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ABSTRACT 
\ 

The object of the thesis is to study the speed control 

of direct current motor by using phase locked loo~principle 

and compare alternative methods applied in practice. 

The operation of phase locked servo systems is described 

and a linear discrete model is developed to describe their 

behavior. This model explains the observed phenomenon that 

the system becomes unstable at low speeds. Also discussed 

are the design problems, speed variations, and the extension 
. . 

of lock 'range by lag-lead networks. 

A phase locked loop speed control system: incorporating 

a digitally cont~o~led single-phase thyristor bridge is 

described and the experiment'al results are given for the case 

of a separately excited d.c. motor. 
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, . , 

B~ tez gal1~mas1rida bir do~ru ak1m motorunun saY1saI 

eyre kiIitIe~eIi cevrim prensibitie g5re h1Z denetimi ele 

a11nm1~ ve uygulamada kuIlan11an di~er y5ntemlerle kar~1la~-

Evre kilitlemeli'gevrim dfizen~klerinin.gal1~mas1 

anlat11m1~ ve davran1~1n1 belirleyen dogrusal ayr1k modeli 

geli~tirilmi~tir. Bu modelin dfizene~in dfi~fik h1ilarda niye 

Ayr1ca tasar1m' 

sorunlar1, h1Z de~i~imleri ve ileri-gerl (lag-lead) sfizme 

devreleriyle kilitleme aral1~1n'1n geni~le.tilmes! de inceIen-

mi~tir. 

Denetimli silisyumlu do~rultmaglardan olu~an tek 

evreli tam dalga k5prfi ile serbest uyarmaI1 bi~ doiru ak1m 

motorunun h1Z denetiminin tasar1m1, uygulamas1 vedenenmesi 

eyre kilitlemeli gevrim prensibine g5re yap1Im1~, deney 

sonuglar1 varilmi~~ir. 
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INTRODUCTION' ' 

Sp~ed control of electric motors is a common requirement 

in industrial processes. Various' analog techniques are' proposed 

fro~ time to time and many of the~ are now in common use. The 
! 

general procedure is to sense the l angular speed, compare ~ t wi th 

the 'desired one, and, develop some eontrol signal which acts to 
. • _ 1 • -, 

bring the actual s~eedto the desired speed •. 

With the recent advances in digital technology,digiial 

techniques, are replacing the anal~g techniques with respect to 

measurement of speed and produc~ion of 'error. Speed control of 

motors by Phase Locked Loop (PLL) servo systems is becomiri~ i~-
, , 

cr~asingly popular. Most of the methods us~ phase locked loop 

in which an encode~ mounted to the mot6r shaft provides a pulse 

train signal, rep~esenting its speed. A referen~e p~lsetrain 

and encoder sig~al are applied to apha~e detector, the output 

of which drives the power amplifier and the motor, which, irt 

this way', behave like a voltage controlledosci'llator (Vea). 

1 
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This thesis ~eports the work c~rried out for the develop

"ment of a motor control circui try~"for a' dc motor us ing phase 

locked loop techniques. The purpose of su6h ~ control lOOp is 

to provide very accurate speed control, repeatability and s~~-

cJ'onability. " 

The proposed circ~it is based on the PLL principle. The 

effects of discrete phase detector output are explained ~nd the' 

stability limits on speed are predicted. Compared to a analog 

. system; this system is simpler, cheaper and piovides speed con~ 

trol with extreme precision. The schema is especially suite~ 

for applications where a number of motors are to run in synchro-

nism without any mechanical interconnectio.ns. 

• , ; 

The system is basically made up of the following units: 

a. A phase detector which compares the phase and 

frequency of the reference signal with those of " 

the encoder signal, 

b. A lag-lead' filtering utiit which filters the PFD out-

put and extends the lock range, 

c. A thyristor bridge whose output ~s varied in 

accordance with'the filter Qutput u~ing puls~ 

width modulation techniques. 

d. A separately excited d.c. motor coupled to a d.c. 

generator for loading purpQses. 



In Chapter 1, a survey of dc motor speed control 

techniques is given and PLL servo system is introduced. 

3 

In Chapter 2, the theory' of PLL systems is developed 

and using the z-transform analysis, the system stability and 

lock range is related to the system parameters. 

In Ch~pter 3, the implementation of the system is.pre

sented, the design of various units are described. 

Finally, in Chapter '+, the experimental results are given 

and compared with the theoretical expectations of Chapte~ 2 . 

• 
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CHAPTER 1 

DIRECT CURRENT MOTOR CONTROL 

The ability to be able to control its speed by variation 

of the ~rmature voltage or by change in its fields current 

gives the dc motor great flexibility of operation. The fact 

that its torque is dependent on armature current and air-gap 

flux enables. it top~rform satisfactorily even under the most 

arduous duty ~ycles. 

As a r~sult, dc mot~r has been extenstvely used in all 

industries and in all environments wherever variable speed ro

tational·drives have been required; io drive factory machihes, 

trains, printihgpresses, mine hoists pumps, cranes, steel mills, 

ships, fans, paper making machines, conveyors. 

1.1. DIRECT CURRENT MOTORS 

Since its invention in the late 19th century thedc motor 

has been r~cbgnized as an id~al means of obtaining controlled 

4 
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rotational motion and great numbers of dc motors are"still made 

today because their characteristics are sowell sui ted to many 

- vari~ble speed drives. Their inherent characteriStics lend 

themselves to high starting tor~ues, which are require4 for 

traction drives. Their speed range is large both above and below 

the rated values. Finally, the methods of control are in most 

-cases simpler and less costly than the-method of control of ac 

m~tors 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 R is the total a 

armature circuit resistance and La is the ·total .armature circuit 

inductance. 

FIGURE 1.1. Schematic Rep~esentation of a Separately E~cited 
Motor. 

The back e.m.f.,Ebwill be g~nerated by the rotati6n of 

armature in the field flux .. 

Total ar~atUre c~rcuit voltage is, 
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The back erm.f. Eb is proportibnality to the speed of 

rotation of armature and the f~eld flux can be represented by 

The torque developed by a de motor ts directly propor

tional to the arm~ture current Ia and the flux per pole ° (or 

0f ); that is 

T = KT • 0 f . Ia 

The simultaneous ~olution of the three equ~tions yield for the 

speed 

v - T (Ra /K T0
f

) 
N 

a 
= 

KE . Of 

where V = supply voltage, a 

Eb = armature induced e.m.f. 

I = a armature current 

R = armature resistance a 

KE = armature vOltage constant 

0f = field flux 

N = armature speed (rps) 

T = produced torque 

KT = motor torque con.s tant 
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The second term in the numerator is usually small. The speed 

equation shows that the speed of-the motor can ~e controlled in 

three ways. They are: 

l. 

2. 

to speed;. and 

3. by the armature circuit resistance R, which is 

proportional to th. speed drop. 

The separately excited motor can be cohtrolled by either 

field curr~nt or armature voltage. Field current control has 

its limitations however; reduction in field current (to increase 

speed) reduc~s the torque an~ in addition it cannot be-changed 

quickly owing to the high inductance of the field windings. 

Henc~, field control is suit~d for applications where constant 

power is required as speed increases~ ,Armature, voltage control 

suffers from neither 6~these limit~tions and when used with a 

fixed field allows very'rapid changes of speed and torque to 

take pla:ce. Finally, armature resistance control is not,prac-

tical except in small motors because of the power dissipation. 

It can be seen'that when the field flux is held constant 

at its raied value, variations of th~ applied voltage will,re

sult in variations of speed from zero to base speed, and the 

'motor is said to be oper~ting as a cotistant torque drive. When 
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the applied armature voltage is at the rated value, then ~e

ducing th~field flux results in~he above base speed being 

'produced, ~nd the motor is said to be operating as a constant 

horse power drive. . These conditions are illustrated in Figure 1. 2. 

I 
. ! 

i 
I , 
I 

I 
I 

FIGURE 2.2. Torque-speed Characteristics of a Sepa~atelj 
Excited dc Motor with Variable A~mature Voltage 
and Field Control. 

