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SYROPSIS

The scope of this dissertation extends [only to the
operation of d-c¢ shunt motors on halfewgve rectified power.
A genergl mathematical snalysis of the problem has been given
and the results from theoretically derived equastions are shown
tc'be comparable with the experimental results, An gpproxi-
mate method of analysis has also been given and is shown to be
quite auitg accurate, Apart from this various usual performe
'ance tests, both under stepdy state gnd trsnsient conditions
are also given. The various methods of controlling the methods 7
and details of anxilisry equipment are also given., The various

operational problems are discussed.
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FOMENCLATURE

spoed coefficient of the motor vhen fed on half-wavo
rectificd pover.

ratio of voltage generated in motor armature to the
pecak value of transformer secondary voltage

ratio of rectifier drop to the peak value of trensfor-
mey seccﬁdary voltage

speed coefficient ( in d.c. oporation of motor)
rotioc of compole to armature turns

rnotor terminal voltage Qhen on d-c supply
instantancous value of agnode supply voltage

brush econtact drop

total back emf in rectifier-motor circuit

d-c voltage ot load terminals

voltage generated in motor armaturec

r.o.S. value of control grid voltage

line voltage |

pock value of trensformer Secondgry voltage to
ncutral

voltage drop across rectifier

r.m. 8. value of the trensformer Secondery voltage
to neutral |

forn.factor of rectified armature current
pcok-coff. of armature current

@-¢ .value of motor armature current

Yine eurrent
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INTRODUCTEOR

Motor-generator sets have been the normal source of
power for large d-c motors for meny years. The first appli-
cation of rectifiers to lgrge motors occured in the steel ind.
ustry. A study of the evolution of rectifier-motor drive sys-
tems reveasls a morked chgnge in system characteristics over
the past few years. Thus, it is necessary to investigate some
simple and effective system using recti{fiers which mgy be a
possibility in power supply applications.,

A historical review of the application of power rece
tifters for large motors reveals that power rectifiers were
first used for this application nesrly two decades ggo. Aromd
1940 a steel company wanted to inerease the power to an exist.
ing hot strip mil1), Due to considerations of avsilable Space,
1nstallatian time, etc.,, power rectifiers were added in pors-
1le)l with the existing xenﬁrafors. As the system employed a
common bus power Qupply the influence of the rectifiers caused
Jittle disturbgnce of the input to the motors., On later hpt
strip mi1ls, 1t became a common practice to use rectifiers as
the sole power source. Fere, agaln, the limits were ppralleled
on s common bus gnd particular care was taken to maintain the
' prOper phase re}attonsbip among the static units to obtain the
ninimum diaturbance on the power system, ' i

In 1954, the first individuzl motor-rectifier powered
hot strip mil) was put into operstion in the united states. The

full impact of the rectifier voltage variations appeared at the

~



termingls of 2 large motor for the first time. The motors
were rated 5000 h.p. and opergted through a 2 to 1 field
weakening range from bgse speeds 125, 150 gnd 175 rpm. This
type of power system 1S used for modern hot strip mills and
dirrechonsiderably from that first employed nearly 20 vesrs
sgo.

Now-a-days, the use of rectifiers is becoming popu-
lar in electric traction also where the traction motors are
dec series motors. Various authors have investigated the
choice of single-phase full-wave rectifier d-c¢ motor System.
But ﬁhe single-phase haif—wave rectifier systen requires the
:}oast number of tubes, 5o 1t might be of some interest to
stu@} the hglfewave rectitier d«¢ wmotor system, and to 1nvas-
tigata the performance, Generally in,tractian, series dec
-mptois are used gas a rule, whereas in mgny other applicatzons
‘a8 1n steel industry, d-c motors with shunt excitations are
- useds 8o the problem under investigation was limited to the
half-wave dec motor system,with separate d-¢ excitation.
The vﬁrious other combinationa, as that of series motor on half
wvave rectified powver, are still to be investigated snd may be-
come nn.interosting problem for future workers,

5t411 the problem of half wave rectifier d-c¢ shunt
motor system {s in 1ts initisz) sStgge and there are vasrious draw-
backs in the system, So before this system becomes an economic

possibility, much of research work is needed,

(11)



CHAPTFR - I

AUXILIARY EOUIPMENT FOR HALF-WAVE RECTIFIED
= POWER SUPPLY

When a d.¢., motor is fed from rectified a.c. pover,
various types of equipments are to be used to wake a link
between the a,c. busbars and the d,c, motor., These equipments =
rectify the a.¢, power to d.c, power, It is very important to
be careful in the selection of t@igtauxiliary equipmentsas their <«
characteristics affect the overall performgnce of the systenm
consisting of auxiliaries, d.c. motors and the load, 1In the
following paragraphs an exhaustive discussion is being given,

1,2
(1.1) The Transformer.

The transformer 1s the heaviest single item of
equipment in the rectifier scheme, ond it is, therefore, worth
giving every considerstion to mepns of attzining the minimum
possible weight and size which is important in many applications
of rectifier fed drives,

(1.1.1) Insulation and Cooling.

For voltages upto agbout 15 KV 1t is practicable to
use air as the insulating and cooling medium, ond this promotes
lightness anéd a low fire risk. For higher voltgges the greater
electrical clearsnce and creeprge distences needed would cguse.

an air insulated transformer to be excessive in size, For high



voltage Systems (say upto 30 KV), therefore, it is normesl to use
a liquid as the 1nsulat1ng med$ um,

In order to achieve the desired low welght it 1s custo~
mary to use a current density seversl times greater then would
be normal for a conventional substation transformer, This results
in correspondingly high copper losses which must be accepted as
the penalty to be paid for lightness and smallness whiqh are very
important in certain cases as in the case of rectifier locomotives,
The high losses could not ba?dissipﬁted by natural cooling, and
forced oil circulation 1is therefore adopted in order to circulate
the oll between the trensformer and a separate radigtor and to
obtain better heat-transfer factors,

Thus a emall light trgnsformer (with high losses) will
probably necessitate additionp) weight in the case of rectifier
locomotives pnd oth&r‘sﬁch applications owing to the 8pace occu-
pied by the large radiagtor. The best compromise between trans
former 8ize and rpdiator size 15 a design problem,

Generally the core is built up from laminations of grain-
oriented silicon-iron alloy, which can be operated at flux densi-
ties near to saturation (Bpgy = 1.8 Wb/m®) without excessive
losses or magnetizing current. This reduces the transformer weigh
apprecisbly. The core is designed with high flux density at the
nominal system voltages when the vnltéga rises gbove the nominal
system voltage; when the voltage rises gbove the nomingl value,
the increased losses and magnetizing currenthare accepted as a
short term condition, |

For high voltage control systems the rectifier transforme
and the autobransformer are built with one yoke common to Boﬁh.

