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S.YNOPSIS,

This dissertation describes the anélysisvand
the experimental studies of & seperately excited dc
motor fed by a thyristor chgpper as a variable speed
drive motor. A critical review of the various conventio-
nel schemes of adjustable speed drives is given in the
introduction. The reasons for the accelerated trend in
the use of thyristor control for variable speed drives
in general and thyristor choppers in particular are
mentioned.

Chapter 1 consists of a study of chopper action,
triggering and commutation e¢ircuits, The working of the
two circuite are described in detail. The steady state
operation of a chopper is analysed in chapter 2, Further,
the general expressions for the current torque and speed
of the motor are derived. The starting and braking methods
of the motor with chopper circuilts are described in

chapter 3, The commutation and loss problems‘in a motor

operated on rectified power eupplg‘are also given., The

methods of improving the motor performance are suggested.



Chapter 4 gives the details of the experimental set-up,
observations and results. A brief conclusion on the
experimental resulte is given,

At the end, appendices carry the list of the
components uaed,‘with their specifications and the

references. are given,

009



NOMENGUILA®TURE_

General Symbol for capacitance ( p £ )

General symbol for Diodes

Motor induced average voltage ( V)

Supply frequehcy ( H, )

Armature current (A)

Average free wheeling current (A)
Field current (A)

Gate tirgger current ( mA )

Source current (A)

Instantaneous cuffent (A)
Capacitor current (A)

Moment of inertia of the armature (kge M)
Commutating Inductor { mH)

Field inductance, (mH )

Series inductor

Motor shaft speed ( REM)

Motor shaft rated speed ( RPM )
Constante defined in the text.
Quality factor defined in the text

Resistance ( - )

¢



Switching period ( ms )

Average load torque ( N = m )
Electromagnetic torque developed ( N = m )
Instentaneous time ( ms ) \

Conduction time intervals or on bime ( ms )

Circuit turn off time

Off time ( me )

Turn off time of thyristor (yne )
Pulse width 8 { u 8 )
Source voltage ( V )

Output voltage (V)
Field voltage (V)

Trigger pulse voltage (V)
Chopper‘ frequency coefficient
Duty factor

DPele speed

Angular frequency 271 f.

Magnetic fiux ( webers ) .

Y Y
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INTRODUCTION

A vide variety of electrical motoré have been
doveloped (21), capable of performing #arious duties
required. Induction motors, on account of its extreme
simplicity, have found universal applications where the
speed requirement is almost at‘canstént value; Synchrb-
nus motors are invafiably used where precisely constant
speed 1is requiréd. For applicétionsdrequiring variable
epeedlthere ére good number of types of motors available.
| Bu@lmoet frequently preferredlin this fielajie the de
notor., The speed of the dc motor can be controlled by
varying either armature voltage or the field currént.
Former is for speed below thé rated and the latter for
the speed above the rated value. Hence, with dc¢ motors

smooth speed control over a wide range l1ls possible., DC

motors can closely match with the needs cfvtha applica-
tion as the speed- torque charaeteristiq can be varied

to almost any useful form, for both motoring and regenera-
ting applications. AC motors stall at the loads above

twice their rated value and can not start on loads above
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150% of the rated torque. On the other hand de motor
can start at higher loade and also can take up overload
upto 300 to 400% of rated load for a short period. Dynae
mic or reganerativé breking is easily obtainable with the
de motors for application;reqniring quick stopping or
speed reversals (22),

As mentionéd already, d¢ motors are.easily
adaptable to adjustable epééd sexrvice. The speéd charac=

teristic of a seperately excited dc motor is given by:

It is clear that the speed control through the variation
of armature voltage or the field current requires an
adjustable dc voltage, The adjustable dc voltage is

obtainable by adopting any of the following schemes ueing,

1) Ward Leonard method

ii) Rotating amplifier

ii4) Magnetic amplifiexr

iv) Grid = controlled Thyratron or mercury -arc
rectifior.

v) Thyristor



i) Ward Leonard contro;'first introduced about
eighty;two years back/;s the most familiar ﬁethod qf obtgin—
ing adjustable voltage. It makes use of the motor-genera-
tor set and provides a smooth speed contro;,ovér a wide
range down to a very low value, which is limited by the
 residual magnatism of the generator., At lower speed the

* stability of operation is affected by a demagnatisation

of the armature reactidn‘(i).

ii) Rotaling amplifier is a special kind of dc mach-
ine, which has several windings ( control and excitation
windings ). It possesses high voltage gain and the ability
to provide optimum condition for.handling transients. The
power supplied to the load by it can be controlled by sﬁall
signalvinputs. Closed ioqp atomatic speed control schemes
using amplidyne are very convenient and accurate.

1i1) Magnetic amplifiers have found considerable
application in the control of dc and ac motor drives. The
power gain is very high and is of the order of few thousa-
nds. The most valuable feature of this apparatus is that
the functioning is highly reliable. The only shortcoming
of magnetic amplifier.ie its comparatively higher electro~

magnetic inertia,
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iv) Grid controlled mercury arc rectifiers and
thyratrons have found applications in providing adjust-
able dc voltages, required in connection with the adjuste
able speed dc drives. The merits of the controlled recti-
fier is that of low cost, small dimenesions, aaving.in
non=ferrous materials, higher efriciency and absence of
moving parts. But the limitation beiqg that of drop of
power and power factor with the larger values of firing
éngle. Cooling end the protection problems limit the
capacity of the device.

v)' Thyristor was first introduced in 1951‘a3 a
semiconductor controlled rectifieg’to replace the grid.
controlléd mercury arc rectifiers and thyratrons, It

is a solid state counterpart of the Thyrafron. The word
THYRISTOR oﬁes its origin to THYRATRON and TRANSISTOR.
Hence’it possesses the fine capabilities of the both,
Since then, great progress has been made with semicond-
uctor devices. The development of high power thyristors
( with a*hegligible forward voltage drop while conducting
and high reverse blocking voltage while not conducting,

and their decreasing costs ) has led to the creation of
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a new range of gtatic converters which can be utilised
for dc as well as ac motor drives (5— 7).,