1.2. SPEED CONTROL TECHNIQUES OF DC MOTORS 

D.C. motor control using Ward-Leonard sets required the 

~se of thre~.electrical machinis: a three ph~~e induction 

motor, a dc generator, and a dc moto~. This can now be replaced 

by a solid-state controller employing only one.electric machine, 

the dc motor~ Changing from electro-mechanical·control systems 

to electronic control systemsge~erally pr6vides a reduction in 

efficiency. With recent advances in power elec.tronic components 

and integ~~tedcircuits it is now achievable with both cost 

and quality comparable to that of alternative systems. 
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In constant torque applic~tions the motor field excita-

tion remains constant, and ~s a result the excitation vOltage 

is usually obtain~d from an u~controlled rectifier connected 

across the ac supply lines~ 

In order that the moto~ will oper~te at th~ desired 

speed, it is necessary that a signal accurately represents the 

actual speed. There are three basic methods: First, t a ,sense 

th~ e.m.f. of the armature circuit arid reduc~ thevolt~ge 

level by a voltage divider network, or second, to couple a 

tachog~neraior to the output shaft 6f the motor. In all mo~or 

speed control techniques, motor will never remain constant 
, I 

at the set speed, but willvarr slightly about the desired speed; 

the amount of the variation is a rreasure ~f th~ speed regula-

tion,~apabiiity of the drive cont~ol system. Ar~ature:volta~e 

speed sensing techniques usually produces a speed regulatIon 

capability of ~ 2 percent a.c. or d.c. tachogenerat~r speed 

sensor will provide a speed regulating capability of ~ 0.1 per-

cent. I~ im~r6ved speed regulation is required, then digital 

speed sensing tenchiques are used~ 

The most common av~ilable electronic sy~tems in d.c. 

motor speed constrol methods, 'are phase control and chopper 

can trol meth ods. Phase control methods use controlled rec-

tifier circuits which are the simplest form of electronic ,motor 

control because the thyristors are naturally mains com~utated 
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or line commutated from th~ three-phase or single phase a.c. 

source. In this case, motor voltage control is achieved by 

varying the phase angle at which the thyristors are.fired 

relative to the incoming mains .voltage supply waveform. This 

provides an output voltage rariging fro~ zero to a value equal 

to that p""ovided by a full-wave diode rectifying bridge. 

All phase control systems use line bommutation which 

imposes a controller bandwidth limited by the mains supply fre-

quency, and for improved performan~e other systems are required. 

The liciitations of phase control may be·overcpmeby using 

chopper control. In,the principle of chopper control, the motor 

average voltage is controlled by varying the on-to-off time 

ratio for which the dc suppl~ is applied to the load, ~nd thy?is-

tors turn off is now achieved by forced commutation. Forced 

commutation, ,as the name, imp'lies forces the thyristor to turn 

off by using an -auxilary circuit (the commutation circuit) con~ 

sisting of an 'au'xilary or commutatio~ thyristor and a serie,s 

resonant LC circuit. In the chopper ci~cuit; the thyristor is 

used asa switch. The o~tp~t of ,the chopper is a series of 

unidirectional voltage pulses that are applied to the load. 

These explanations are illustrated in- Figure 1.3. 

The mean load voltage over a cycle is given by 

V . = 
tON . Vd 

~ON 
Vd do = . 

tON + tOFF T 



11 

I· T ,vJ. 

'. ~. 

, I-- to",-I~ ~F'::-\ 

W.t F--1- - -1-----.---3--~-..u~1L 'ioQd (~dol47-
o I ~ per;oJ I', t,'",(.J T 

c:.On-::.tClnt .,-
..... ~ .' - --'---~~"-'----- .. 

FIGURE 1. 3. DC Chopper, Basic Principle. 

where T = the periodic time. 

Choppers provide an excellent means of controlling dc traction 

motprs, since they eliminate the energy losses in starting and 

control resistances. 

• 

The deg~eeof speed control r~quired in the industria~ 

drives depends on the application. In some applications the 

open-loop regulation of the drive ~otor i~ adequate. 

feedback control is required'for.better performance. 

In others 

Conven·-

tionally, this ·is a~hie~ed by an analog feedback system which 

any change in speed is sensed by an analog speed transducer 

and compared with a fix~d referenc~ vOltage to gen~rate a cor-

rection signal. However, this analog feedback system is not 

satisfactory in some ap~lications where excellerit speedregula-' 

tion arid fast ,dynamic response a~e requi~ed. 

Conventional analog control methods have disadvantages 
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on several accounts. These methods in~lude nonlinearity in the 

analog spe ed transducer an d' di fficul ty in acc ura te ly trans mi tting 

th~ analogsig~al af~er it has been obtained fro~ the transducer 11\. 

In addition, error signal is sUbjected to temperature variations, 

component changes or noise 121. 

The block diag~am shown in Figure 1.4 shows a typical 

clo~ed-loop armature vOltage analog dc moto~ speed ciontrol system. 

There are two requirements th4t must be met by the system: first, 

to limit the in-rush starting curren.ts, and second ,to 'control 

th~ motor speed at whatever speed setting has been de~ignated. 

Ga.Te 
-pube 

qenerOlto,.. tl.c.. ~lJrf'Y 

FIGURE 1~4. Biock Diagram of a Phase-controlled DC Motdr 
Analog Speed Control System. 

In traditional electromagne~ic dc motor contr61, the starting 

current is reduced -by means of added resistance in series with 

the armature. 
-- -

I~ a solid~stdte ,controller the starting current 
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is limited by regulating the rate of advance of th~ fi~ing 

angla by means of a ramp generator~The f~nction of a ramp 

generator is to provide a controlled accelleration of the dc 

motor when starting the drive, irrespective of the set speed 

desired. 

As can be seeD, the driye will start with th~fir~ng -

angle fully retarded, and therefore a minimum voltage is applied 

to the armature- circuit. The rate of increase of the appli~d 

armature volt~g~ is controlled by the slope of the ramp output. 

As an added safe~uard, ~ current limit signal is also generated. 

If the rate ;of acceleration of the connected load produces cur-

rents in excess of a predetermined amount~ a signal is generated 

which will cause the firitig- angle to be r~tarded and the _output . 
voltage of the converter tobe reduced to bring the armature 

current back within the prescribed limits. The current limit 

signal can be bbtained ~ithe~ by using a dc ~hunt in series 

with the armature circuit, which will produce a ~oltage propor-

tional to the armature current, or by the use of current trans-

former in the ac supply lines to ~he converter. The secondary 

outputs of the current trans£ormers are rectified and once again 

a dc voltage sig'nalproportional to the armature current is 

generated. The current feedback signal is compared against the 

dc signal from the ,er~or amplifier.-

Thedisadvantage~ of an analog control system can- be 
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6vercome by using a digital control system. By ,using a digital 

speed control system, the spead r&gulation can be as good as 

,the accuracy of the reference signal~ The resulting speed will 

not drift due to temperature or" component wear. In addition," 

a digital speed c'ontrol system. is adequate in systems where 

motors must be, precisely synchronized to each other or to a 

clock signal such as conveyors, textile, paper mills, o~ computer 

peripheral drives. 

A general, de~criptionof digital motor speed control sys

tem has been given by Maloney and Alvarado \3\. In this work, 

the actual and desired ~peeds in the forms of pulse numbers are 

compared and the error is fed to an, up-down counter, the output 

of a counter after p'assing through a D-A Converter and suitable 
• 

amplifier, is fed to the motor armature to control its speedi 

The system is not continuous. but m~a~ures and corrects motor 

speed ~t discrete int~rvals. This method was n6t fully digitizedi 

Another digital m~thod is to use phase-locked method. 

PLL ~ethod provides ~6curate efficient dcmotor speed control. 

PLL~s were developed in the 1930's and have been extensively 

used in communication system \4\. 

1.3~ PHASE-LOCKED LOOP MOTOR SPEED CONTROL 

In this section, the basic theory of the PLL will be 
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," 

presenied first, followed by an introduction of· PLL motor speed 

control system. 

Phase-locked loops h~vebeen intensively used in commu

nication systems where accurate frequency synchronization is 

required. In its basic form a phase locked loop consists of a 

phase deteitor,a low-passfilte~ and a voltage-controlled 

oscillator (VeO) as shown in Figure 1.5. 

R.EFe~NCl +i .~(t) r, ,. , 
"p-\\ AS£. 

i 

~oop o-s.c • 
... 

t> 'E\'tCTOR ~ FILTER. ,. 

fo) eo(t) 
'i 

j 

VOLTAGE. 
. ' CONTR.oLLED • 

o~c, 

(veo) 

. FIGURE 1.5. PLL Basic Form. 