This yoke carries only the difference in flux of the two transfor-






3o
-mors, co that the iror soction 1g roduced with o corrosponding
veoieht rcduction,

{1.1.2) 8holl-%ype vorsus Core-Type Transformers.

The sholistype trensfornor is usually preferred to
the core-typc painly becguse it provides constructional edvantages
vIn shell treonsforncrs the core, in effect, surrounds the colls,

The nein adventeges of hHho chell-type are:

(1) Tho ghapc pernits a simple design of iank to fit‘closoly
round the petive parts, thus avoiding wvasted spaco and reduc-
ing the volunc and veight of oil,

(11) The o1l flows in clearly defined paths in close contaet
with tho coils, thus promoting effective heat trensfer.

(111) The core laminations can bé clanped together by the tuvo
halves of the tenk, thus aveiding the use of c¢lemping bolhs
passing through the core,

(1w The shell-typo 18 more flexible in shppo, as all three
dincnsicns pre pore or less independent of one cnothor,

In thec sioplicst shell constructien there are only two
loont of irom core growmd the rcctangular-shaped coils, but this
could obvioucly be incroased to four loops.

Jith ciscular coils the number of loops can be inereased

to as weny as arc desired « this arrgngement loading to tho redial

core desizn,

(1.1.3) Voitnno Control Gear.

(1) N.V.Controlz= TFig. 1.2 shows the conncctions for

o typierl h,ve tapechenger, The contset brushes A end B operate

off«loaf cnd pre mounted on a chaine-drivon carrigzge, wvhich
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togother with the contoet blocks and contact bars, is housed in
on 011.f111cd cnsinpg. Eleetricel clepronces are thercfore small,
lcoding to o compoet dosign, ATl current-making gnd brogking is
hendleé by the two load sritches Ly and Lg, vhich are mochcnieally
oporatcd from the mechanism which drives the corriage. The losd
switches arc alr-break unite end arc thus readily accessible for
maintenonec, The tap changer may be operated by a pilot motor or
by dircet nonual drive.

The tapechanging impedanco is a resistor, which may bo
feon-cooled,

(11) L.V. Controls= The comnections for a typical 1l.v.

tap-changer aroc shown in Fig. 1.3, This particular tap~changer

uses a mid-point guto-trpnsformer as the tap-chenging inpedanco,
All the contacts operagte on-load gnd are of the air

Ybreak typos they may be operated by a cemshaft or they may be

in the'form of unit switches-usually operated electro-pncumatically
0ff=10ad taopping sclector contacts, with separate contac-

tors for current making end bresking are not common in rectifier

transformers,

(1.1.4) Effcct on Tronsformer Design,

The transformer for a rectifier/mvorter scheme must
be desipncd so that under the worst conditions of inverter operpe
tion the firing linits are never excecded, These adverse condie
tiong occur vhen pook loads coincide with a lov supply voltage,
This results in o tronsformer 10-20 percent larger then that
ncecossery for the ecquivolent freec-firing rectifier duty, ond
alvoys involvec operction during rectification with some firing

deloy.
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Nornally, the determination of kva rating of the poly-
phasc povor transformer is based on the continuous rating of the
drive, without taling into account tho starting and overload con-
ditions. The kva of the secondary polyphose winding of the power

tronsformer ¢an be cdlculated from the formulat

i

KVA = Eg I . £p 7 (1.1)

wvhere Eg¢ = 7r.o.8. velue of the transformer secondary
voltage to nentral.

Id e a ypated value of motor armature curpent,

form factor of the roctified armature current

o
o
L

at the lovest operating speed and full rated
torqua.

p = pumber of phases of the rectifier

For g rough estimatién, the approximate kva of the power
tronsformer for drives up to 15 horse pover can be obtained as’
hva = 2.5 P (1.2)
vhoro P = horge power rating of the drive.

B 2,3,4
1.2.1 Recﬁifie%&.’ p=e

Roctificers play the most important role in the
reetifieor-notor installations, Thore aro many types of rectifiers
avniloble and each type has got its own limitations, The most

important typo of rectifiers are:

(1.2.1) BScmi«Conductor Roctifiers.

Semi-conductor roctifiors, although not competitivo

in price at proscnt, are being developed rppidly end have a promio
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-ing future for traction applicctions., Tho groatest assct s
9inpligity, oving to the absonco of prohepting, oxcitation ond
ipgnition oquipment,

Gornendun roctifiocrs do not show eny reclly significent
reduction in oizc cempared with the moreury - are rectifier ot
the voiteges which cen be uged for industry, ond there 18 very
14ttlc gein 4n efficiency. Silicon rectifiors, however, can opo=
rato up to ouch hirher temporatures than germeniun end show congi-
doroble sevingg in opece end weight. A sot of semieconductor
roctifiors 45 nore floxible in dimontions then a percury arc
rectificr,

Seni-condueotor rectifiéra have #ery short heating tince
constants end honeco neod to bo continuously rated for operation
at the accelorating current. Fusos are necded to obtain suffiei-
ontly highesgpocd protcction to prevent damsge to the rectificrs
due to faults,

(1.2, 2) 1llereury-Arc Roctifiers, .

Thyratrons and other typos of mercury-arc rectifiors
aro generally uscd fer the power roctification, Tho thyratron is
linited to the 1ifc of its cathodo end by varm - up time, 1Its
grid pover roquircments are low. Littlo commercial expericnce
has been obtained vwith large thyrotrons.

