in closed form. Fof;a speéific spééd, this expressioﬁ éan\be

~solved for the'maximum stable gain and such results are presen-

ted in Table 1.

Referring to_Figure,Ai%,, the samplihg rate‘T'is'SPeéd
- dependent "and .its expressién is:

n - Q

'n - the number of holes in speed encoder.le/rev/secl

8 - the speed of the motor {rev/sec]|.
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- TABLE 1

Stability Limit‘of_Gaiﬁvfor a Specific Speed

‘:‘Speed»(rpm): ' - Maximum Stéblg Gain -
5. .. : | | N . 5 '
‘10 o _  - . 20
20 . 80
30 I No limit
vo No limit

The system gain K is measured for a specific operation

point. This value is 100.

For a system gain X = 100 .

B T N
8lnxz © 8IlxL48x0.453 . '

o KV o o
‘Lock range = - s £ 0.75 x 100
. I o 3.14

= 1433 rpm.
Experimental results bbtained with a:pfbtbtype system
intended for a separately excited 3/4 KW d.c. motor are given

below:

n

‘q

nin .ls rpm

[1X]

"Lodk fange 700 rpm
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'The reason for these.results can be eXplained by -the
_fact that the approxlmate model developed prev1ously is no

longer valid for hlgh Speeds.

An alternator supplylng a re51stance bank was used as a
load for . the motor._ Therefore, the load torque is proportlonal

sto the motor speed.

With heavy loads'and‘at high speeds,‘synohrouous_control
'dwas-obtalned with predlcted performance. However,swith light
':eloads and at low speeds, speed huntlng Was obServed ~When this.

’happens,.the motor speed osc1llates about the de81red value with
.;a‘nOticeable'amplltudej It was observed that with light loads
the motor armature current was dlscontlnuOUs. ~This’oan'be ex-
plalned by the fact that the approximate model developed is no
longer valid for dlscontlnuous motor.ourrent operatlon.,:Another
reason fOr-thisiis the:meohaolcal errors in the‘speed-ehcoder.
Mechanioalfirregularitles:infthe'eﬁcoder produee ah error,whieh
ls*applieddto the_phase;detector. VIffthe frequency'of this
error'is out of the.system handwidth it will uot'cause-speed
.variatiohs. However, when.the error frequency‘ls sufflclently
low,‘speed dlsturbances result. Further study is therefore
rueeded}to better predict syStem behavlour'for_thls*condltlon

Vandfto eliminate the”speed hHunting problem.

Motor'isploaded by a d.c. generator,feeding a.resistive
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load from no load to full load torque of 5.5 N.m.

‘Performance of the system to step change iﬁ load torgue

from 1 N.m to 2-N.m is shown in Figure 4.1.
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Response of the SYStem to a step change in trigger angle

. or étep changé in applied voltage is-shbwn_in.Figure 4.2,
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4.3, cdncLUSIQNs 

A'digital sfeéd control has béen'describéd in this
thesis ﬁhich prévides the advantages of ffeedom from drift
-and offset errors, immﬁnity'of the controlvfrom,traﬁsiehts
and diStprtioniof éqpﬁiy voltagé,{and permitsvihtegration'
Tof the'control circuit. In additibn,iphase loéked l§§p (PLL)
contrbl‘iS’provided'whichipermits:speed coﬁtfqlrwith high |

'~ degree of precision.

A complgte speed»contrpl systemrempléying a d.c.
separétély excited 3/4 Kw.ﬁotbr has beéﬁ'described and.analy—
,sed, ‘Although the actual syStemfisfa nonlinear s&mpléd -
»data 6ne, a linéar,sample data model developed reﬁresenté
:thé_syétém\performance accuratély.’ Hoﬁéver; in.experiﬁents;
carried out if was seen that the lock range was lower thaﬁ
'prédicted and'speed huntiﬁg was ekperiéﬁqed especially uﬁder
light loéd conditioﬁs; These could be due-to'discogtinﬁify_
. in the armaturevcurrént aﬁd?to non;iinear gain bf the,powgf-

- amplifier which_wés assumed to be linearf Theispeeé.encodef
mechanica1:irfeguléritieé élso mighf be the causélof thesel
:problems.- With 48 holes used, the range freqdéncies which
the filter‘héédthd act upon is véry}léfge‘and_it is diffi-
cﬁlt to design a_filfer with constant gain thréﬁghogt the
'rénge. The use of profes$i6nally1perﬁced‘eﬁcédefs giQing

up to 1000 pulses per revolution is bound to improve the
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'systemioerformaace}

VaIn epite_of'the above’shortcominge,.the advaﬁtagESv
vobtained-with respect toAaccuracy, syncﬁronization capability
for sectional drives, low cost and lntegrated nature of the
~ecircuit- justlfles further work on the subject preferrably
w1th a three- phase fully controlled bridge using dlgltal

cosine wave crosslng method to obtaln 2 linear gain..