Static convertefa enable in developing more accu-
rate, efficient and compact control schemes for electrical
motors. In addition, they help in obtaining characteris-
tics, formerly accossiated wifh one type of motor from the
other type. For example, using phase controlled cyclo-
converters, even induction motors ox synchronus motors
may be used as variable a speed drive. Hence, induction
motors are becoming very popular for applications requiring
variable speedsq

The conventional methods of control are gradua~
11y bYeing &isplaeed by thyristor control. For, iﬁ has
been found that in most of the cases, ﬁse of thyristors

for power control, affords considerable advantages in

-

-~

comparison with the other systems, owing to the possibe-
ilities of o;taining better economy, effeciency reliabi-
1ity, festness of response, speed-Areversing facilities,
bréking facilities and their compatibility, to adopt for

closed loop system of speed control (4 ).

Thyristor control for electrical motors in



general is a very vast topic., Let us consider their appli-

cations to only dc drives. ihyristors are implied to pro-
duce adjustable de voltages in the éhase controlled recti-

| fier and the chopper circuits.‘ In such circuitg'the smoo the
ness of voltage control d@pends upon how efficiently and
smoothly the triggering is cohxrolled. Thgreforg proper

and accurate control of the triggéring of the thyristor

is a very important and basic requirement. The phase cont-
rolled rectifier may be hélf wave or full wave.'fully contro-
1leé or semicontrolled, single pulse, three pulse or six |

pulse. The choice of the btype of the rectifier depends

upoﬁ the amount of the power handled, and its applications.
Further the Qhoice.depends also uﬁon the tolerable aﬁount

of harmonic content im the output: Where the speed reversal

is.essential,'fully controlled converter is a must,

When énly de is available (3), time ratio control
(TR. C) is the moet useful and effiqieni method of speed
control. In this, the thyristor functions as a fast acting
switcﬁhand is said to act as a chopper., It can be used
for motore of different hp ratings Qver a wideé range. An
important feature of this chopper is that the maximum amount

of the ripple content can be controlled by controlling the
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pareme ters, responsible for it. Where as, it is not a
case in phase controlled converteré. The type of the conQ
verter bridge will fix the minimum amount of harmonic cont-
ent. In case of choppers, it is easy and convenient to
filter out the ripples, wﬁereasﬁnths phase controlled
converters it is very difficult. Also, radio interference
effect is considerable with the latter.

In the present worklthe thyristor is used as
a chopper to control the speed of a seperately excited
dc motor, Suitable control circuit and power circuit are
deSigneq'fabricated and tested. The problems encountered
with the operation_of the chopper circuit have been dealt
su;tably and few remedies énd suggestibne for the improved

performance are also givens

3
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LITERATURE REVIEW

Thyristors, like mercury - arc rectifiers/have

short conducting and blocking periods, and can be actuated

any mamber of times without risk éf deterioration. They
may be conseénénmly used in conjunction with the capacite
ors in dc circaits_in which they control the dc power by
repeatedly making and breaking of the circuit. In 1963 W,
Faust published a paper (25), giving a_practical circuit,

to goet adjustable voitage to control the speeé of a de¢ motor.
This circuit was referred to as pulse converters. They
perform the same task as a variable ratio transformer. They
cen for instance, con#ert de power at low voltage to high
voltage. Another feature of the puls:converter is high
efficienhy; -They also need little maintainance and can be
used for feeding variable speed drive mofors, €.8s for dc
traction, aboardship, and for battery fed installations.

In 1964, Gurvie%’in his péper {29), emphasised the use of
pulsed control of the de motor as a moét practical, loss-
free and useful method for obtaining varisble speed. This
method was recommended for traé%iqn applications.

Adjustable voltage obtained through pulse supply
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wag succesfully ﬁtilized to control the field current of
a dc motor to get higher values of the speed; Using this
method, B.M. Bird,in his paper (23), described the speed
controlling of a seperately excited dc¢ motor, The motor
performance was analysed and a wide range of speed control
was shown to be possible.,

Perimela lagan and Rajgopalan, in their publicau
tion (26) in 1971, gave the steady state analysis of the ’
chopper'fed seperately excited dc motor with simplifying
assumptions/regarding the 1inearity of the magnetic circuit,’
commutation phenomenon, the commutating circuits and the
mode of chopper operations. The general expressions for the
current, during the duty and free wheelipg interva%,were
derived, This method was found to be able to predict the
motor characteristic that was Found Yo be in good agree-~
ment with the experimanfal results.

The performance of a dc series motor operating on
pulsed supply was analysed in greatey details and rigouégzss
by P;W. Franklin (17). In the analysis the non linearity
of the magnetic circuit was considered by suitable approxi-

mations . Equations for the current, speed and torque of



T

‘a motor under steady state operation were developed . Furth-
eg{the problems arising out of the commutation were consi-

dered. 4Adapiability of dc series motors to electrical brak-
ing methods were discussed. Fourier series analysis of the

armature current was made to get ripple current in it. Extra
losses on account of ripples in the current were also worked
out, The analysis given is simpler, more general and hence
can be used for the case of dc shunt motor also.

Thyxistbrs. in chopper circuits are working under
de supply and cannot be exté%uished automatically but requ-
ire forced commutation. Forced commutation is possible by
making use of a commutating capacitor in a suitable circuit
arrangement, such that it can be charged, discharged &
recharged in the reverse sengs, rapidly. A suitably ché;éad
capacitor is connected in series or in parallel with the
Thyristor to provide a negative base, and thereby reducing
the burrent in mein thyristor to be turned off. A number
of commutation circuits have been proposed. Therefore, the
method of commutation has become a criteria for the cléssifi—
cation of chopper circuit.‘ There are five different classes

of commutation (4) depending upon the suitching errangement
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of the resonant circult,

Class A: Self commuted by resconating the load.