The other types of mercury arc rectifiors aro cither
singlo cnodo or nultionode, Tho single pnode rectifiers arc
eftheyr lmoun ns oxeitron gnd ignitron. These two types differ
in conotrueticn cnd mcthod of oporation, but not in application,
The £ir. 1.4(0) ond 1.4(b) indiccte the ossontial difforence

betwoen ipnitrons ond oxeitrons., In the former o cathode s
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initioted onco in every cyele at the corrcet instant for the firing
of the pein anede, this spot being formed at the junction of the
stationary ignitor and the morcury surface when a pulse of current
45 pessed from the ignitor to the mercury. The pulse is obtained
fron otatic eircults, The excitron, howvever, hes a cathode spot
initiatcd on the mercury surface by cne of the methods normally
used in rnulti-gnode rectifiers, and this spot remains burning con-
tinuously, the main anode firing vhenover it bocomes positive
relative to the cathode,

Ignitrons are used for large currents ond have shomm
11ttle sign of being used below 200 to 300 emps in competition to
rotating machingry. The firing povor is generally lzrpgc and rege
wires devices having large time constent, For rapid response thio
15 o difficult obstncle electrically., The oxcitron has not been
produced in oize small enough to dbe applied to the lower horsopove:
drives, Grid powver requirements agre approximately thosc of the
Tthyratreon,

An ignitron design suitpble to withstand forward voltgges
roBably and to have fast deionizetion characteristics is best dosi.
gned with tvo or nore grids., A tube with double grids for invorto:
requirenents inherently has a lower allowable current density than
thaot of a single grid tube of about the same physiecal sige, Thereo.
fore, 1t is desirpble to apply the double-grid type of tube at
roctifier voltepes nbove 1200 volts i{n order to obtain the optimum
kilowatt output for given size of tube, Although a double-grid
ignitron 138 bettor for most applications requiring inversion, a
single grid tube 1s suiteble for applicatiors requiring only a
Jimited pmount of inversion. It mcy be possible to apply lowe
voltape siné?e—grid ignitrons to meny szpplications,



B,

If the invertor roquirements prevont the use of Tow-
voltage singleegrid ignitrons, it will be neccessary to usc doublo
grid cconomicnlly ot higher motor voltages,

During 'he last fwo decados, the design of pumpless recti.
ficrs heos progrposcd so far that this type 15 being employed incre-
eoinely in meny drive applications, Its main advantages arc, no
doubt, the omissicn of the vacuun equipment, vhich rendors it ox-
tremoly oimple to maintain, and the ability to £111 it with inert
gas, vhich conduces to o most favourzble run-up, even at lov Surr-
ounding tomporatures, Horcover, the temporaturce-control equipment
has olso boen developed which ensuros p perfectly stgble control
tcoperature oven when the room temperature fluctuatos widely, Tho
optimun tomperaturc is obtained by varying the volocity of the fon:
gceording to the control tempersture, for which purpose cholkes
promagnotiﬁod by direct current are cmployed,

A further advantage atternding tho cholce of pumploss roce
tifiers for nmedium capacity drives, 1s thot a number of smaller
tenks connceted in parallel comply with the principle of back-up
powor, thus this type of rectifier £finds increasing application in
nodiun end high capacity drives,

(1.3) Busbar conncetions.

“any types of busbar connections cen be possible,
But in the intorcst of increpsed flexibility it might prove ncce-
gsary to split up the busbars into g nuaber of scetions, Plents
of this nature arc provided with en cuxiliary busbar, end a spare
group vhich ig dimentioncd so as to normolly fecod in to the most

heavily locded scetion, Should the nocd grisc the group cen,
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howevor, bc changod over to eny othor section., Fig, 1.8 shous

onc good typo of busbar schomo,

3,6.
(1.¢) Rectifier Faults end Protoctive Doviced.

In the event o fault occurs during the operation of
a roctifier fed motor, it 1s desirable to cleor the fault and ro-
ctoro normal operation within a foy cycles 5o as to hove minimum
offoet on tho motor oporation,
The various types of rectifier faults end the devices
ndopted to clesr them out are doseribed in the following paragraphs

(1,¢s1) Arc-Starvation Surges.

All mercury-arc réctifiers have g moximum current
rating for ony particular tomperature, above which tho ion supply
to the arc fails end the current 18 choppedy when this occurs
high-voltage Surges ore préduced, oving to the inductance in tho
circuit. It 1o usunl to operate well belov these current values,
but undor cortain operpting conditions they may be oxceceded. For
ozample, when starting up after a weeke-ond shut-dowm, a motor nay
roquire extra offort to move it, cond if the rectificr io cold tho
grid control may be advorsely effocted, rosulting in misfiring,
This could easily result in on over-current sufficient to cguse
orc Stervation,

Becausc of the risk of domego from sSuch surges, 1t s
stondord praoctice to fit somo form of surge protection on all more
cury-are rectificrs, This normnolly tckes the form of none-lincar
rcoistonee or Opark-gep surge arrcesterc cormecteod betwveen the anedo

and noutral or tho arode and tho eorth across all sccondary phases,



10.
1t sheuld be noted that theso surge arrostors arce dosigned, not to
oliminagto surges, but to 1imit their value to within the surge
strongth of the oquipmont, Eliminagtion of arc-starvation surgos
is poosible only by direct adherence to the manufacturer's instruc

tiohs regarding methods gsnd conditions of oporation.

(1.6.2) Over-voltages duc to Bwitching and Regeneration.

ith a drive of this nature (rectifier fod d.c.motor
drive) thore is also the possibility of over-voltagos causod by
sudden demond for rogenoration facilitics vhen motoring, or vhen
whon switching frem motoring to generating or the reverse, For
this a sSmpell fixod load in the form of a resistor is connected
oeréss tho motor and this suffices to eliminate sny sudden over-

voltages due to regencration.

(1.4.3) Ovor-Currents due to Backfires and Grid«-Blocking.Pailuro.

Bosidos the normal insulation failure faults, morcury

-arc rectifiors are linble under cortain circumstencos to backfiros
end falluro of the grid blocking.' For exemplo, such faults could
occur during surges caused by arc starvation or during over-loads,
A backfire is en a.¢., shortecircuit inside the reetifioé vessel {t-
golf from onc anodec to enother., I at tho time’or backfire the roc-
tifier 1s connected to a load uhich con foed back, thors will also
be a d.c. short-circuit via the roctificr cathode and the faulty
anodo, |

Falluro of grid-bdlocking when roctifying rosults in the
voltare suddonly chonging from its roduced controlled level ¢o the
full frecefiring lovol, and, dcpending on the cmount of firing dolay
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may be equivglent to a short-circuit on the d.c¢., system. Such a
failure during inversion could be more severe, in that the recti-
fier and machine would be in series, and the resulting short cir.
cult would be at double the normal voltage, |

As with all other electrical eduipuent, there 1s a fault
level snd a duration of fgult which the equipment e¢an withstand,
and any protection has to be designed with this in mind, In this
connection it should be appreciated that s backfire produces fault
currents in the trensformer windings and rectifier vessel of 30-50
times normgl., On the d,c. side it 1s usual to fit g circult brea-
ker capable of interrupting sny possible fault current due to
short~circu1t or failure of grid blocking in sufficient time to
prevent the fault turning into a backfire., In case of backfires,
both the a.c¢, and the 4,c., protection must funetion rapidly enough
to protect the transformer and to prevent any undue gessing in the
rectifier, which would cguse permanent demage.