~ APPENDIX A

LINEARIZED MOLEL FOR PFD

The'objective of "this section is to derive a linearized-
model for'the PFD under locked condition ‘and constant'refefénce'

frequency..

Assume, with no losses of genérality, that ‘the reference
signal leads thé’feedback. The output X of the PFD will be VS
during the time interval betweenAfhé leading edges s

l_a?d Sy

as.illgétratédAin_Eiguré,Alﬂ'

respectively are:

VThe phase 61 anq’e2 Qf'sl and Sy

S (kT) = 2Mkt (A1)
0,(kT + t,) = 2113 e - } o (42) |
Denote ‘
S S T | (43)
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.FIGURE Al. The Input s, and s, of PFD and the Output x. .
‘The PFD output is =

KT <t < KT + ) . .

(A4)

elsewhere

Now suppose that the system operates around a nominal
‘value of O, but that some small variatiohs occur. Thus, 6 will

become 8 + 886,
8 > 08 + 86 - o ad)

Since the reference-frequeﬁcy is constant, (A5) can occur only

if a change occurred in 6,¢
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6, > 6, - 88 : ' o (A8)

This will result in_é changé'in,the’duration_of the output

' pulses,

t, >t o+ 8t . (A7)
and a change in the output
SR v ox ot 6x o o (a8

" The ﬁethod:tp be‘ﬁSed.here is to defefmine the,reiafion;v
‘ship between 6x and §6. This reiationshipic§ﬁstitutes thé |
' lineérizéd‘modél of the é§stem.A Note thgt thé new égisé'dura-
-tiénsuare such'thatf(AQ)'muSt ﬁ@ld. " Thus,’

" + 8t ) = 20k (Ag)

ez(kT_+‘t ‘+ stk)._ GeﬁkT +_tk
Since 66 and Gt_arezvery-smallg‘we cén expand (A9) by .the

Taylor series and retain the first order -terms.

de..

o . - .49, . )
462(kT.+‘tkf;+ g;_ (kT.f t, )8t —,§6(kT +‘tk) = 20k (Al0)

Simplify'accordiﬁg'to:(AQ); énd_hote that

T ae, o , . SRR
— = w0 - (a11)
dt RN | |
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 Equation (Al0) becomes

w(kT‘-‘i— fk),atk‘ -ch_QA(kT»+ t) =0 o ‘(A12-)

88(KkT + %k) | ,
Gtk = — o N o - (ALl3)
' o(kT. + t, ) ) '

Since the frequency is nearly constant, we can write

_ 1 ‘
atk‘- = §6(kT'+ ty) (Aly)

Then the resulting change in x is a pulse of duration Sty .«

B | v .- -ET +».tk < t < kT +'tk + 6tk | )
§x = : _ » i o C(AL1S) -

o - . 0 elsewhere

‘Sincelétk~is'&ery small, we can approximate the series bf‘
pulSes;df (Al5) by a series of_impulses‘pf'the same area. Note

*that the‘area, A of each pulse is:

<

Sy §r oS oy S
A=V 6t = ;ﬁ SO(KT + tk) o (A16)

. 'This is{équiyaientvto the product of 56'and_a-$eries of impulses

of weight N;/d; ‘Thus,

§x =

§6(KT + tk) 6(% --kT - t
0 o .

) -~ (A17)
k= B

K)o

-'sl <:‘
wn .
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Note that if the frequency is constant, t, is constant, and we

k
can shift t to eliminate t, in (AI7). Also note that w = -,zf-n- .
‘Therefore,"
VST o ' : o
§x = — I 86(kT) 6(t - kT) _ . (ALl8)
21 -~ k=0~ : : '

3Thus, the linearized model of the PFD is the'Samplihg of

by a train of impulses of weight V_T/2I.