A phase detect6r measures the phase difference between 

an input vOltage v.(t) and an output ·voltage. vo(t) to giv~ an 
~ . 

output 

where S.Ct) is the instantaneous phase of v.(t) and'S (t) is 
~ . ,~. 0 

the instantaneous phase of vo(t). This error voltage is passed 
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through a low-pass filter to reduce noise and extrapeous high . 
. -.. 

frequency components. The filtered volta~e drives a veo and 
. . 

alters its frequency in such a direction as will minimize ~he 

phase error. The output frequehcy of the veo is inversely 

.proportional to .iis input voliage. 

If the veo output Ls lower in frequency or lags in ph~se 

with that~f the reference oscillator, the error voltage.a~pea-

ring at the output of the phase detector will decrease. The 

outpu~ frequency of· theVeO will then increase (or gain in 

phase) to compensate for the original error. The error voltage 

is zero only when the two signals are exactly in phase .. A 

slight lead or lag between the two signal~ will result in a 
. . 

corrective voltage and compensatiori will au~omatically occur • 
• 

In this way, with a properly designed filter, th~ output frequen-

cy of the veo can be made to phase-lock with, and there fore 

track with extreme precision, the frequency of the reference 

oscillator. 

The accuracy with which the.VeO output frequency tracks 

the reference is depende~t on the dynaMic characteristics of 

the feedback loop and limited ultimately only by th,e stability 

of the reference Dscillator. The loop is said to be locked 

when the error voltage remains steady and the frequency of the 

refer~nce oscillator is ~xactly e~ual to that of veo output 

frequency. By iriserting a frequency divider (usuall~ a digital 
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counte~) in the feedback path the VCO frequertcy c~n besynchro-

niz~d to a multiple of the reference frequ~ncy. Such a con-

figuratiori is called a frequency synthetiser, which usually is 

used to gen~rate precise freque~cies. 

A phase~locked loop applied to dc' motor speed control 

is similar to basic PLL loop te~hnique except that the motor, 

encoder, and motor driver (thyristor bridge converter or chopper) 

replace the VCO. A basic form of PLLmotor contro~ is~hown in 

Figure 1. 6 •. 

FIGURE 1.6. 

I 
I 

lco? I b,C 
1----+--1 \>0'111 E II f:ILTER ,AM? . i---~ 

I 
( 
L-- _. __ 

veo 

A Basic Form of PLL MotorContrdl. 

------, 

• 

I 

I 

The mo~or speed can be controlled by varying th~refe-

r~nce in~ut frequency or by changing the counter modulus which 

is inserted in the feedback path. 

The use o~ a dc moto~ as the voliage controlledoscilla-

tor in a PLL increases the complexity of the loop des ign. In 

electronic PLL design ~t is assumed that the 'VCO ':responds in-
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stantaneously to changes in the input voltage. A motor, on· 

the othe~ hand, has a m~ch lo~ger ~esporise time due mostly to 

the mechanical-inertia of the system. ~his response delay 

affects the-stability of the PLL and places much m~re stringent 

requi~ements on the phase detector. 

.- ,"' -.~ 

The most. important pa~ametersof motorPLL control are 

the frequency capture range ,the· frequency lOck range , and the 

ability ~f the phase detector to avoid locking on harmonic4. 

The frequency .lock range is the range of frequencies ove·r which 

the PLL can maintain a locked condition. This determines the 

range of motor speeds. The" frequency capture range is the 
. . -. 

range over which lockc~n be acquired if it ha~ been lost. This 

is important because the motor cannot respo~d instantaneously 

to rapid changes in the speed set point, and the motor·will lose 

"lock" for a short time period. With the proper phase det3ctor, 

"lock" . may be reacquired quickly . For the same reason" the abi-
-. ., -

li ty to'" lock" on lyon the fundamental frequency is als 0 neces-

sary. Large changes in set-point could result in incorrect 

motor speed if the loop locked onto a harmonic ~f the reference 

signal. 

An alternative approach to PLL speed control of a dc 

motor is by the ~se of VCO'whi~~ is used as a reference signal. 

The VCO is basically an exterrial R-C ast~ble multivibrator whose 
.. 

frequency is set by an external R-C combination t~the cente~' 
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or free running frequency.' The des ired spee<;l is set by varying 

the center frequency of the veo. The block diagram of the sys-

tern is given in Figure 1.7. 

;--------- --
I I ·Veo 

I I 

( 
1(.EF'fC2ENiE I 
J"lTL , 

PI1A:5E Loo? D,C, Ei<Ro2.. , 
COM)? . F 11. TE R. 'roWE~ 

AM~ . 

~ FEE~~K .SIGNAL 
.- ": 

FIGURE 1.7. Block Diagram of the PLL Motor Control System. 

The feedba'ck signal from encoder representing actual speed 

is locked to the.VeO frequency, provided that it is within the 

capture ra~g~. Any drift·oftheVeO frequency caused by aging, 

noise, or temperat.ure variations will be followed by the motor. 

If there is a deviation. of motor speed, this deviation will be 

det~cted by.the comparator and a er~or signal will be produced 

by t~e low-pa~s filter, which.w 4 11 cause the veo frequency to 

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

tive signal to the dc amplifier, whose output will be varied to 

opposite the change in the motor speed. As a result, the motor 

is forced to maintain the speed se~ by th~ center frequency of 

the veo. 



. CHAPTER 2 

SPEED· CONTROL BY PHASE -LOCKED SERVO SYSTErviS· 

In this chapte~, ~he analysis and design of PLS systems 

are discussed. A model isder~ved for thepha-se frequency de-

te~tor. ~hismodel explains why PLS becomes unst~ble at some 

defined speeds. Also, the design requirements and the main pro'-

bl~ms en60untered in the implementation are discussed. These . 
,include the system banawidth~ the lock range and the speed varia-

tionsof the motor. 

2.1. PHASE:-LOCKED SERVO SYSTEM 

Phase-locked loop pririciple can be applied to s~rvo sys-

terns in order to'regulatethe motor speed. The VCO is replaced 

by an power amplifie.r ~ a motor, an encoder which generates 

a pUlse-train signal ~h~t accurate~yrepresents the. actual motor 

spe~d. The resfilting system is the phase-locked servo system 

~PLS) showri in Figure 2.1. 

20 
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\ F;t*-~~ . \ 
• 0.".1 f-t----'---
. q~flif\c:r.J 

---'--------------

FIGURE 2.1.' Phase-Locked Servo System. 

When th~ system in Figure 2.1 is locked, the refererice 

and feedback signals have the same frequency and a constant 

phase difference~ Any deviation from this condition is detec-

t~d, filtered, ampiified and fed back ;0 the motor for speed 

cor re c t ion. 

Zhilethe fundamentals of PLL and PLS a~e the s~me, there 

are several important differences. These differences. give rise 

to different design require~e~ts and system components. The 

main differences between PLL and PLS are: 

1. Frequency Range 

The fr~quency of the input signal in PLL is usually 

high and its range is narrow. I~ contrast, the input frequ~ncy 

of PLS is much lower and iis range is wide~ up to lOOO:l~ 

2. Loop Components 

The feedback sigrial is generated in the PLLby V~~, 

which responds instantly to changes in command.. In PLS ,the 
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generation of the feedback signal is. done by the motor and an 

amplifier which have considerably longer . response time, thereby 

introducing additional lag in the loop. 

3. Noise 

The main source fpr noise in PLL is the input signal 

~hich is usually corrupted. In contrast, th~ nois~ iri PLS is 

g~n~rated primarily by the loop componen~s. 

2.2. SYSTEM MODEL 

In'this section, we develop a model for the PLS depicted-

in F igur~ 2. l~ As a first step, we combine all.thelinear 

continuous components, :namely the filter, the power.amplifier, . . . . . 

trigger circuit and the motor. Th~ transfer ftinctiori vf this 

combina~ion of components is the ra~io of the Laplace transform 

of motor angular speed w to the Lapla'ce tran.sfor~ of the phase 

~omparator outpu~ x. 

F(s) = w(s) 

xes) 

Next, we c,:-nsider the optical encoder and the waveforms sl(t) 

a~d-s2(t) by 8 i (t) and 8i(t) respectively. Sin~e s2(t) is a 

nonlinear function of 82 , we pref~r toregapd6 l ~n~ 82 as the 

-basic variabl~s. 'Sinc~ ~he ehcoder p~odu~es np~lsesper shaft 

revolution, the phase 82 is n t1~~~ the angular shaft position. 

The encoder transfer function can be expressed as 



8
2

( s) 
H( s) = 

w(s) 
= n 

s 
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The last component to be considered is the PFD. This 

is a digital circuit which senses the leading edges of the in-

put signals and changes accordingJ,s. In spite 6f the variety 

of detectors, most of them can be described by a three state 

model wheretransistions are caused by leading edges of sl or 

s2' 

FIGURE 2.2. Three~State Model of PFD. 