Class B: Self commuted bj‘an LC load,

Class C: C or LC suitéhed by“anothér load'carrying
thyristor.

Class D: Cor LC switched by an auxiliary Thyristor.

Class D: | External pulse source for commutation.

Of these, the claae'D has found most applicationa because

of its simplicity, good regulaton, 0peraﬂorsgt high freque--
ncee (4). There are three important types of chopper circu-

its, which fall under clasg D commutation. Thqye are as

follows:

i) Morgan's chopper
ii) Joan's chopper and
1i4) Heumans chopper.

The important features of these chopper circuits in brief
are given'the following paragraphs, |

In the Morgan's chopper (27,28), a saturable cofe
reactor is used, As the design of the satﬁrable core is
difficult, it has been replaced by an auxiliary Thyristor

in the modified Morgan chopper, and is dealt by Bedford and



Hoft (3) . The modified Morgen's chopper is simple, relia-
ble.- The circuit can be mede to act as an inverter also
.

with certain modification of the commutation and fihing Cire
cuit, | |

Jone's chopper makes use of an autotransformer
actione ﬂhenever the load.current flows in the circuit, the
capacitor gets charged. The circuit ?equires large reactors
and becomes economical only for higher loads. The design
and analysis becomeé»a difficult problem.

Heuman'é chopper circuit requires no saturable

core reactor or achoke for transformer action, but an auxi-

‘liary fhyriator is used, In this, the precharging of the
cépacitor is important. Rechafging of the capacitor is
obtained by mecans of a resonant circuit. The design and
analysis of the circuit is simple but switching reliability
is boor on account of the possibility that the caﬁacitor

may not be getting fully rechamged . This drawback is
overcome by providing an additional resonant cireuit. This
was suggested by Rudolf ﬁagner (20). The additional resonant
circuit helps in cﬁarging‘the commutéting cepacitor to full

voltage to ensure reliable commutation in next cycles.
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G.N, Revankar (11), and A,Alexandrovitz (10) have given
gulde = lines in the design amd optimisation of the commu-
tation circuit, Accordingly, the optimum values of L and
C of the commutating circuit are calculated. The chopper

circuit used in this work, is as described by G,N, Revankar

(11);‘
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CHAPTER — I

CHOPPER CIRCUL

1.1 INTRODUCTION:

The chopper circuits provides a smooth and
contactless control to get variable dc voltage from a

constét, dc voltage source. Hence it acts as a variable

ratio de¢ transformer. It is possible to step - up or
atep dowm th2 de voltage. However, in this dissertation,
only step - down choppers are discussed.

An ideal chopper is shovn in Fig.t.1 . Thé
thyristor Th behaves like an ideal switch, wvhich can
operate at high speed, to conduct in ope direction only.
For the sake of simplicity, the triggering, commutation
and snubber o circuits are not shown.

Yhen the Thyristor Th ( Fig.1.1) is in conduc-
ting state, the full voltege is applied across the load
{ assuming negligible forward voliage drop across the
.thyristor )¢ The diode remains blocked throughout this

conduction'period. During this period, the load current
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rises exponentially. Under ths steady state operation

of tho motor, this load current rises to a maximum value,
depending upon the ON time.( tc) s the time constant of
the load and the svitching time, During OFF state of

thyristor;nm voltage is applied across ths'load'ae shown
in ( Fig.1.2). During this period ths load current will
decay to a minimum value ( in continuous current mode of

operation), which depends upon the off time, the load time

constant and the switching period. The path for the decay=~
ing current is provided by the free vheeling diode coﬁnec-
ted acréss the load. Fig.1.3 shows the rising and decay-
ing ¢of the current during the OR and OFF period. From
‘th $1g.1.2, it is obvious that the average chopper output

voltage ie given by @

e
EO = % + t V . = r\/ ' 0000906(1)
e 0
t : D
The ratio ;—-35:—- is defined as the duty factor of
¢ o

the chopper and is alwvays positive but less than the
i'ea 0 7 4—710

From equation 1, it is clear that th> average

output voltage of the chopper depends upon duty factor,



which is nothing but a time ratio. There are three methods
of controlling the duty factor to control the output veltage.

They are obtained by triggering the thyristor at, “

10 variable frequency with constant ON time,
ii) constant frequency with variable ON time,
1i1) variable frequency with constant OFF time.

-

The choice of the method of control depends upon
its capability to effeét an efficient trénsfer of power
with continuwoue load current, but wifh less ripple. The

method (i) hes the disadvantage that the load current may

be digcontinuous at low frequency operation, which may cause
increased harmonics. Filtering may require high capacity

componants, This drawback is eliminated in the second meth-
od in which ripplée can be minimised by a suitable design,
In case of inductive loads filtering méy'not'be necessaiy ’
but in resistive loads, filtering is convenient as ripples
occur at particular frequency.‘ Method (iii) has the advane
tage of getting continuous load current, but the complexie
ty of the triggering circuit will be greatly increased.
Therefore, second method is preferrable to the other two

and is used in this works



1.2 RIGGERING CIRCUIT:
(A) TRIGGERING REQUIREMENTS:

A simple moethod of triggering a thyristor is to
mf £ apply a2 pulse at the gate. Triggering circuits are to
produce the pulaes; It is desiéable that the triggering
circuit shouid be simple & 'reliable; The gating requireme-
nts for a thyristor are not set by thyristor and the cirecuit
where it is being used; The minimum values of the gate curr-
ent { Iyn) and the voltage ( Vap) should be epecifiedrwhile
designing a triggéring circuit which can be obtained from