On the a.¢., side the a.c, breaker and the anode breaker
are used, The g,c, bregker 1s used for clearing arc backs, for
clearing over loads and for backup protection, Thé gnode bresker
can be used to clear an arc back by opening only the pole carrying
the reverse current of the tube that has the arc back, It may be
arranged to have 211 poles trip due to overlogd or forward fgult
current during an inverter src threugh?

Sometimes the reactors are placed in various parts of the
¢ircuits to 1limit fault current and rate of rise of fault currents.
It 1s undesirable to have too much reactance in the a.c. circuit
as this makes it more difficult for the inverter to commutate, A

- d,¢. reactor can be used to limit the rate of build-up of inverter

fault current, Another requirement of the d.c. reactor is to limit



12,

the current ripple in the d.c. machine, particularly in singlo
phase or in circhits having'less than six phases. In circuits
using 9evorse¢connec£ed canvﬂfters, repctors are required to

linit instgntaoneous circulating currents 1f both convorters are

alvays relegsed.

(1.4.4) Temporature Control.

In order to minimise the incidence of arc-starvation
sarges it is desirable to acconodate mercurye-arc rectifiers in an
ambient tempersture controlled chamber above a minimum value of
15 - 20%; 4f this {s not possible, temperature control of the
reetifier has to be provided, 1In sope meghes of rectifiers both
anode gnd cgthode heaters are provided agnd controlled by a common
switch, In agddition, thermostatic control of the cathode heater
s provided, operated from the roctifier cooling-air temperature,
while the rectifier cooling fan is controlled in dependently acc-
ording to the rectifier temperature by means of g thermostat situe
ated on the anode plate,

Protection against the f:n failure normally tcokes the
form of singlo-phasing or thermal over current protection on the
fan motor. Oc¢casionally, depending on the rating of the equipme-
nt end the duty, it may be possible to put a thermostat on the
rectifier tank, but this is normally not practicable owing to the

slowmess of response of avallgblo thermostates.

(1.4,5) Current LinitinZ:

then énly small control currents are roguired, 4t

is possible to 14mit the output current of o rectificr to a proe-
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-detarmined maximum, The control circult used must be one that
will remain quiescent until the presef load 1s resched and will
then operate, retard the firing sngle, and bring the current
once pgaln within a safe velue., Such eircuits may contain elther
thermionic values or static electromagnetic devices such g8 trans-
ductors, Where adjustments are not eritical, metsl rectifiers
way Scunetimes be used in place of dlode valwes,

4 simplified limiting circult 4is showr in Fig. 1l.6.
The input (ey) 18 a voltgge propértioual to lead, and {aiQ is
8 bias voltage. Whilst (ey) 1s less then (e), V, can not con-
duct and no current flows in the resistor R. When (e;) is greater
than (ey), V; conducts and the resistor now carries current, The
voltage on the grid of Vo changes in value from (e, - ’r) to
(e; ~ @), V, conducts, and its gnode current may be used to
operate a phase-shifting circuit. It could be connected, for
example, in the control) circull of the device outlined in Fig.4.5.

When armature and field control gre used together, the
HMmiter must first strengthen the fileld defore reducing armature
voltage.

(1.5)  Reverse-Error Relay in Motor Control Loop.

When a change is required from rectificsticn to
inversion, it is necessary to detect when the gctual speed exceeds
the required speed., When this condition occurs, the polarity of
the error voltage changes sign, and the gmplifier input has to
be switched to accept errors of this reverse sign. In order to
initigte this change-over, s reverse-error relay i3 used, consise
ting of a two-stage magnetic amplifier whose output feeds a con-
tactor., In order to prevent a hunting of the contactor, thQ
amplifier bias 1is switched to give a dead zone between pick up
and drop-off,
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CHAPTER 11

ANALYSIS AND PERFORMANCE OF HALF-WAVE RECTIFIER
D-C SHONT MOTCOK SYSTER

(2.1) Equivalent Circuit.

The rotating armature of g d-c motor represents,
under steady conditiocns, a cireuit consisting of a resistance
R, an inductgnce L, and an electromotive force Eg genersted
in the armature winding and ascting as a counter voltgge, which
tends to oppose the flow of current resulting from sn external
voltage applied to the armature terminsls., This genergted volt-
age 1s proportional to the speed of the motor, under the assump-
tion of const-nt opergting flux, An equivalent circuit of a
half-wave rectifier motor-armature system is Shown in Fig. 2.1(b).
Where the generated electromotive force of the motor is represen-
ted by a battery, generating s voltagge Eg, and the smature-winding
resistance gnd inductance are represented by a resistor R, and
& reactor 1 respectively, The controlling resistance is repre-
sented by R, and the drop across the rectifier and armature -
brush contact drop by batteries, generating voltgges Ep and Epy
respectively.

8,9,10,1}
(2.2) Fundamental Equations, '

The principles and theory of controlled rectificg-
tion are of fundgmental importance in industrial contrcl in gene-

ral and the motor control in particular., The two cases of contro-
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-1led rectification should be distinguished. The first one is
the case of discontinuous load current where the current flowing
in the load circuit, and supplied by a rectifier of a single-
phase or a polyphase type, consists of discrete pulses with zero
-current gaps between them., Discontinuous conduction can be
obtained in any rectifier, regardless of the number of phases or
in load circuit inductance, if the angle of ignition is suffici-
ently delayed., The case of discontinuous conduction is of prime
importance in electronic motor-control systems in general becansé
the typical feature of these systems 1s a wide range of control of
the agngle of ignition of rectifier tubes. Thus, the discontinuity
of 1osd current can always be encountered under certain operating
conditions, From the theoreticgl point of view the case of discon-
tinuous conductien 13 of fundanmental importsnee since the relations
gnd concepts involved in this cgze esn be extended directly to the
case of continuous conduction where the logd current flows in s
continuous manner gnd there are no gero-current gaeps, although the
g~¢ ripple of current mgy be considerable,

The Fig. 2.% represents the time function of the anode
supply voltage and the load current flowing in the armature of a
d-c motor. The graphs gre referred to a single rectifying element
and, consequently, a single current pulse is shown without reference
to neighbouring pulses, In fact, for the case of discontinuous
conduction the shape of the current pulse doos not depend upon the
neighbouring phases, nor upon the number of phases of the rectifier
In Fig.22, X represents the theoreticsl zero line of the sinusoidal
anode-Supply voltage. The voltage magy be expressed as

e = Ey Sin (wt + g) (2.1)
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vhere B, = V2 E; = peak value of anode voltage
ot = wvariable time angle
g = gngle of tube bregk down.