When the frequencies of sl and s2' fl and f2 respect~vely, 

are the same and sl I~ads, the output switches between U and 

V. If s lags, the output switches between 0 and -V ,-it can s 1. . s. 

be seen that the output will be between 0 ~nd Vs when fl < f2 

and between 0 and -Vs when fl· > f2' 

It is clear that such a component is quite complex to 

describe by a transfer ftinction~ and the development of the mgde: 
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needs to be tailored to its behavior. Accordingly, several 

models were developed. 

a. Aver~ge output under" lock condition 

b. 

and the phase differ~nGe' is con~tantithe output x 

will be stationary, with a pulse width propor~ionai 

to the phase difference. Therefore, the average 

output signal is p~oportion~l to the phase difference' 

B" where ~ = B - B • "1 2 
This model was suggested by 

Moore 151. 

Average output uride~frequency difference When 

fl > f
2
,'the output. switches between 0 and +V . s, 

When the two fre quencies are neqrly the same,the 

output stays for equal times in the two s ta i!es , re-

sult~ng in an ave~age of Vs/2. As flincreases, the . . 
output will remain in the ~V state for longer times , s 

than in the 9 s~ate, resulting in an increased 

, average. Conse~uently, ~he av~rage output increases 

with the frequency, as sh6wn in Figure 2.3. This 

model was suggested by R. Schmidt 161. ,It is useful 

in understanding the acquistion. mechanism of PLS. 

These two models describe the average of'theoutput, 

and therefore cannot be used for stability analysi~. For this 

purpos~, a linearized mo~el is developed~ The" mathematical 

detiils are given ,in Appendix A~'and the summary is shbwn belOw. 
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FIGURE 2 ~ 3.i Average Output Under Lock and Linearized Model. 

c. Linearized modeL -- The linearized model for PFD, 

when the reference signal has a period T, is t~at 

the output xis obtained by samplirig the ph~se 

difference, 8, by a train of impulses of weight 

V T/2" s 

V T 
s 

2II 

00 

.~ 

k=O 
8(t) o(t:"j(T) 

. When the PLS components are combined togeth~r, they form the 

linearized~odel~hownin Figure 2.4. T~is model is a basis 

for the an~lysis and understa~ding of the system. 
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FIGURE 2.4. Linearized Model of PLS. 

2. 3. DISCRETE SYSTEM ANALYSIS 

In this section, we use the models depicted in Figu~e 

2.4 t6 analyse the stability.of PLS. The analysis of the dis-

crete system is more complex as it involves determining: the 

aharacteristics roots of the loop using techniques·of discrete-

time system analysis. Analysis of this discrete model is most 

easily done in the z-domain where root locus methods can again 

be ~pplied. This involves th~ z-transform which is desciibed 

in most sampled da tacontrol .texts 171, lsi and will not be 

detailed here. 

Consider the system shown in Figure 2.4 and define the 

transfer function H(s) as: 

H(s) = 
n V s 

T F(s) 

2 II s a; 

(1) 
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The stability of the loop is determined by th~ charac

teri~tic equation 

1 + H(z) ='0 (2 ) 

where~(z) is the discrete transfer function which corresponds 

to H(s). The system is stable as long as all the roots of (2) 

are within"the unit circule. Fu~thermore, roots close to the 

origin result in rapid response while ~oots close to the unit 

circle result in slow response. 

As an illustration of the analysis, consider a system 

with F(s) of the form' 

F(s) = 'k 
( 3) 

sC; + 1 

Although the combin~d transfer f~nctionofthe pow~~ 

amplifier, filte~ and motor is typically of the thi~d and 

fourth order,tquation (3) is valid only an approximation 'for 

mechanical time constant of the motor is often the dominant 

factor. 

The resultant op~n-loop transfer function is 

H(s) _----C------ ( 4) 
s(sz + 1) 

where 



C = 
n k T V 

s 

2ll 
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( 5 ) 

.. ' ...... 

The corresponding transfer discrete' transfer function is 181-

H( z) = Cz 

z-l 

Cz 
-T/Z 

z - e 

The characteris~ic equation becomes 

1+ C I-z_ _ z 1-
z-l -TIc., 

z - e 
= 0 

fienote 

B 
-T Iz 

- e 

then characteristic equation becomes 

z2 + z(-l-B-BC + C) + B = 0 

( 6 ) 

(7 ) 

( 8 ) 

(9) 

The atability of thesyst~m is eiaminedto determine the condi-

tions under whi ch the ,roots of Equation (9) wi 11 be within th e 

unit circle. In ord~r to determine the stability, use the 

transformation 

z = A. 1': 1 
A-I ( 10 ) 

This transf,ormsthe inside of unit circle, Izl<1 into the LHP 

of the complex variable A, thu~enabling us to -apply the Routh-
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HUr&witz c~fterion to 

C(1-B)A
2 

+ 2(1-B)A + 2(2 + 2B + BC - C) = 0 ( 11) 

In oOrder for the roots of Equation (11) to be in the LHP, _ all 

the coefficients in Equation (11) must haye the same sign. 

Furthermore, as (l~B) is always pbsitive we require the last 

term to be positive too. 

. 2 + 2B + B C - C > 0-

This can. be written as 

or 

C(l-B) < 2 (l+B) 

C < 2(1+B) 
I-B 

The resulting condition ~or stability is 

C 2 
l+B 

< l..:B 

(12 ) 

( 13) 

( 14-) 

_ (15 ) 

Combining Equatiori {14-) with Equations (5) and (8) gives the 

following explicit co~ditioh 

k < 
41L (eT/'Z + 1) 

V -T (e T / Z 1) n s 

( 16) 
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Equation (16) is the key to understanding the stability pro-

blems of a PLS • ,Since n is' a large number, typically equals 500, 

the allowed iain is usually small. 

In order to evaluate the minimum velocity of n Equa~ion 

(16) may be written as follows: 

n k:t V s 
4TIz. (e

T/z + 1) 
< 

T/7, 
T (e ,. - 1) 

. (17) 

Equation (17) represents a limit for nk~V as a function of T/z. 
s 

I~ is shown in Appendix ~ that for the range of iriteresting, 

where T/7,« 1, this expression must be accurately approximated 

by 

( 18) 

Equation (18)seti an upper limit for T, thep~riod of the r~-

ference signal 

T max 

This can be tran~lated to an equivalent motor velocity 

n . 
m~n 

1 
kV ~ . s = (--) 
8TInz 

'\ rev Isec·\ = 

(.19 ) 

(20) 



31 

2.4. SYSTEM DESIGN 

In this section, we review several import~nt problems 

which arise in connection with ~he design of PLS systems. 

Indee d, sys terns rna! be different, an d they may have some spe'c ial 

specifications ; however, there are some basic requirements to . 

all PLS which are discussed here. The first requirement is the 

system bandwidth, ws' which determines the speed of systemre-
.})~~ 

sponse to variations in input or load. This may vary between 

O~l and 300 ~ad/s, according to the systemparamete~s. 

The second requirement describes the range of velocities 

which the PLS can follo~. This range is called the lock range .. 

It is characterized by the lower limit 0L and an upper one, 0H' 

of the motor speed meastired in rev/so The lait requirement re-

fers to the .speed variations. Although this is usually the most 

i~portant requirement of· the PLS, there is little that can be 

said about it in"general~ except that we want to keep the speed 

~~riations as sm~ll as possible. These requirements ~re studied 

below .. 

2.4.1. PLS Bandwidth 

In order to study th~ ba~dwidth of the loop, we need ah 

eq u iva 1 e n t co n:t in uo u s mode 1 for it. It is shown in Appendix B 

th~t if the sampling time, T, is much smaller than the time 

~onstant, .. t, the impulse sampling may be approximated by a gain 
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of Accordingly, th~ equi~alent model is as showrt in Figure 

2 • 5 • 

FIGURE 2.5. A Continuotis Model for PLS under the Assumption· 
T «-g: .. 

The cnaracteristic equation of the system is given in Equation 

( 21) 

1· + c = 0 ( 21) 
s( s Z. + 1) 

where C, the equivalent gain is 

n V k 
C 

s = (22) 
2II 

The loop poles, as derived from Equation (21), ~re:. 