SCR manualg. Tb ensure the conduction of the thyristor,

a pulée with & voltage and ecurrent, greater than the VGT
and I,n must be present at the gate of the thyristor for a
period long enouéh for the anode current, to reach its laﬁch-
ing current valué; The width of the pulse must be greater
than the turn - on time of the thyristor, The wvoltage and
current_vélues and their rate of rises should not exceed
the peal ratings of the deviee;

In a chopper circuit, in addition to the main
thyristor, an auxilisry thyristor is used for the purpose
of commutation. Thé main thyristor is turned off by switchw

ing on the auxiliasry thyristor and vice versa,
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Therefore it is necessary to have two sets of pulses required
for the two thyristers. And that the instant of triggering
»the auxiliary thyristor should be well controlled. Because
this will control the ON time ( t,) of the main thyristor.
This control 1s‘obtain§d by means of a simple potentiometer
arrangement as shown in Fig._(1.ﬂ), whose functioning is expl-
ained in more details in the following sections,

The choice of the triggering frequency is an impor=
tant factor in the design of the triggering circuit. its
choice depends upon the mode of operation, the load time cons=-
tant, its inertia and the allowable ripple current. For better
performance, the ratio of switching time to the load time
constant should bdbe--low,

(B) IHE DESIGN OF TRIGGERING CIRCUIT:

The design of the complete triggering circuit
consists ;f the design of (i) Saw - tooth voltage generator,
(i1) Comparator (1iii) Differentiatar and (iv) Pulse transfor-
mere
(1) Saw_Tooth Voltagze Generatoxr(5):

v, = 12v, N = 0.66,
R3 is chosen as 100 chms to limit the magnitude of positive

resigstance as negative resistance is developed across it,
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' R, = 10000/7LV, = 10000/.66 x 12
= 1260
(nearest practical value

2

c1 is chosen as 0.1 u f.

T

Ry = 2 =30y log 3

= 100 kS\. Ry = 100 ux K {ohms)
(i1) Reference Voltage is Obtained from g Pot.
( Ry ) of 100 K
(1i1i) Comparatoxr:

Oporational amplifiers ECOT09 are used. The
output is a rectangular pulse ( + 12 V to ~12 V ), Use of
thils will eliminate pulse amplifying stage and infact an
attenuator R5,6 of 1 K is used.,

(iv) Differentiator:

Pulse transformer acts as a differentiater *

However to have very sharp pulse, a capacitor of O.1 muf
02’3 are used. No resistance is required as in an ordinary

differentiator on acccunt of the primary winding of the pulse

v
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transformer.

(v) Switching diodes SH100 are used to block the

negative portion of the pulse.

(vi) Pulse Transformer (24):
A small toroidal core is used for this purpose,

The number of turns on it are calewlated using the follow=-

ing equations,

E %
N = ———
_ "¢ max.
N = No. of turns.
E = Pulse voltage (V), .
t = Pulse duration ( p s ),

¢.max. Allowable maximum flux change, in u wb for
a core under unidirectional pulse magnetiza-

tion with the low pulse repetition frequently.

(C) HORKING OF THE TRIGCERING CIRCUIT:.

Saw _Tooth Generator (4): A unijunction transistor is

used as a saw tooth generator. For its operation the cir-
cuit.ia biased for astable operation. As shown in Fig.(1.4).
the capacitor C chargee to the peék voltage and the device
turns on, and the capacitor discharges to the valley vol-

tage. Thus the cycle repeafs and across C saw tooth voltage
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is generated and the wave form is shown in Fig. (1.5 1i).

The charging time is given by T1 = R,C,4 1ogé—%:;-

and

honce by varying R,, the frequency of saw tooth voltage

can be varied,

Comparator: 'kh operational ampiifier is used as a coﬁp-
arator. It coﬁpares twﬁ input voltages. (1) a saw tooth
voltage and (41i) a reference voltage ( obtained from a
potentiometer). Comparator is very sensitive to detect the
instant vhen the saw tooth voltage attains the magnitude
equal to that of the referenge voltage, and gives out an
output signel at that instant, Thus a rectangular voltage
pulee is obtained with two levels. ( + 12 v and -12 v )

at a frequency corresponding to that of the sauv tooth volta-
g6, A second comparator, identical to the first, and gives'
an output which ie inverse of that of the first, vhen i#puts
to it are interchanged. The output of comparators are shovn
in Fig, (1.5) il and v.

Differenti ¢t The comparator output is differentiated
ueing en C~ R differentiator and a pulse tranafoxmer.‘ The

output of the differentlator consiste of series of positive

and negative pulses as shovm in Fige 1.5 (iii and vi ). \\
\
¥
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Using a switching diode to block.negative pulses, only
positive pulses are obtained at a frequency corresponding
to that of the séw tooth voltage frequency as shown in
Fige 15 ( iv & 141),
Pulge transformer:  Pulse trénsformerg acts as’ coupling
agent between the triggering circuit and the power circuit,
as well , it provides dc isolation between the two.
1.3 COMMUTATION CIRCUIT (10~13,20):
(a) ﬁTRODUCTI 3

Once the thyristor gainerconducfion state, the
gate loses control over it. The thyristor can only be turne
ed off by reducing the anode current to a wvalue zero 6r below
that of the holding current. This value although varies
with the type of the thyristor, will be about 50% of the
latching current. To ensure the safe commutation of the
thyristor and to regain forward blocking capability, it is
necessary that the thyristor current be zero for c¢ertain
time called as turn-off time of the thyristor, lest the
thyfistor cannot ﬁlock forward anode voltages immediately
after current has been reduced to zero. The process of
bringiﬁg down the thyrisfor current to zero is known as

commutation,
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Commutation may be natural or aftificial. The
natural commutation is possible in ac operated thyristor
circuits. Forced commutation is essentinl in dc operated
thyristor c¢ircuits. In the forced commutation method, the
thyristor ﬁurren£ is forced to zmerc by the applioation of
reverse anode %o cathode voltage, which is produced by an .
auxiliary compahent/preaent in an extra circuit., This extra
circuit is célled as commutation circuit. The component
that is most suitable for providing a &1ae voltage is a
commutation, capacitor C, vhich is ¢alled as a commutating
capacitor; It should be preferably a foil type or paper
type {13) and must have optimum value. During the operate
ing condition, this capacitor dischearges and roecharges in
the opposite sense to the full voltage, by resenance circe
wts present in the commutation ww circuit,