~ APPENDIX B

* CONTINUOUS APPROXIFATION OF THE SAHPLING PROCESS

Consider a system with an impulse sampler and a low

pass,filter,.as shéwn~in-Figure Bl.

R L(jw) )
st ) ——

FIGURE Bl. A Sampler Followed by a Filterf
 Let the sampling periodvbe T and definevms as
= = S ‘ . Bl
g T E . (B1)
" The impulsé—Sampled signal, £i(t), is giyen'by :

:721'__



CER(t) = £(r) f 8(t - KT)
k=-o

We can replace the"Summation in B2 by its Fourier series’
sentation. This results in
—jkwst

FE(t) = £(t)
' k

no™S®§g

e
T

-0

Now assume that F(jw) is the Fourigr transfofm,of £(t).
f(t) « > F(jw)
Recall the frequency-shift theorem,

M E(t) « > F(ju -0

73

(B2)

repre- .

(B3)

(34) A

(B5)

In view .of B4 and B5, the Fourier transform of-f*(f), F#(jw)

. équals

F(j@ e_;kws)

=TT
1™ 8

‘f*(t) <« F*(jw) =

-0

k

'Thus, F*(jw)'is periodic in w, as shown in Figure B2,

'However,-if the,bandwidth’of.the'ibw-pasé filter,

is much lower than wg the_side lobes will be attenuated

(B6)

L(jw)

and

will not'affect.the system. Therefore, they may be ignbred and

F#(j ) may be approximated'by'thé center -lobe.
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FIGURE B2. Magnitude of F#(juw) Versus w.

COFRGe) TEEGe (D)
and thérefore,f.
wevy = L ‘ : o | . :
£E(t) oz £(t) - o (B8)

T

Thus, if an impulse sampler is follewed by a low-pass
filter whose bandwidth is much narrower than W, s the sampler

may be approximated by a gain of 1/T.



APPENDIX C

A APPROXIMATION FOR EQUATION (17)

Consider the function f(x)

x(ex + l),
—

' f(x)'i

(c1)
This function may. be represented by its Taylbr series. Since
the function f(x) is'even;_the series contains only even powers
: Qf"x.

f(x)-=_2_+%'x2_..~. , IR - (C2)

" Next, cbhsiderxthé_interVal 0 < ¢ < x, and define there‘é.

| function

i g('*).F.f(;{), : SR L (c3)

In view of (C2), this equals

75
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(e +-l)f _

=2,
L B S

g(x) =
- x(e

+

(cu).
v For small valugs'of 8; g(x).may‘bé approximated,by fhe_firét
- term of the series.

X - ‘
e’ + 1 .~

x(e® 2 1)

xmro.“

(csy
Noz substitute xf=‘T/T and multiply both sides of (C5) by Bl

-~-_unr(eT/T‘+'1) - 817 2 "v ' t(c;)
T/t -T2 . R R
T(e "~ -1) T . : .

. Equation (C6) ié the apprpximation suggestéd'by (17)r Clearly,
this approximafionvintroducés an érror which increases as T/T

grows. Some values of the approximation error are given in

Table Cl.
_ TABLE Cl
_Approximation Erpoh
T/t 0.1 0.2 . 0.5 1.0

Approximation
~ Error

It can be seen'that the errors are small when T/T << 1.



APPEDIX D

»_MEASUREMENTS OF MOTOR PARAMETERS

The armature resistance R_ 1s measuring applying dif-
ferent armature voltages and having corresponding current

‘values. The average value is found to be 3 ohms.

Armature inductance La measurement is made by an a.c.

bridge and measured to. be

The back e.m.f. constant K of the motor is obtained
2 rated field cur-

r at a

o
oc
O
-
[t
I
v
ot
[0}

“by. running +he machine 'as
= B
erated voltage to speed

.
e

rent and calculating the ratio of
which is found to be 1.06 V/rad/sec.
The motor torque constant KT of the motor 1s measured

AT
.

Lot

to be 1 N.m/A. In ideal, it must be equal to K

77
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‘The tOtgl motor armature, generator and tachogenerator

inertia is calulated from

whefe o is=the‘accelerationjobtaihed from acceleratioh
recordings, J is the total inertié of the motor and load and

T is the sum of the ppoduced,torQhes., The total motor,

generator and tachogenerator inertia is found to be 0.15 kg.m
. , S 2 | _ . :

2
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