- 1 t j I 4 C.z - 1 

P 1. 2 = (23) 
2~ 

If we designth~ system damping to be c~i~i~al, 
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P - -WB + ]""'B -1,2 - w 
( 24) , 

Thi~ requires the gain, C, and the time constant 

C = W
B 

(25) 

'Z. = 1 -- (26) 
2w

B 

Equation (2~) indicates the first difficulty in the design. If. 

you watit ,to have a certain bandwidth, you must start with a 

motor which has the right time constant, z: . Clearly, if the 

motor time constant is too short, one can ?J.lways generate a 

long~r time constant by a filter. ,Unfortunately, in most cases, 

~, is· too long and the problem is to reduce it. 

This can be done by ~dding a velocity feedback, a current 

fee dback or seve ral me thodswhich re duce the effect ive time con-
, . , 

~tant of the motor. Assumirig that this requirement can be sa-

'tisfied, we are ready to discuss the :lock ra~ge probl~m. For -. 

simplicit~, we disctiss the two limits separetely. 

2.4.2 Lower Speed Limit nL 

It was praviolislyshown that a ~LS system will be unstable 

~t low .speeds .. The design problem is to choose the parameters 

of the system such that it will b~ stable at the desired lower 
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.Recall Equation (20) and combine ·it with Equation (2i) 

to give the lower speed limit 

~ 
" . = 1 (-.£) 

min n 4z 
(27) 

Next, substitute Equations (25) and (i6) in Equation (27) to· 

give 

n . 
m~n 

= (28) 

This relates the lower limit, n min' to the system band wid th, wB · 

It is clear from Equation (28) that if we want to lower n min' 

we must increqse n. However, there is a practical limit to 

increasing n d~e to cost and size. The common values' of n ara 

500 and lOOO~ One can fto~ble nby sensing the z~ro-crossing 

·time~ of the encoder signal, or increase it f~the~ by having 

sepa~atesnesors, but this adds to the circuitcom~lexity. 

2~4.3 • Upper Speed Limit "H 

. In order for the loop to follow speeds in the lock 

.range, the gain has to be such that whei th~ PFD output varies 

betw~en the extremes, the motor speed will change the lock 

range. Thus, we want 

2V k 
s. 

='-
2II 

(29 ) 
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On the other hand, we can combine ·Equation (29) with Equations 

(22) ~nd (25) to· express 

2C 
( 30) = = n 

Thus, once we selected wB and n,Llf2 is determined,and it may 

or may not satisfy Equation (29). 

Not~ that we are concerned only ~ith the magnitude of Llf2 

as compared with (f2H - f2
L

), and not about the actual velocit{~s~ 

The reason thai the speed can always be shifted by adding a ~ias 

voltage to the~mplifier. 

The lock range problem, when6f2 is ob{ained by Equ~tion 

(30) does hot satisfy Equatipn (29), is a serious one, arid it 

can be solved in 9ne of two ways. The first method is to di-

vide the desired lo6k range into several bands, each being nar-

~ower than 6n, as given by Equation (30) .. A band selecto~ 

switch provides the desirable bias to the amplifier, to shift 

the speed -to the d~sired band, and the PFD tan vary the speed. 

wit h in the b an d . While· this solution is relatively simple, it 

is not ~cceptable incases where a continuous speed variation 

is required. In those cases, 'one tan· use ·the second method. 

This method is based on the idea of keeping F(s) to be the same 

as in Equation (3) in the range of frequencies which affect sta

~ility, but increase the low frequency gain by· the addition of 



lag-lead network G(s} of the form 

G(s) = ,s + rna 
s + a 

36 

( 31) 

The lag frequency, a, is selected to be much smalleld:.h~n lAl~' 

Consequently, G(s) ~ 1 for frequencies ab6ut wB,56 the actual 

'filter transfer function, Fl(s), equals 

FICs} = G(s) F(s) = s + rna k 
--~ 

s + a. s;; + 1 

The bod~~lots of FCjM) and Fl(jW) are shown in Figure 2.6. 

- -1"

" '- ~-Li.) 

" 

FIGURE 2.6. Bode Plot of the Original Function, f(jw), 
Curve (i); Curve (ii) the Compensated Function 
F1(jw). 

Note that at higher frequencies. the two functions are 

actually the same. On the other hand, the dc gain of F1(s) is' 
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is Fl(~) = mk whereas F(O) = k. Thus, the lag-lead network 

allow~ a gain increase in 60. This allows us to extend 60 as 

much as necessary, so the lock range is limited on the lower 

end -by n . , and on thi higher end by the maximu.~ allowed m1n . . 

v~locity of the motor, or by the amplifier saturation voltage. 



CHAPTER 3' 

THE I MPLEMENTATI ON 

In this chapter, the design of a - thyristor firing angle 

generator which uses a pulse width modulator to conv~rt the 

analog error voltage into the digital word and the assdciated 

circuitry .to make up acomp letesys tem are described. The di-

- gitai woni is translated into the t.imfng of a thyristor trigger 
- ... 

puls~s so as - to provide' proportional-- control of- the dc componen t 

of the load voltage. 

Figu~e 3.1 shows the bl6ck diagram of the complete speed 

control system.- The system emp~oys digital phas~ 106ked lobp 

control where the m~tor speed is controlled in precision with 

a command· from a reference frequency. Ana'uxiliary PLL' frequency 

syn th;;:s izer is also ·provided· to gen era te line s.ynch roni zed clock 

pulses for the reference wave of the converter. 

The speed of the motor is measured with, a digital tacho-

meter which consists of a slotted disk mounted on the rotor 

38 
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FIGURE - 3. l. Control System Block Diagram. 

shaft and opto-interruptur sensor.' A Schmitt trigger ·is· used 

to produce' a square puls'e from the photo detector assembly 

output. 

The spe~d command frequency fR and the.actual speed fre

quency fM are compared in PFD to generate a frequency and phase

sensitive error fo~ actuatirigthe converter •. The present cir-

~uit used the MC~344type PFD which has error ~har~cteristic 

as a. function of phase difference (3. and is shown in Figure 3.2. 

: 

,: 

I, 

i 
, 
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F~GURE 3.2. Error Characteristic bf·PFD MC4344. 

3.l. PLL FREQUENCY SYNTHES I ZE R 
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The function ofPLL fr~quency synthesizer is to generate 

line-synchronized clock pulses for the reference wave of the con-

ve rte r. In the analog control ~ystem, the reference wav~is 

derived from the ac supply. The distortion and transients in 

the main ac supply c~use changes in the referenrie signal wave~ 

.form. This effects the timing of trigger pulses. PLLfrequen cy 

synthesizer circuit produces a firing pulse for the thyristor 

at the same point on the main~ cycle, regardless of the variation 

in the mains frequency. 

A block diagram of frequency synthesizer is shown in 

Figure 3.3. . It generates'- ,an .'outpu·t frequency f.o = Nf. which 
1 

cSn be programmed eithe~ by varying the jnput f~equency f. or 
1. 

by s~ttlng the modulus N of the counter. Essenti~lly it is a 

digital feedback system in which the reference frequency and 



41 

feedback frequency are compared in~the phase-frequency and 

analog error signal, proportional to the phase ~ifference of 

the input waves, is gen~rated at the output 'of the loop 'filter. 

Th e amp li fie,d error signals actuates a voltage controlled asci 1-

lator (VeO) to generate the desired frequency. If the output 

wave tends to fall back in ph2se (or frequency), the error v6l-

tage builds up to correct the veo output such that the reference 

and feedback ~a~es always lock together in phase under stable 

condition. 

£.' 
-f5V 

g ~b :¢= 

:L5600 ~ z 
4- -'" , VCO ~ 

.(0 
II £J7 

/Lj phase. r-
r-S-O-Hz.--r"'-t-..-?1 C omp .1r 
1"\ 

5 1'8 

r 
yp ~ 

+ 
3 

1 YL----:_2 trJ : 22 f-T-f +2'" 

'. Gate drive nOr-JE 'I AOO~-=-
~teer;I~':l LfJSI-IOT (C1.rrier wo..ve;. 

'V 
Counkr c l~c:lr:t>u\~ oS 

FIGURE 3.3; Phase Locked Loop Frequency Synthesizer. 
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In this c~rlcuit, PLL system can function as a frequency-
,~, 

selective frequency multiplier. When a frequency divider or 

counter is inserted into the feedback loop between the VCO out

~ut and the com~arator. input. 1n the circuit of Figure 3.3 an 

external frequency divider ctinsisting of CD 4040. 

Phase Comp~rator' II of MC 4344 is used in this applica-

tion because it will not lock on harmonics of the signal input 

r~fe~ence frequency. 