(B) IESIGN OF THE COMMUTATION CIRCUIT (21)

The commutation circuit deséribed by UYagner (20),
Revankar (11 ), and Alexandroritz and Zabar (10) is 41llus=
trated in Fig., (1.6)., It is a class D type of commutation
makesa use of an auxiliary thyristor and two resonant circuite., '

The outstanding features (4) of this commutation circuit are



that i) commutation is reliable, on account of auxiliary
thyristor. 3i) The commutation energy may readily be tra-
neferred to the load and so, high efficiency ie possible.
iii) The circuit is ver:aat.ile; |
Choice of the values of I and € for the commuw
tation circuit, The opéimm values for 2 commutating
capacitor and inductors is obtained by using the following
equations; |
According to (ii).
Iy, =xR(4SAHT )ty
c K R)C 4.5/ 1w ) by .
where x is the ratio of the maximum load current to be
commutated to the peak discharge current of the commuta-
ting capacitor. For Q 2. 12, the optimum values of I and

C are obtained by using X as 1. obtained from curves,

According to (10). T

, , I
0 = 1.57 tq ° --—--. -
£2
v = q
. -'-'-e

Therefore, the values of L and C used ares O-iI8mH and Spf
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(C) WORKING 03_ IHE COMMUTATING CIRCUIT:
| The working of the commutation circuit is
described in the follcwing'sequence.
i) Pre-=charging of the commatating capacitor: It
iz done by triggering the auxiliary thyristor ( Thz) only,
and the capacitor G is allowed to be charged such that the
plate near to the main thyristor is positive., When the
charging process is completed,ithe charging current falls
to zero or a value beloﬁ that of holding current and the
thyristor becomes nonmconduetive. Thelcommutation circuit
operation consiaté of duty interval, commutation interval
and free = wheeling -~ interval. |
ii) Puty interval: With the triggering of the main
thyristor, the duty interval starts and the source voltage
'appears accross the 1dad terminsls. The current flows in
two parths as shown in Fig.1.7.
1. Source, Th1; load,.
2¢ Cy Thy; Ly and D, ,

Capacitor € is discharged through the path 2 as

the time constant of this circuit is low and is again re-

charged in the reverse direction i.,e., the plate near Th, is

/O ?&Q& .
CENTRAL LIBRARY UNIVERSITY OF ROORXEL

ey T



negative, This occcurs by the end of 1/4th period of the
first resonant cycle of the circuit formed by Lq, D1 and

Ce The charge on C is held by the hold « off -~ diode D1.

Ag goon as Thz is triggered; the duty fnterval is terminge
te&;

i51) The Commutation interval: The triggering of the
auxiliary thyristor marks the end of the duty inter#&l and
the beginning of the commutation intexrvel. The load current
through the main tﬁyriator is transferred to the commutation
capaéitor, and the auxiliary thyriator; The capacitor volta-
ge is applied accross the anode and cathode terminals of the
main thyrigstor as an inverse voltage. It i1s necessary that
this voltage be maintained for at least the turn~ off time
of-the main thyristor, lest the thyristor faile to regiin
ite forward voltage blocking capability (2). C discharges
mainly through the resonant path formed by D,y L, and C where
the period of oscillation is smaller éhan that of the other
path. The capacitor C gets charged from the dc source
through the ioad and changes its polarity as shown in the
Fige (1.8) + The commutation period can last until the

capacitor is fully charged or can terminate when the main
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thyristor is triggered, The capacitor voltage will be
greater than the source voltage in case of inductive or
_emf'loads and hence during this periocd there will be conduce
tion of free- wheeling = diode which marks the begiﬁniﬁg
o? the free-~ wheeling period; When the commutation period
.is terminated by re~firing of the main thyristor, capacitor
_fails to get fully charged and in the next few cycles of
operation, effective commutation may not bé possible, There-
fore it may be noted that when the duty interwval approaches
%o the period of the chopper or is less than the turn - off
time of the thyristor, commutation faiiure may resulte The
control over the duty.fagtor may be obtained only after
the pre-~ charging operation.
iv) Fre?- Wheeling - Interval (12,16): Over‘swing
of the condenser voltage results in the conduction of the
free wheeling diode Dy . This marks the‘beginning@cf the
free wheeling interval. Current through the load during
this interval depends 6nly on the value of the current at
the end of du#y interval and gradually decreases with the
time constant of the load. For a small value of duty factor,

the current through the load may reach a value of zero.



For high duty factor, current through the load is flowing
when Th1 is again triggered. In that case an over lapping
of commutating and freewheeling interval may take place,

In other words, commutating interval may end but free wheelw
ing interval may continue depending upon the duty factor.

RESUME :

The thyristor is consiéered as an ideal and fast
acting switch. The working of thyristor as a chopper or
a variable ratio de transformer is described. Further,
the output voltage of the chopper is expressed as a function
of a time ratio ( duty factor ). Methods of controlling the

output voltage by contrélling the duty factor are given.