Again E, 1s the arce-veltage drop of the rectifying element.
This voltage drop may be aésumed to be constant gnd equal to 15 to
20 volts, The brush centgct drop may be assumed tc dbe constant
and equal to 1 volt at each brush, making two volts in totgl. The
opposing eleeﬁrcmagnetic force generated in the grmature 1s repre~
sented by Eg.  The eontrol grid voltage and the critics) grid
voltage are not shown in Fig., 2.2, It is readily seen that 3
portion of the positive half c¢yele of thé ancde-supply voltage 1s
used to overcome the sum of Bo+ E; + By, = Eg, and that
only the portion of the anode woltage rising above the line X '
can produce gny current flow in the grmature circuit. Thus, the
controlled grid voltage and the critical grid voltege should be
referred tc the gero line X",

Point N, corresponding to the time angle 0°, represents
the point of igqit;nn of the rectifying §1euent, that i{s, the ins-
tart at which the rectifying element starts to conduct., The time
angle » corresponding to point R, at which the rectifier stops
conducting is called the " gngle of extinction' of the rectifien
Thus the rectifying a}cment 1s conducting over the period r and
since the over-all cycle of the rectifylng system is egual to
2r/p (in the most general case, However, for half wave rectifying
System p = 1), wvhere p 1s the number of phases, it is apparent
that the non-conductive period of the rectifier is equal to 2r/p-r.

If line X' 4s regarded as representing the potential
of the negative terminagl of the motor armature, the line MNPQRX ",
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consisting partially of the zero line XY and partially of the
portion of the a-c ancde - supply voltage, will represent the
potentisl of the armature positive terminal, that is, the cathode
~potential of the rectifier, In other words, the line MNPQRX »
represents the time function of the voltage across the armature
with respect to gzero line X',

| The equation of the current pulse in the logd circult
during the conductive period of the rectifying element 1s g combi-
nation of g sinusoidal snd an exponantia) function of the time

angl& wta )
Apph;ing the Xirchoff's secend law in the loop consisting

the rectifier-motor system (Fig. 2.1(b), the following equation

can be written,

L d1/4t + RL + Eg = B, Sin (vt + g} ., (2.2)
where R = R, + Rey and Bg = By + Ej+ By, (2.3)
The complimentsry function of Equation 2.2 is given by,

R/t
C. F. = A€ | - (2.4)

The particular integrasl is,

Py I, = —g——pp- 5in (wt + B)
R+ L w

[ Cos(wt +p§[ -

= Ep/Z sin (wt + § - 0) - Eg/R (2. 5)

where 2 = [/
SRrZ . 122 , and  e-tan" ! WL/

' Combining equations 2.4 and 2,5 and applying the conditic
thirwhen t=0, 130 » the complete soluticn of Equation 2,2



18’ ) '
1 = « Eg/R + Ep/Z Sin (wt + B - 6)
«R/tw (wt)

+ |Es/R « E./2 8in ( -e)—;e
[d m n b __! vee (2.6)

The varisble time angle " wi' appearing as the indepen-
dent variable in equation (2.6) is, of course, subject to limita-
tion -

0< wt < v (2,7

Since it follows from the definition of 0° (firing
angle) and r that no current flows through the rectifying
element for time angles outside the limits of expression 2,7

The equation 2,6 can be modified to the form,

-

1=E,/R | Cos 65in (wt + B = 0) -~ a 7]

T T =R wt/Lv
+ <La « Cos 6 8in (B = eilhe

l.!(zlsj. -
vhere g = voltage coefficient, which glso magy be called

speed coefficients

B, + E, +
g 2 “or (2.9)
En.

The voltage coefficlent 'a' has a particular signifi-

a'a

cance, In the case of a rectifier-motor system, if the arc -volt.
age drop of the rectifier znd the brush conpact drop are neglected
and a constant operating flux in the motor is assumed, coefficient
'a' will be directly proportional to the speed of the motor, as
seen from the Equation 2,9, For that reason, 'a' may be called
the speed coefficient of the rectifier-motor system,

The fundamental relgtionship that gives the value of r,
for given values of speed coefficient '3' gnd the impedance angle

of the grmature circuit @, can be derived directly from Eq. (2.8),
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sincc for
wt = ¢
1 = 0
Thus, the rolationship for r 18

Rfkw »
[a»cosasin(roﬂ-e)]e zge-cos80sin (g~ 0)
0o {2:,10)
Equation 2.10 reproscnts the cngle of extimetion r ond
fnowing other quantities, 1t can be feound cut.
Hormelly, for naking approxzimate ealculations, the indue-
teance value can be aSsumed to be vory small, and so the tube brogk

dowm arz(;ie g 1s subjcet to a very definite limitation:
By < B < Bg o - (21

vhere B4 and $p denote particular border cgses of tho
argle of tube breakdowm, corrospording to the intcrsection of the
zero 1ine X'' with tho graph of the gnode-supply voltage (Pig.2.2).
The expression for 4 eand fp Can be regdily obtained fron tho

onuation of the anodeesupply voltage roferred to the zoro line X'
Oﬂ = Em 8in (vt + ‘l) b Ea (2012)

for the condition:
o, = 4]

we = O
-3 ’
Pr = oln " Bg/E

ond P = wefy
Thuas we obtein
By = Bin " a (2.13)
Bo = v - oin"t g - (2.14)
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The roctificr output voltage By 1is defincd as the
avopngo volue of ¢t hat portion of the trpnsformor voltage which
appears across the load during the conducting pertod of the rocti-
fior. Obviously, thc averpging is to be extended over the ontire
cyele of roctification, thet 45, over the peried 2r/p. It can bo
rogadily understood that; in tho caoe of continuous conduction with
a Yord consisting of R cnd I olcments only, the rectifior output
vocitage con bo fdcntificd with the voltagoe across tho logd terni.
nale. Pouvever, this assumptidn is not true vhen one has to deal
vith discontinrucus conduction of the rectiflier, combined with g
Yord cirenit contrining an slectromotive force \Bg such as in tho
ense of gn armature circult of a d-c motor.