3.2. PULSEWIDTH MODULATOR 

:PFD generates an analog error voltage which is propor

tionalto the difference in frequency or phase between the inputs . 
. 

This error voltage is converted to digital error word in pulse-

width modulator shown in Figure 3.4(a) ~nd (b). 

.The comparator requires two input signals. One signal' 

is· a triangular wave: of fixed frequency and amplitude. The other 

s ignalis a variable d'c voltage that comes from a phase-frequency 

detector. Operatipn is shown in Figure 3.5. 

In situati,on 1, t,he direct voltage is higher at ail times 

than the triangular wave level, and the output is a continuously 

high ' signal. 
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FIGURE 3.4. The Basic Explanation of· thePulsewidth Modulator~ 

In situation 2, the triangular wave exceeds the dc input 

for only a ve ry . s~~~.;rt peri od, . an d thus produces a narrow,. low 

volatage pulse on the output ~aveform. In situation 3, the dc 

level is b~low the average triangular wave. Thus, the low period 

of the output sign~l is greater than the high period. In situa-

tion 4, the reference level is below the triangular wave level 

in all time~,· thus giving low comparator output. The comparator 

circuit dan control puls~ widths from full-6n to full-off. 
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The triarigular ~ave i~_ deri~ed from one of the PLL f~e-

quency synthesizer outputs, (400 Hz c~rrie~). A 400 Hz square 

wave which is d~riv~d from PLL is intigrate~ to transform to a 
. . 

triangular wave and.is then biased such that its maximum an~ 

minimum values correspond to these of the error voltage. 
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Figure 3. 6sh ows the generation of tri a:lgle wave from 
f 

square wave'. 

"+V" 

\l--l TEGQ.AToR 

FIGURE 3.6. The 'Gener~tion of Triang~e Wav~ from Square Wave. 

~he analog signal (the output of the PFD) is compared 

'tb the triangular carrier wave and the output gates an oscilla-
'. 

, tor. The pulse train i$ count~d on a counter which corresponds 

to a diiital word. At the tI"3.i lin g edge of the pulse tra in, 

monostable pulses load the couriter content to the latch and 

clear the counter in sequence. 

The error signal in the latch is refreshed four times 

every half. cycle of line wave and i~ ~ompared to the refe~ence 

counter. The' thyristor firing pulse;:; are generated at the 

cros~over points. Figure 3.7explal.ns its waveforms. 

The details of the pulsewidth m.odulat'or circuit are 

shown in Figure 3.8. 
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In this circuit, err6r word is modified f6~r ti~es every 

half-cycle of line wave. Laich is used for storing th~se four 

values. The'binary comp~~ator compares the counter and the 

lat~houtputs ana generates a pulse at the crossover point which 

co~responds to the delay angle. 

The reference counter curcuit waveforms are sc~wn in 

Figure 3.·9. 
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FIGURE 3.9. The Reference Counter. 
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. 3. 3. ' THYRISTOR DRIVE CIRCUIT 

The output bf the comparator ext~nds from ~l to TI. This 

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

pulses are ~oupled to the steering circuit. The steering cir-

cuit directs firing pulses to the SCR'~ which have positive 

anodes,i.e·,·Ql and Q2 in.the positive half cycle and Q3 and 

Q4 in the negatif half-cycle. 

The details of the thyristors driv~ circuit are shown 

in F~gu're 3.10. 

SL..1l_ 
50 ilz .~""-ltC Wc..v t:.. 

FI GURE 3.10. Thyristor Drive Circuit. 
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3.4. CONVERTER 

Converte~ regulates the amount of power transferred from 

an ac supply to a dc load~ D.C. motors controlled by thyristor 

c6n~erters have be~bme the most popular fo~m of industriil vari-

able speed drive. The thyrist6r. converter h~s the advantag~s 

of high reliability, efficiency. and power gain coupled with its 

small size and fast response. 

The speed contr6l system described in this thesi~employs 

a singie phase fUll-bridge con~e~ter and is shown in Fi~ure 3.11. 

SCl24 

FIG U RE 3. 11. 

1), c. 
ex(i't~tio~ 

The field current. supplied through a diode bridge recti~ 

fier, is maintained cons-tant but can be reversed for speed re-

versal of the motor. 
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The basic principle of the single phase bridge converter 

can be explained as follows: The lOCi'd'impedance can bea pure 

re~istive load or a resistiv~ inductive~load {for example,motor). 

Figure 3.12 shows the ac .sotirce' voltage waveform. Figure 3,.13 

shows the load voltage waveform for a pure resistive load. 

C\..C. SOuiCe \J'oltcl<:l2... 
~ 

w C\ vet 01- 0"'\ 

La~d vi;) l-toq<2 
\VC\ vc fc r rn -' 

bJt 
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At time' SCR's 1 and 2 are turtied on simultaneously, ana 
. . 

thevoit~ge supplied to the load ~~-the, ac source voltage less 

the device voltage drops. At timetzscR's 1 and 2 are reversed 

biased and turn bff and load current ceases. At time i 3 , S~R's 

3~nd 4 are tu~ned 6n and even thotrgh the ac source voltage has 

reversed~ the voltage applied to the load has the same polarity' 

as when SeRfs land 2 are conducting. That is, the load voltage 

is unidirectional, and has a mean amplitude \~ • The interval to 
aD"" 

to t., is known as the firing delay an.gle. 

Increasing the firing delay ang'le 0( reduces the mean 

output volt(lge, 

, ' 

! 

as is shown in Figure 3.14. 

I 

/ 

.L 

/ 

" 

Load vO ~-tCt.qc=.. 
, -J ' 

l t:"Y",,:.O::"'"D(\d vo\ t.0,?-<2 Vd~O( 
_..Lc-___ ~_--''--___ ~_-''__ __ . ____ '' __ . ___ > 

t H . 4Jt 

FIGURE '3.14. 

'By varying the firing de lay angle 0( from () de gre e to 

180 ~egree t4e mean output-voltage is varied £rom.it~ maximum 

toze'ro., 

In this study,the converte~useS the digital version of 
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cosine wave corssing method. As we know, the cosine wave cros-

sing method is ~ommonly used for g~Derating gate firing signals 

of the thyristors. A Gonventional method consists of comparing 

a cosine wave generated from an. synchronized to the a. c. source, 

with a variab le d. c. re ference voltage by means of. a comparator 

as shown in Fig~re 3.15i 

'Va.rio..bl<: . 

d.c . refzr~('l ce 

FIGURE 3.15. The ~oncept of Cosine-Crossing Firing Contr6l. 

As the amplitude of the d.c. reference signal is varied 

the point of interSection with th~ cosine timing cur~e will 

.vary, and a firing signal can be gene'rated corresponding to the 

point of intersection and a result the firlng d~lay angle can 

be varied.as desired. However, unless the d.c. reference signal 

is varying, the mean output voltage will remain constant. 

In the digital version of the method, cosine reference. 

wave is the output of the reference 'counter. This out,put is 

approximately ramp function. The ramp function defines the 

timing of the fir{ng p~lse in the poi~t of intersection with 

the8.-'bit control input. The inters~ction is done is the digi-
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til comp~rator. The output of the digital ~omparato~ drives 

the thyristor drive ·circuit. The control method of firing 

pulses in the cotiverter is shown in Figure 3.16 (a) and (b). 

----. C \e.a.r f' ube-s . 
(100 ~"2:) 

~--l~--;" 

~_ ~it 

c\ oc \<. couNnR 

( 2 5Goo Hz) 

DIGiTAL! B '~A , 
Co M? '-I -----'~ , 

FIGURE 3.l6(a). The Block Diagram of the Timing of the Firing 
Pulses. 

o 1i 1\1 

JI I 
I I· ·1 

wt 

FIGURE 3.16(b). The Wiveforms of the Timing Firing P~lses. 
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3.5. AN ALTERNATIVE METHOD TO THE' TIMING OF FIRING PULSES 

In applicatiori where the linear relaticinship between th~ 

av~rage' voltage and the control. {nputis desired, EPROM can be 

used. The d~lay angle in our proposed circuit was proportional 

to the control input. In this case, we have a non-linear rela-

tionship between the average voltage and the control input. 

By adding a PROM, the depay angle can be made proportional to 

~he arc-cosine of the control input~ PROM is programmed to con-

vert the linear digital ramp to a cosine ramp to the counter 

output. 

The· block"' diagram and waveforms of this approach is 

shown in Figure 3.17 (a) and (b). 