The basgic requirements of the triggering and the
commutating circuit for a chopper are considered. The design

and the working of the two circuits are dealt in detaill,

s oo
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MOTOR OPERATION WITH CHOPPER CIRCUIT

The chapter gives a description about the
me thod of starting and braking of the motor. Further the
commutation problems and sdditional losses caused by the
ripple in ths armzbture current are discussed. Finally,
certain remedies for the impro&emenx of the motor perfor-
ﬁance are suggested.
2,1 STARTEHNG (9):

The chopper controlled motor is started on line
bput with a low value of duty factor to limit the inrush of
the current. The usual limit of average starting current

is sbout twice its rated value, and is given by:

'{_l Vo B b
I e . .
av R

‘At starting Bb =0 , Y= Yg ; and I, =21 = 2 p.u.
ae shown in Fig, 2.1. For any dc motor, the duty factor,
at starting can be calculated from the above equation. Dur-

ing the starting period, the commutating capacitance must



beras high as of thé ordexr of twice the normal value because
of the starting cufrent. Otherwise, the commutation may
fall. This may be obtained by using an additional capacie-
tance connected across the normal capacitor during start-
ing as shown in Fig.(a;e) and then,discoﬁneqt;ng it after
the required speed is obtained. As an alternative a variabe
le commutating capasitor may also be used.

2.2 BRAKING (17):

One of the major advantages of the chopper contro=-
1led motor is its adaptebility to sewersl methods of brak-
ing, particularly, regenerative braking with a partial return
of power to the source; To stop the‘motor dynamic braking
may be used. The motor is diesconnected from the supply,
the chopper connections are reversed, the armature is shore
ted by a resistance, RBj and a suitable rosistance RB, is
to be insefted in series with the armature as shown in
Fig.(2.3). The nature of the speed torque characteristic
is shown in the Fig, (2.,4). The motor acts as a»seperately
excited dc generator énd the thyristor is triggered during

the braking period.
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Regenerativé braking is of particular advantage
when a battery is used as a power supply (17). It will |
have to be assumed that the power source is capable to
accept instantaneous pulses without increase in terminal
voltage; i.e. the internal resistance is zero. The rege-
nerative braking opeiation is schematicallyhshown in Fig.(2.5).
The motor current increases during on period of the thyri-
stor chopper and decreases during the off period, But the
electromagnetic field emnergy is then returned through the
blocking diode into the power source, The regeneration is
possible only when the maximum and minimum values of the
current through the chopper are higher than that of the motor
current, The failure of regenerative braking may take place
for a given resistance RB1. To achieve further braking, %=
the resistance is to be lowered. Hence, a rheostat is nece—
ssary. The speed torque characteristic during braking condi-
tion are shown in Fig. (2.6);

2.3 COMMUTATION AND LOSSES (18,19):

In case of de¢ motor fed by a dc generated power,

the motor current during commutation must decrease to zero
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and reverse to the negative value linearly. If the reversal
of the current is incomplete, sparking occurs. In a chopp~-
er controlled dec motor, the current to be commutated is shown
in the Fig.(2.7). There is a ripple in the armature current
which produces the following undesirable effects. (1) addi-
tional transformer voltage in the commutating coil; (41) the
eddy currents are induced in the interpole stator core and
frame. (1ii) a flux in the interpole axie which is diff:icw_«t
to be compensated., . The sparking decreases the 1ife of the
brushes. It 1ncreéses the RI effect, the noise level and
losses, In order to improve the commutation the following
changes in the motor design are suggestéd {18).

1) Ripple is to be minimised using reactore.

14) + The use of large nnmber of commntating segments

and fewer turns per coil are preferred,

Because of the ripple in the armature current,
the TeleSe value of it, 1s greater than the average value,
Thie causes more losses, more heat generation in a motor,
to produce a given torque, as compared to that case when
the motor is operated on dc generated power. Hence. extra

copper lbssee, in the armature and interpole winding and
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Lron losses in interpole body and frame of the motor are
produced., Copper losses increase as the square of form fac~
tor, It is about 1.05 for a three pulse 1.01 for a six pulse ,
and 1.35 for single pulse full wave converter, Therefore,
increase in copper losses .could be from 2.« 2% in six pulse
sonverter to 82%A1n single pulse full wave converters. Thoere-
Eore; for motore of over 150 hp, six pulse converters are
referred and for motors up to 15d hp three pulse converters
ire more ugeful and for integrel hp motors, single phase conver
ters are recommended for use (18). |
Experimental results have shown thét the increase

in loss and heating on an average,is ab&ut 7% for six pulse
and 18%‘for a three pulse converter, The inter coil tempera-
ture followed the increase in logss which sees both the pole
and frame losses can become a limiting factor in the design
)T motor operated on converter supply (19).

Asc regarde a dc chopper, there is an inherent
wdvantage that the ripple content can be minimiséd by using |
1 very high chopper frequency or filters if necessary. Hénce,
;he extre loss occuring can be kept w;ll’within the tolerable

Limits and it is not a severe prodblem. However, attempts to
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improve commutation will be helpful to limit the loss. And
‘therefore. chopper circuits can be used for motors over wide
range of hp applications.

RE&UME : |

In this chapter the starting and braking methods

are described. The regenefative breking can be obtained

conveniently. The présence'of the ripples in the motor
current wﬁkh cause certain undewirable effects mhidh affect
the motor perfbrmance are mentioned, The increase in the
loss due to ripples o& ednsidereﬁ for the choice the

thyristor converters for motor control application. But
thyristor choppers provide for the better performance of

the motors with wide range of hp ratings. A4s the stabting
and braking methods are very efficient, with chopper control

circuitse, These are widely used for traection applications.

2

L K J
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CHAP =~ 111,

STEADY STATE ANALYSIS OF SEP EXCITED
DC_MOTOR CONTROLLED BY THYRISTOR .
CHOPPER

3.1 INTRODUCTION:
| The thyristor chopper performs the function of

connec£ing and disconnecting the supply voltage to the motor.
The principle of the working of the chopper circuit has been
described in detail in chapter 1. In this chapter, the
motor confrolled by tﬁe thyristor chopper is analysed. For
this purpose equivalent circuits are developed for the cond-
ucting and non conducting period ( t, and t, respectively )
describing the motoring action. Further circuit equations
are developed and solved to get genefal expressions for
currents, torque asnd speed, in terms of circuit parameters,
The ripple and the source current are graphically represen~
ted as a function of the duty faétor.
3e2 ASSUMPTIONS:

For simplicity the following assumptions are

mede in the analysise.