Fig, 2.2 srows that during t he non-conductive poriod of
the ractifiér the voltege ot t he load terminals 1s equal to the
electromotive foreo Eg gencrated in Be load, whoress the rocti-
fier output voltapge &uriﬁg the some periocd is oqual to zero., On
the other hend, during the conductive period of the reetifior the
lood-torminal voltage 15, of c¢oursce egunl to the reetifier output
voltage. Thus, it 15 imredistely cpparent that herc the lbad-ter-
minal veoltsge Eé-c is higher than the poetifior output voltage
Edac°

In accordponce with the previous definiton of the rocti-
fior cutput voltage, the expression for its average value cen be
dopivod dircetly frem Pig. 2.2, by intograting the pnode voltage
functicn vith rospeet to zoro line X' ovor the poriod of conduction
0° to », ond pvorrging the rosult over the ontire phase cyele

27/p.
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Bgo = ];/’E:r/p c{’ 1% sin (wt + §) - zu} a (wt)

= p By/on {cos g =cos (r+ p)- “nr} «(2.15)

vhere a, = E,/E (2.16)

©

—

For a single phase half-wave rectifier Eq. 2.15 becomes

-
Es.o = Ep/or <L Cos g -~ Cos (r+ p) - &, r} (2.17)

The average value of the armature voltage drop ¢an be
derived from Fig. 2,2 by integrating the voltage function with
respect to zero iine X" over the conduction periocd of the recti-

fier, r, and averagtng the result over the phase cycle 2r/p;

1
Tg.c R = Vo T [nm Sin(wt + p) - Edj a(wt)

» o L
Id_ck-z p:" {%s;«cos (r*§)~arJ (2.18)
E +E +
vhere & = E4/B = S %o

El .

For a single phase half-wave rectifier Equation 2.18 becomes
r | 1
I3.c R = Em/ar‘(LCos p-Cos(r+8)~-a rJ> (2.19)

The exact average value of the grmature voltage drop
‘¢an be obtained by integrating Equation (2.8), over the conduc-
tion period of the rectifier, r, snd averaging the result over

the phase cycle 2v/ps
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»E

o

r 1
Ig.c R = Cos © <L0'os (B~ 0) - Cos (r+ p-e)J)

I T ~RAwr - -
-ar+<La-Cose.S1n(p-e)j(1.e ) tme

ees (2. 20)

For a single phase hglf-wave rectifier,

A I T
Tg.c R=—— | Cos §<Cos (g - 68) ~Cos (r+ B ~0) >- ar
or L 4

r 1, o ]
+ <a«Cos 08in (g - 6) X 1=-¢€ > tan @
1L -
e (2.21)
The average value of the direct voltage st the armature

terminagls E,.' 1.3, of course, equal to the sum of the counter

elactromotive force Eg and the armature voltage drop 14, R:

Thus, from Equation (2,18)

By.' = P % <rCos Cos (+zr)~ar+ a 2!/1 (2.22)
dc‘ or L ﬁ ' pJ . L

In case of single phase half-wave rectifier

Edc' = :: Cos g -« Cos (B +r) « ar + &' 2!‘} (2.23)
‘where a' = E‘/ Eu : (2, 24)

The expct value of Ey.' can be obtained by adding E,
to the value of Y4 . R obtained from Eq. 2.20 or Eq., 2.21 in
the cages of p phase and single phase half.wave rectifiers

respectively,
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Bquations 2,18 to 2,93 are genergl equations of controlled
rectifisation, and considering equation (2.27), their validity
extends to all the cases of continuous and discontinuous conduction
of the rectifier, and to sny combingtion of H, L, and Eg in the
logd circult, Most of t he conventiongl forms of expressions for
average® values of load voltages snd currents can be derived direct-
ly from equations 2,18 to 2,28,

When the motor 1s stalled, Eg = 0 and, in that case,

 a'=0 ( see equation 2,M)

Also, from equations 9.9 and 2,16 neglecting By ..

& = 8, = BE, /B,

Thus, if becomes apparent from equations 2,18, 2,18, and
2,27 that for a stalled motor.

[Cos B - Ct:sk B+ r)-a, r]

ess (2. 25)

- p
Bge = Bgp = Ige R =

For a single phase half-wave rectifi{er-motor System

By

- 4

Ego = Ego = Ise R = - {Cos B - Cos(prr)- o, 1] (e, 26)

In the case of * continuous conduction' of the rectifier
.(Fig. 2.9) the relstionship between the angles of 1gnition and
cxtinction (neglecting the rectifier-transformer legkage reactance)
15

r = o2/p (2,27

By substituting equation 2,27 in equations 2,15, 2.18,

and 2,22, we obtain, for the case of continuous conducetion,

| (2. 28)
' . or
Bge = Byo = :fm coaﬁ~cos(ﬁ*'r"ﬂo%_’
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p E

and I4, R = Cos 8 - Cos(p + 2v/p) - a 2v/p (2.29)

Further, neglecting the rectifier - arc drop ( ay = 0),
and introducing the relationship between the angle of tube break
down § and the angle & of the delay of igniticn beyond the

natural commutsting points xcl

g = X (see Fig. 2,3)

¢l
pPT -2

%
Equation 2,28 for the rectifier output voltage can be

¢ =

directly transformed into the éonvuntionalafor;, valid only for

the continuous conduction,
Ede = By p/T Sin w/p Cos ¢ (2.30)

Thus, the special form of equation 2,30 cen be derived
directly from the general equation 222, It shokld be pointed
out that, in contrast with equation 2,22, coefficients ‘s’ and ar?,
which depend upon motor speed, do not appesr in equation 2, 28,
and equation 2,30, Thus, for continuous conduction the srmsture

voltage 1s not affected by the speed of the moter,

(2.3)  Load Characteristics of Helf-Wave Rectifier D-C Shunt
8,10,15
Motor stte&

The graophical method of the gqualitative analysis

of chargcteristics will be used first, since it will help to
clarify a number of concepts and explain the typical behaviour
of the system,

In Fig. 2.4(,;) are shown gr&phs of veltages and currents,

represented as functions of the variable time angle wt , for a
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motor whose armature i1s supplied by a single phase hsglf-wave
rectifier (p = 1) with a delayed angle of fgnition. Fig.2.4(b)
Shows gnalogous ccnditions for a conventional de-c drive, and in
Fig. 2.4 (c) rectifier tube voltages (voltage eppearing across
the rectifying element) are specially emphasized. For the sske
of simplification of the diagrams, the rectifier-tube arc-voltsge
drop agnd brush contact drop have been neglected in Fig. 2.4.