3.6. DIGITAL TACHOMETER 

Digital tachometer is the optical speed enc6der. The 

disc is sho~ri iniigure3.l8(a) and the complete a~sembly fo~ 

measuring rev/sec (re~olution per second)' is shown in Figure 

3.l8(b). 

Assume that the total number of hbles, evenly spaced 

around the circumference of the disc as shown, is N. For eve~y 
. . 

complete rev~l~tion, N holes w:ll pass through tho picktip head, 

consisting of the light source and the photo sensor. The number 



C. IEAQ (\0011 z) 

C.LOCIL 

;2. 5600 floz 
COUNTER.. 

A 
DIGITAL 

COM 'PAR-AIOR 

FIGURE 3.l7(a). Th~Block 
Diagram. 

-ty , 
0' 

FIGURE 3.l8(a). Photo Disc. 

o 
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C\eo..r f'u \51!''::' 

n 0 n (100 \.lzl 

L256 25' 

c.c\.).nter 
. out'rvt 

Fi~ure3.l7(b). Wave£orms. 

r ho+o'Sef1~r- Lisht 
:S.o\.lrC::::c 

-:; CJ - C]t==== 

\ 

u"--, :----... ,.. I 1, 
. ! oiCl1t n.j 

cd; -;'c::., 

Figure 3.l8(b). Basic Assembly. 
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·of holes passing the head in 1 second is a direct measure of 

the speed of rotation, r~v/sec = n/N.One electrical cycle 

consists of a hole and space., The optical speed encoder gene-:-

rates~,pulse train of frequency equal to .' 

f , = 
m 

N . w 
m 

2II 

where N' is the, number of holes on the perimeter of the encoder 

disc and w is the motor speed (radiartlsecond). Since the motor , m 

sh~ft encbder angul~r position is equal.to the integral of its 

speed, the encoder transfer function can be expressed to 

= N/s 

The photo sensor will be selected to yield a waveform as shown 

in Figure 3.l8(c). The rise time of the ~ensor must be such 

that the signal will reach about full value during the time the 

photosensor isex~osed to the light source as a hole passes 

throqgh the head. The fall time must permit a substantial decay 

to the dar.k state during the time a space passes through the 

head. 

The pulse t~ain which generates digital tachometer is 

shaped through a Schmitt trigger and fed to the phase~frequency 

detector l.Uput. 
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~ 
I lio'e. 

:; 
.:sf~c-C .,.... .--

t / 
, 

"'{ / / "-
/ / "-

"- / . - -- . " ..... 
() 

Ideal waveform 

-------Slo~ response - acceptable 

-.-.-.- Very slow.· response - unacceptable 

FIGURE 3.l8(c). Electrical Waveforms. 



CHPPTER 4 

4.1. DIRECT CURRENT MOTOR 

The ratings of the ·d.c. motor .used are 3/4 KW, 125V, 6A 

and 1450 rpm. Starting from the differential equations gover

ning the operation 'of a separately excited d.c. motor with con

stant field excitation, the transfer funt"tion is developed. 

Equations are simplified by making the following assumptions: 

1. . The static fmiction is negligible. 

2. Armature re'action is negligib le. 

3. The armatur~~esistance and indrictance can be 

regarded as constant. 

4. Armature inductance is much larger -than the source 

inductance. 

5. Brush and thyristo~ voltage drop is negligible. 

With these simplifications and assumptions the following set 
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of differential ~q~ations are obtained: 

di 
V L a = a 

dt 

J 
dw 

T = = 
dt 

E = K . W 
E 

T = KT ia 

-+ R i + E a a 

T - L 
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Assuming all initial cond{tions are zero and taking La~lacE 

transforms, we obtain the following block diagram: 

') (~\ 
-'- .:-) 

. t 

I f 

I , 
k::r= 

ji' 

The motor transfet function fo~ TL = 0 can be expressed 

as 
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H (s). = Q( s ). = 
m yes) 

where Ra , La' J, D, kE and kT are motor parameters. For most 

.cases ,the motor electric time constant If: = L /R is negligible 
e a a 

compared to the mechanical time constant E = ·J/D, so that the . . . m 

motor transfer function can be written as 

H (s) = m 

where 

= 

~ml = 

kT 1 , 

RaJ s + 1/0Z'ml 

R J 
a 

If. the viscous friction torques are neglected (D = 0) the motor 

transfer function becomes 

where 

k 
m 

Bi substituting experiment~lly determined. ~ircuit and ~otor 

pararr2ters (Appendix 0) 

~ml-

k = m 

= 

1 

o . 45 se c. 



4.2. 

k m = 

H (s) 
m 

1 
= 2.22 

1'0.45 

2.22 

s + 2.22 

EXPERIMENTAL RESULTS 
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~Jtor gain constant 

In Chapter 2, it was· found that the stability of the PLS 

is related to the.system gain K. The relation was 

K < 
4 II (e T / ~ + 1) 

nVsT(eT/Z 1) 

If the speed is lowered further, instability may .result 

and it is desirable to define these limits analytically. It is 

obviously difficult to evaluate ~limit on T in this expression 

in closed form. For a specific speed, this expression can be 

solved fdr the maximum stable gain and such results are ~resen-

te'd in Tab Ie 1. 

Referring to Figure ~.1.1 .. , the sampling rate T is speed 

dependent and,its expression is: 

. T = 1 
Isec I 

n . n 

n - the number of holes in speed encoder 1Hz/rev/sec I 
n - the speed of the motor Irev/secl,. 
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TABLE 1 

Stability Limit, of Gain for a-Specific Speed 

Speed (rpm) , Maximum Stab le Gain 

5 5 

10 20 

20 80 

30 No limit 

40 No limit 

The system gain K is m~asured fo~ ~ specific operation 

point. This value is ioo. 

For a system gain K = 100 

'Q .' 
m~n 

'~ 
K V s = (--) 

8 TIn xz: 

= (100 • 0.75 ) 

8TIx48xO.453, 
= 22 rpm 

Lock range = 
KV 

s = 0.75 x' 100 

3.14 
= 1433 rpm. 

TI 

Experimental r~sults obtained with a prot6type system 

intended for a separately excited 3/4 KW d.c. motor ar~ given 

below: ., 

Qmin - 15 rpm 

Lock range - 70~ ~pm 
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The re as.on for the se res ul ts can be exp lained by the 

fact that the approximate model de'veloped previously .is no 

longer valid for high speeds. 

'Analternator supplying a resistanc~ bank w~s tised as a 

load f6rthe motor. There£ore, the load torque is proportional 

to the motor speed; 

With heavy loads and at high speeds, synchronous control 

was obta~ne~ with predi6t~d performance~ However, with light 

loads and at low spe~ds, speed huntingwa~ observ~d. When this 

happens, the motor speed oscilla~es about the desired valu~ with 

a noticeable amplitude. It was observed that with light loads 

the motor armature current was di'scontinuDus. -. This can be ex

plained by ihe fact that the approximate model developed is no 

longer valid fo~ discontinuous motor. current 6peration. Another 

reason for this is the ,mechanical errors in the speed encoder. 

Mechanical irregularities in the encoder produce an error which 

is applied to the phase detector. If'the frequency of this 

err6r is out of the sys~em bandwidth, it will not cause speed 

variations. However, when the er~or freq~~ncy is sufficiently 

low, speed disturbances result. Further study is th~refore 

needed to better predict syste~ behayiour for this condition 

and:to eliminate the'speed hunting problem. 

Moto~ is loaded by a d.c. generato~feeding a.r~si~tive 
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load from no load to full l6adtorque of S.S.N.m. 

Performance of the system to step change i~ load torque 

from 1 N.m to 2 N.mis shown i~ F{gur~ 4.1. 

I 

\ \ . . . 

FIGURE 4 ~ 1. Load Torque Change from 1 N.m to 2 N.m. 

Response of 1;he system to a step chan'ge in trigger arigle 

or step change in appliedv6ltage is shown in Figure 4.2. 

: h ! 

::L: - i 

1 
i r 
, , 
t : i. 1- - \" 

FIGURE ,4.2. Step Change in Applied Voltage. 

1 ! 
, I 

I 1 .' 

- t . 
t 

, 
L 



4.3. CONCLUSIONS 

A digital speed coritrol has been described in this 

thesis which provides the advan~~ges of freedom from drift 

and offset· errors, immunity of the control from transients 

and distortion of supply voltage, 'and permits integratiori 
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of the control circuit. In addi~ion, p~ase locked loop (PLL) 

coritrDl is provided which permits speed control with high 

degree of precision. 