1)

2)

3)

4)

5)

6)

T

8)

9)
10)

36—

Thyxristors are ideal. In other words, the forward
voltage drop across the thyristor is negligible
and the reverse recoﬁery‘voltage is instantaneous,
The chopper is working under steady conditions
and is supplying a conetant load current.

The chopper operates in a cohtinuous current modé.
leee I, (min):> O.

Chopper control frequency is fixed. But the on
time is contrglled.

Saturation effects are neglected i.e, the circuit
parameters remain constant;

Friction, windage and iron, losses are neglected.
However they may be assumed to be constants and

may be coneidered in a detailed design.

Speed variation due ¥o pulses in the armature curr-
ent are neglected.

Effect of commutating coil current is neglected

as its 4is small in large and properly designed
motors.

Load current during commutation is constant,

Field ie seperately excited and is constant,



3.3 STEADY STATE ANALYSIS (14,17):

% 4

F.F. Mazde (14) has enalysed high frequency thy-

ristor chopper circuits. A.K., Datta & M.M. Roy (15) have

dealt with the 6h9pper circuit analysis with e static indu-
ctive load P.W. Ftanklin (17) has carried out the analysis
of dc series motor: éontrelleﬁ by powezr pulses. Based on
the similar lines, an attempt is made to analyee,the perfor
mance of a seperately excited motor controlled by thyristor
chopper. N

Fig.3.1 and 3.2 represent the equivalent circuits duri
ON and OFF  intervels of a pulse period. The circuitjequa-

tiong are given by, (1) and (2) respectively.

V = Eb + RO i § & Lopi t;jbotbc(?)

¢ =Eb"‘R° i‘y“f“ Lopi QQ..‘QOD(Z).

Under steady state conditions the motor armature

current builds up from Ia(min) to Ia(max) during ON time.

During ON time,

Ve

ok fT | ~t/T
b.y(1=-e) © * Ty max) ©

11(t) = (
» [

ooon.ono(3)



- During OFF time,

-/, EB *t{?b

iz(t) = Ia(maxs e ."'",-Eo ( 1 - € nbcon».nv<4)

Ae t approaches t, and t_ in 3 and 4 , respectively, the
above equations give the maximum and minimum value of armaw
ture current as in (5) and (6),

V- Eb -t | | -t /Tb

Ia(maX) z'.': ( . RO ) ( 1 - o OITQ ) * Ia(min)e ¢ toc‘t(s)
-t /T, _ Eb -t / T
Ia(min) = Ia.(max) e o e _ ;( 1 ~-¢ 7 © -u....,...(fi)
o

Equations 5 and 6 are further simplified and exXpressed
in terms of the variables , , 2 and Yy which are

defined as below.

Switching period ( ms )

ol = T/To =

Time constant of the load (ms)

{IC‘Q‘.‘Q".(?)

fa = Eb/V = n/nb + Psus opeed £ of the motor

.‘.0000(8)

vy o t, / T, . Duty factor esnesi(9)



(tc) and decays again to _Ia(min) from Ia(max) during

OFF time, exponentially a8 shown in F:.g. e A_ The solution
of the & above equata.ons 1 and 2 give the following expre-
seion forx 'I:hg current at any time *t&? during ON or OFF

intervals of the pulse. T | | !

Iﬁﬁ = V/R ( S't-.arbing or S, c. C‘urrent )

0oo.ioao.(10)
We ha've,_
(1-e) ‘"
= e _ , : eses{ 11
la (max) =g, o =K - P ‘o
' (1t -e)
e -( 1=
= 1~
L a(min) Tor ( £ 2t e —F
(1=289"
- op-nopﬁo;t(?a)v

The m ripple current defined as the difference between the

maximom and minipum value of armature current is given by

_ ' oo = Y ,
(‘ice"'y"(‘)(i»é ) Yo
I(rip) = dag —

| (1 -e )

cecvessell13)

‘“\HE‘\S\W OF ROOWKES

AU
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The maximum value of the ripple current will occur at a

duty factor Y = 0.5 . Therefore we have

= D..Q.‘.(‘A‘}

| 1(rip)max
During OF time current supplied by the source

I, is given by A/T i.e..

AU | t
s = & 1y (%) at,
o
1 tc v “E "'t/?o
" ) é R (1=-e) * Iy (mih)
o -t 0
-t/T
e / O } dte.
i.e.
' - ~(t=Yy )
g = Icg {( 1- pY -1tz )(1-e)
L 4 ="k
eessse(15)

Similarly, the current flowing through the freewheeling

period is given by !

t
1 o :
D | - § iz(t) dt.

g



6 ~t/T  Eb  =t/T ]
1 (o o _ - o -
7 $ {Ia (max) °© - _R( i-e) Sd‘b-
o

= ICL %( Y‘—'F) "(1‘--‘?)7,"4'

e - qer )L

(1 -9 )( 1 -e) %
0(,(1-e””<’)

The average current in the armature during a pulse is the

sum of the source and freewheeling current.

= I + 1

I:a,v D S

o= IGIJ ( { - fg ) o-n.do;aoto‘.(“?)

The average torque produced = T,

"

K.¢.15v.