In Fig. 2.4(e) and 2.4(¢) is shown one sinusoidal anode -supply
voltgge for rectifier tube. It 15 assumed that the motor is
running at constgnt speedy the counter electéomative force Hg
generated in the armature winding is represented by line X',

The tube starts to conduet at poeint A, Fig. 2.4(a), and
gt that instgnt the instgntancous voltege across the armature is
represented by B0, At the instant when the rectifying elemement
starts to conduet, the current is still zero, since the induct-
ance of the grmature winding prevents the current from rising
immediately. If the instantaneous vslues of current are plotted'
in voltage scale as the 1R drop with respect to zero line X', a
pulse ACF will be obtained,

The 4R «drop pulse will resch its peak at point C,
where it intersects the anode-supply-voltage wave. At point D,
where the a-c supply voltage intersects the line of Eg (line X'),
there 15 no external voltage to cause the flow of current in the
aTmature end, 4f the armpture winding hgé a purely resistive
character (Cos 6 = 1), the current would stop flowing at that:
point. In other words, in the 1deglized case of a non-inductive
armature winding the armature current plotted in scgle of 4R
drop would follow the shape of the a~c gnode-supply voltage ABD,
The inductance of the armature circuit, which prevents the curr

ent r:om rising sharply at the point of ignition A, also prevents
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the current from dying out at point D, where the external voltage
causing the current flow is equal to zero. The electromotive
force of inductance keeps the current flowing up to point F,
| The genersl cireuit equation

e = iR + L 41/t + B (2,31

ean be interpreted graphically in the following manner [ See
f1g. 2.4(a) J.

At the point of ignition A the instantaneous supply
voltage e = B0 consists of twc-components:lcomponent A0 = Eg
balances the counter electromotive force Eg generagted in the
armgture winding of the motor, component BA = 1 d41/4t consti-
tutes the inductive voltsge drop in the winding; that 1s, it
balances the electromotive force of inductance ( -L di/dt) oppos-
ing the flow of current, The resistance drop 1R is equal to
zero since 1 = O, At point X, where he current reaches its maxi-
mum, L 41/dt = O, and the supply voltage e = CL consists of two
| components CK = §R and KL = Eg., Beyond point K, vhere the arma-
ture current starts to decregse the electromotive force of induct-
ance changes 1ts sign and scts in the direction to maintain the
flow of current in the ecircuit, so that, when the external voltage
( @ ~ Ey) changes its sign gt point D, the current is matintained
by the electromotive force, = L di/dt. At point F, where the rec-
tifying element stops to conduct, the electromotive forece of indu-
ctance 1z just equal to FE, that 1s, to the difference of the coun-
ter electromotive force FH = Eg eand the supply voltage e = EH,

During the conductive period AF of the rectifying element,
Fig. 2.4(a), the voltage at ‘the armature tem inals will, of course,
follow the anode-supply voltage along the portion BDE of th» sinu-
soidal voltage wave, During the non-conductive period of the rec-
tifier the voltage at the armature terminals will be equal to the
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electromotive force generated in the armature winding. Although
this electromotive force cannot produce gny current in the load
circuit beczuse of the rectifier, it will appear across the arma-
ture terminagls snd will fully effect the reading of any voltage-
measuring instrugent. Thus, the actual voltsge exlsting at the
armature terminals wil) follow the line O'ABCEFMN with respect
to the gero line X,

The avetage value of grmature current, proporticnal to
the average value of srmature voltage drop (see Ey;.2.18), is
directly proporﬁ}onal to the difference of ares ABD gnd area
DFE, Fig. 2.4(a). The insStantaneous torque, proportional to the
instgntaneocus value of armature curremt will, of course, follow
the graph of the current snd will have a pulsating cheracter, How
ever, owing to the moment of inertia of the motor armature and of
all the other rotating perts coupled to the motor shaft, the instan-
taneous speed will not vary appreciably, and E; can be assumed as
being constent for g glven average speéd,

If the load torque at the shaft of the motor is increased,
the system must respond by an increased current in the armature.
It 45 ebvious from Fig.&%é(aj that the incregse in current can be
obtained either by.advancing the angle of ignition (represented by
0G) or by decreasing the value of the counter electromotive force
Eg(decreaslng speed). 1If 1t is assumed that the angle of tube
breakdown (0G) remains unchanged, the increase in torque { or curr-
ent) wi?? result in a corresponding decresse in the counter elect-
romotive force Eg., The same is, of course, true for a conventiotal
d-c drive, whose armature voltage and counter electromotive force
are shown in Fig. 2.4(b), but the extent to which Eg (that is,
speed) will have to decresse for a given incregse in torque is diff-

erent in esch case,
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The speed of a shunt-wound motor can be expressed by
E . IR |
n = (2.32)
Cy &

= speed of motor

where
= armature voltage
armature current

= pesistance of grmature circult

Q W o by M
i

1]

operating magnetic flux

Cy = coefficient of proportionality

Assuming constant voltage E applied to the armzture,
and g constant operating flux ¢ , the speed of the motor will
decrease with increasing current (torgue) because of the armature
voltage drop 1IR.

Bquation 2,32 alsoc c¢an be gpplied in the case of a recti-
fier drive under the assumption thet both E and 1 gre average
values of periodical functions shown graphically in Pig.2.4(a).
Yet there is a basic difference between the two cases deczuse for
a de-c motor system the voltage at the armagture termingls does not
depend upen the electromotive force Ey, speed, or losd (disregerd-
4{ng the possible line voltage drop), whereas in the case of a
rectifier drive with constant angle of ignition end discontinuocus
current flew, the armpture voltage Ed; depends upon the elactro-
wotive force Eg, speed n, ond load carrent I,. of the motor,

Referring again to equetion 2,32, it becomes apparent
that the droop of the speed-torque chargcteristic must be consider-
ably greater for the rectifier drive with discontinuous armature
current because not only is the srmgture voltage drop IR incress-
ing with load, but there alsc the armature voltage 18 decreasing

at the same time,



The effect of Eg on the armature voltage 18 also appa-

rent from equation 2,22 where both 'g' and 'a'' are functions of

5.
€ The spesed-torque characteristics of a rectifier drive,

for a given angle of ignition and g given impedence angle of the
armature circuit, can be calculated from equations 2.18 and 2,29,
Bquations 2,18 and 2,20 can be rewritten as follows, For discon-
tinuous conduction