A complete speed control system employing a d.c. 

separately excited 3/4 KW motor has been described and analy

sed. Although the actual system is a nonline~r sampled 

data one, a linear sa~ple data model developed represents 

the sys tern, performance accurate ly. However, in experimen ts 

c~rried .out it was seen that the lock range was lower than 

predicted and speed hunting was experienced especially under 

l~ght load conditions. These could be due to discontinuity 

in the armature current and to non-linear gain of the power 

a~plifier which wai assumed to be linear. The speed encoder 

mechanical irregula~ities also might be the cause of these' 

problems. With 48 holes used, the range frequ~ncies which 

the filter needs to act upon is very large and it is diffi

cult t6 design a filter with constant gain throughout the 

r~nge. The use of professionally pr9duced encoders giving 

up to 1000 pulses per ~evolution is bound to improve the 
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system performance. 

In spite of .the above shortcomings, .the adv~ntag~s 

obtained with respect to accuracy, synchronization capability 

for sectional drives, low cost and integrated natu~e of the 

circuit justifies further wo~k on the subje~t preferrably 

with a three-phase fully-controll~d bridge using digital 

cosine wave .crossing met'hod to obtain:: linear gain. 



.. 

APPENDIX A 

LINEARIZED MODEL FOR PFD 

The objective of this secti6n is to derive a linearized 

model for the PFD under locked condition and constant reference 

frequency. 

Assume, wi~h no losses of generality, that the reference 

signal leads the feedback. The ~utput x of the PFDwill be V 
s 

during the time interval between thi leading edges sl and s2 

as illustrat~d in figureA1. 

The phase 6 1 and 6 2 of sl and s2' respecti~ely are: 

Denote 

(A3) 
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.5, I ! " 

I 
( , 

52 ~J f I I ~ I \ I 
jtn ;..t~ .:>! I :2 . XVSD t1 H 

0 T 21 

-.FIGURE AI. The Input s1 and s2 of PFn and the O~tput x. 

The PFn output is 

Vs kT < t < kT + tk 

x = (A4) 

o elsewhere 

Now suppose that the system operates around a nominal 

value of 8, but that socie small variations occur~ Thus, e will 

become 8 + 08. 

e -+ 8 + 68 (AS) 

Since the reference frequericy is const~nt, (A~) can occur only 

if a change bccurred in 8 2 : 



6 . + 
2 

6S 

(A6) 

This will result in a change in the duration of the 6utput 

pulse.s, 

( A7) 

and a change in the output 

x + x + ox (AS) 

The method to be used here is to determine the relation-

ship between ox and 06. This relationship constitute.s the 

linearized model of the system .. Note that the new puls~ dUra-

tions are such that (A2) must hold. Thus, 
. . 

Since 06 and 8t are very small; ~e can expand (A9) by ,the 

Tay lor series and retain the first orcer· terms. 

Simplify according to. (A2) ~ and note that 

- d 6 
2 

dt 
= W' 

(A9 ) 

(AIO) 

(All) 



Equation (AIO) be6ome~ 

et = 
k 

15 6(k T + t k ) 

W(kT+tk ) 

Since the frequency is nearly constant, we can write 

et = I 
k W 

( A12) 

(AI3) 

( AI~) 

Then the res ul ting change in x is a pulse of duration etk . 

ex = 

v s 

o 

(A 15) . 

elsewhere 

Since etkis very sm~ll, we can app~oximate the series of 

pul~es_of (AI5) by a series ofi~pulses of the same area. Not~ 

ihat the area, A of each. pulse is: 

A = V et· = . s k 

V s 

W-

15 6( kT + t
k

) (A16 ) 

This is equivalent to the product of 156 and a series of impulses 

of weight y~/w. Thtis, 

ex = 
V 

s 
W 

(Xl 

l: 
k=O 

(A17 ) 



Note that if the frequency is· constant, tk is constant, and we 

can shi ft. tto eliminate tk in (A1'7). Also note th~t W = 
Therefore, 

ox = 
V T 

s 

2II 

00 

1: 
k=O 

o9(kT) oCt - kT) 

Thus, the linearized model of the ¥FD is the sampl~ng of 

by a train of impulses of weight VsT/2II; 

2II 
T 

(AlB) 



APPENDIX B 

CONTI NUOUS APPROXHv\TION OF THE SANPLI NG PROCESS 

Consider a system with an impulse sampler ind a low 

pass filter, as shown i~ Figure Bl. 

FIGURE Bl. A Sampler Followed by a Filter. 

Let the sa'mpling period be T and define w as . . s 

(Bl) 

The imp~lse-~ampled signal, f*(t), is given by 



00 

f;', ( t) = f ( t ) E 
k=-oo 

o(t .:.. kT) 

73. 

(B2) 

We can replace ~he ~ummation in B2 by its Fouri~r series'repre-

sentation. This results in 

00 

f;', ( t) = f ( t ) E 
k=-oO 

1 -jkwst 
T e 

Now assume that F(jw) is the Fouri~r transform of f(t). 

f(t) ++ F( jw) 

Recall the ~reqtiency-shift theorem, 

At 
e f(t) + + F(j'w -A) 

(B3) 

(B4) 

(BS) 

In view -of B4 and BS, the Fourier transform of f~·'(t), F;':( jw) 

equals 

1 f*(t) ++ F*(jw) = 
T 

00 

E F(jw - jkws ) 
k=_oo 

Thus, F*(jw) is periodic in w, as shbwn in Figure B2. 

(136) 

Howeve~,-if the band~idth of the iow-pas~ filter, L(jw) 

is much lowe~ than ws ' the side lobes will be attenuated and 

will not affect ~he system. Therefore, th~y m~~ be ignored and 

F*(j ) may b~ approximated by the centerlobe~ 



FIGURE B2." Magnitude of F*(jw) Versus w. 

F~': ( jw) 1 F( j til) (B7) - T 

and therefore, 

f~': ( t) 1 f(t) (BB) - T 

Thus, if an impulse sampler is follcwed by a low-pass 

filtBr whose bandwidth is much nar~ower than ws ' the sampler 

may be approximated by a ~ain of l/T~ 



APPENDIX c: 

Ar~ APPROXIr1ATION FOR EQUATION (17) 

Consider the function f(x) 

f(x) ( el) 

This function may be repr~sented by its Taylor series. Since 

the functionf(x) is even~ the series coritains only even powers 

Next, consider the interval 0 < £ < x, and defin-e there a 

fun ction 

f( x) 
g(x) = -2-

x 

In view 6f (C2), this equal~ 

75 

(C2) 

(C3) 



'. 

(eX + 1) 
g(x) = x 

x(e - 1)· 

2 1 
= '"2 + 6" + 

x 
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( C4) , 

For~smal1 values ·of x, g(x) may be approximated by the first 

term of'the series. 

eX + 1 ~ 2 ----- '"2 
x(e x 

- 1) x 
, (C5) 

Noz substitute x = TIT and multiply both sides of (C5) by 4IT 

4ITT(e T/T + 1) 

T(e T/T -·1) 

Equation (C6) is the approximation suggested by (17). 

(C6) 

91early, 

thfs approximation introduces an error wh~ch increases as TIT 

grows. Some valu~s of the approximation error are given ~n 

Table C1. 

TIT· 

Approximation 
Error 

.. , 

TABLE Cl 

Ap~roximation Error 

0.1 0.2 0.5 1.0 

0.08% 0.3% 2% 8% 

IL can be seen that the errors are small when TIT « 1. 



APPEl'IDIX n 

~lEASU REr'iENTS OF 1'10TOR PARA~iETERS 

The armature resistance R is measuring applying difa 

fe~ent armature voltages and having corresponding current 

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

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

bridge and measured to be 

L = 24 mH a 

The bacK e.m.f. constant KE' of 'the mOLar is obtained 

by running 'the machine as a ganerator ata rated field cur-

rent and calculating 'the ratio of generated voltage to speed 

which is found to be 1.06 V/rad/sec. 

The mOLor torque constan't KT of the motor is measured 

to be 1 N.m/A. In ide~l, it must be equal to KE . 

77 
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The total motor armature, generator and tachogenerator 

inertia is c~lulated from 

IT = J a 

where a is ,the acceleration, obtain~d from acceleration 

r~cordings, J is the total inertia of the motor and load and 

T is the sum of the produced torq~es. The total motor, 

2 generator and~ tachogenerator iner~ia is found to be O.~5 kg.m . 
! 
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