= K' Iav. o@too(‘!a)

4

Therefore torque « speed characteristicsare identical to
that of current « Speed characteristics.
Pulsation in armature currents causes the pulsg-

tion in the instantancous speed, BRipples in speeds will be

lese if motor inertia is more ., A ratio of ngx}"ngm;ni

H( max) + N (min)
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is a measure of the speed ripplé.,
RESUME : |

The analysis of the seperately excited de¢ motor |
is very much aimylifieq by making various poseible assump-
. tions. The equivalent circuits are formed, and the circuit
equations are written for the ON and OFF iﬁtervale. Further
they are solved to get gsneral expressions for thg average
current torque and speed, in terms of duty factor and other
ciré;it paraméters. The general expressions are quite helpful
in'knéwing the effect of the chopper frequency and the duty )
factor éver the motor performence They can also be helpful
in giving the ggidlines for the design of the chopper circu-
its. The use of the analytical eXpreasions is made to get

the ideal cheracteristics of a thyristor chopper and the impor-

tant ones areigraphically shown,

o8 we
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CHAPTER - IV,

EXPERIMENTAL DETAILS,OBSERVATIONS
- CONCLUSIONS AND APPLICATICNS

A complete and more practical circuit for a
thyristor chopper requires the following, in addition to
the triggering and commutating circuits, which have been
_already described.

4.1 EXPERIMENTAL DETAILS:

Brotective Circultg: Because of the low heat capacity}
thyristor devices are sensitive to overload. Mpreaver. the
qhopper circuit conducts in one direction only and has a
very low resistance in the reverse direction, and is very
sensitive to the polarity of the supplys Therefore, an
‘efficient fusing of the circuit is essential and the same‘

is provided to protect the thyristor and the power diodes.

Protection must also be provided against the effects of
spurious turn-on and the dv/dt effect which could turn-on
& nonc¢onductinmg thyristor. Therefore a si@ple snubber

circuit is connected ac.ross the anode and cathode of the



thyristors, as chown in the Fig, (4.1)% Spurious turn-on

is prevented by using a thyristor, with a break down voltage,
greater than theimaximum supply voltage. A switch is used
in the gate circuit of the main thyristor to enable the
pre;charging of the capacitor , as shown in the Fig. (4.2).
A transformer winding is used as a series choke to smoothen

out the ripples in the current. A free -~ wheeling diode
is made use of across the load to supress the m nocise effect.

To optimise fhe circuit ﬁerformahce, linearisation of the
saw~ tooth = voltége and a facility to get a variable trigge
ering frequency, are introduced. |
4.2 0B ERV TIONS:

The chopper frequency is get to its maximum value
(1.4 K, ) s for which a better commutation and circuit
performance are possible. This depends upon the avgilable
inductors and capaeiﬁors, for the commutation circuit. The
speed and output voltage variations,as a function of the
auty factor; are observed and expressed by means of the
characteristic curves in Fig. (4.4). The wave forms corres-
ponding to the speed of the motor and the current are obser-
ved, using a,{ag?generator and a signal from the ammeter

terminals respectively.



4.3 CONCLUSIONS:

1) . Very smooth control of voltage and speed are
possible with the chopper circuit; Of course
with the help of a linear saw= tooth~ voltage
and a sharp triggering pulses; Linearity is
obtaihed by charging the capacitor with a conse
tant current, as shown in Fig.(4.3);-

i1) The speed of the motor is found to be free from
ripples; because the thyristor chopping period |

(.07 ms ) is negligible in comparison with the

motor time constant ( 600 ms ). Any torque pulsa-

tions due to ripples in current, are obsorbed by
the motor inertia,
iii) VThere are three regions of operdtion, of the

chopper circuit where in, duty factor possesses !
(a) Mo control,

(B) Soft control, and

(¢) Hard control,

over the output voltage and the speed,

At very 1ow and very high value of duty factor

( below 2% and above 97% ), the control is lost. Because,
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the capacitor fails to get fully charged., Hence, in the

.next-few’cycles of operation, Z2ke the commutation fails.
With duty factor ( between 2% to 20% ), a soft

speed control is poseible. A wide range but hard sPQed

control ié possible which is more estable and useful, when

the duty factor lies between 20% and 97%; Therefore, it

is safe to use the chopper circuit in its hard control region

onlye.

4.4 APPLICATIONS:

Thyristor chopper foed dc series motors have
already found a rich field of application in thevtranapor—
tation systems viz. electric fraction, battery~fed electric
cars, etc. The seperately'excited édc motors afford a wide

range of speed control and the provision of sufficientiy

hard characteristic, may be employed for driving metal indus-
tries, lathes, shapers, machine tools etc; and also in hoists

and excavators.

e s
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IST OF COMPONENTS USE

i) grigggg;gg Circuit:
BAME

UJT ( 2N2646 )
Capacitors 0.1 uf ,10V,
Pot 100 k Ohms, |
Resistor 1 K, Ohﬁé.‘
Resistor 100 ohms.
Switching Yiodes ( sm 160)
Pulse Transformers
Operational Amplifiers
(EC0709 ) .

11) Power Circuit:
Thyristors (2N3670)
Inductors

commutatiﬁg Capaci%o;lﬂ
Powér Diodes |

' Capaicitors 0.05 uf,600 V

Registors 100 Ohms.5W.

SYMBOL
uJT

Cq,2,3

OP, AMP

Thy, Th,,

LysLy

D

D, D o

2’
4+%5

Ros Ry

QTY, IN NO.



1ii) Specifications of the Thyristor:

The thyristors used in the chopper circuit are

2N3670 RCA, Some of its important specifications are given

below:

Allowable forward blocking voltage

Repetitive peak inverse voltage

Average allowable current
Surge Current ( 1 eycle )
- DC holding Current

_Gate Voltage ( VGT)'
Gate Current

Critical dv/adt

Critical ai/dt
Turn - on time

Turn off time

iv) IC Motor Specifications:

HP of the motor
Armature supply voltage
Full Load Current

Field current

Rated Speed

[ B

220 V ac

400 V

8 - 10 A

200 A

0.5 to 50 mA
% V (max)

40 mA

10~-100 type
v/uS

200 A/us
10 u 8 max;

20 typ.(us )

50 us max.

4
220V
4.6 A

0.26 A

"~ 1450 RPM
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