I, R r
de < Cos g« Cos(r+ B) - & %:% (2.33)

P
tﬁ -
b 4 Em :52'
For continuos ¢onduction
Idc R
En

ty = = 2” ([Cos P - Cos (g + 2r/p) ~ a ar/p-l
.r (2.34)

For half-wave rectifier d,c. motor system equation 2,33 becomes

ty = 1/2n {Cos B-Cos(r+p)-a r} (2,35)

The expresasion te = Idc R/ﬁm, répresenting the ratio
of the arﬁhuro voltage drop and the peak walue of the rectifier-
supply voltage, can be cslled the ' torque factor" of the drive
because 1t is directly proportionsl to the average armsture curr-
ent and to the average torque developed by the motor, 4f it is
assumed that the operating fileld remgins constant, This simplify-
ing assumption 1s, of course, only approximstely correct since the
main flux will vary with load to certaln extent because of the
armature reaction. The torque factor gs well as the speed factor
'a'' appearing in equgtions £,33 and 2,34, 15 always less thgn

unity
‘ 0 < te < 1

0 < a <1
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The oquotion for tho motor ormature voltage of a recti-
fier drive 1s cquation 2,27, Wow, a typical graph of tho grmature
voltage as a function of curront or torqun'may be calculated cnd
plottcd on tho bpsis of values of speed coefficicont 'g" ond torquo
coofficicnt toe

Dividing both sides of cquotion

t

Bgo = By ¢ IgR " (2.36)

by the peak value of the rcctifier trensformer voltege Ep,

The ratio of tho armature voltgge Ed; ond tho peak
valuc of the rectifier-trensformer phase voltage may bo cplled
the armpture-voltapge coefficients it wil) be dcnoted by Vo
This coefficient of course, is dircctly proportional to the

armature voltage:

b (2.38)

Censidering cquations 9, 34 and 2, > , oquation 2,37

esn be represented as

‘Va = a’ + tf ) (2.39)

Or ' ,
a' = v, = te , , (2.40)

Anplogous thooretical specd-torque charpcteristic for a
contontional direct-voltage drive glso can be represented in torms

of specd nnd torque coofficionts, Dividing both sides of equation

B, = E - IR (2,41)

by the supply voltage which 15 equal to the armgture voltage B,
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B/ = 1~ IR/E (2.42)
From Cquation 2,47,

3¢ = 1~ tege (2.43)
vhere age = Eg/E = speed coefficient
and teqe = IB/E = torgue coefficient.

It will be noted that Equation 2,43 1s analogous to
oquation 2,49 . Since for p conventionagl d-c¢ drive the armature
voltage is equal to the supply voltage, the armature voltare co-
efficient v 4 |
Fipures 2.5(a) and 2.5(b) show the theorotical speed-

e 15 equal to unity.

torque and voltage-torque characteristices both for d-c¢ motor and
the half-vave reetifier dec mat&r systen. Actually the curves
obtaincd by experinental mothods 4n the two epsos vere rather coine
cident with those enlculated and it wnsyghssible to chovw them vory
distinctly from canch other, It enn be seen that the half-wave
rectifier d-c motor system has the drooping speod and armaturc
voltage characteristics with the increase in torque.

Figures 2.6(a) and (2.6(db) show the speed-current gnd
armature-voltage charactoristics in cose of both the systems, Those
cxpcriments wore porformed on a 110 V, 10 amps, 1400 r.p.m.,1.25
h.p. d-c motor, For this E, = 460 Volts, 0= 7, p = 14,7°, and
the genorated back emf in armgture winding at rated Speediigcita-
tion was Bp = 100 volts. Tho tube dropfgné brush contsget drop

Epp woro tpoken 15 and 2 volts respectively.
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(2.4) Instantaneous~Peak value gnd Form Factor of the

Armgture Current

It is importgnt to note that the current in the
armeture of the motor slways has a pulsating charpcter so that
the a=¢ component of the current wave is very considergble, even
when there 1s continuous conduction,

There are three important concepts of the current and
these are: the average value, the instgnigneous-pesk value, and
the r,m. 8. value of the armature current, The average value or
the d.c, value of armeture current determines the average torque
and the horsepower developed by the motor, and appeers in sll
conventional caleculations, The instagntaneocus-pegk value of arma-
ture current 1s of vital interest from the point of view of beha-
viour snd proper selection of the main power-rectifier tubes,

The controlled-rectifier tubes of the thyratron type sre particue
larly sensitive to instantpneous peak currents, end if the peak
currents exceed the rated value for a given type of tube, the
tube may be permanently damaged.

In the half-wave polyphese rectiflers the peak value of
current that 15 assigned to gny tube is much less than the pesk
vaelue of load current, becsuse,
Ilaad

p
In order to determine gnalytically the instantaneous-pegk

(2.44)

Leube

value of the armature-current pulse, the time gngle corresponding
to the meximum of the current-time function should dbe found first.
By differenciating the equation of the current pulse (equation 2.8)
with respect to time angle wt, and further equating the result

to zero, the equation for the time angle x, corresponding to the

maximum value of the current pulse is obtained:



Xm /Lw Sin(p~ ©)

tan 6
eo (2.48)

Equation 2,45 represents the relationship between the

| R
Cos(xy + B - 0) € = @/8in O -

peak-current angle x, and the gngle of tube breskdown §, that
is, it represents x, as an implicit function of § for different
vaiues of pgrameters ‘'a' gnd 'ef,

Considering the pesgk-current angle x, as represernted
by equation 2,45, the expression for the peak value of the arme-

ture-current pulse can be obtained directly from equation 2,81
| r q
I,=Ey/R | Cos 68in(x, + g -~ 0) ~ a+ < a-Cos sm(p-e?

~B/Lw X
(> 2 | ..(2.46)

where x, = f(g8) may be calculated from equation 2.45

whereas equations 2,45 snd 2,46 represent rigorous analy-
ti¢al relationship, in some cases g simpler approximate formula
for instantaneous-peak value of the load current for discontinuous
conduction may prove more useftli?' '

2
v“ I
Iy = de , (2.47)

J’ 2rp r
In case of single phase half-wave rectifier equation 2,47
modifies toy

2

< Ta.

= .de
-\/211- r

In equagtions 2,47 and 2,48

In

(2.48)

lac = aversgge value of the load current
P = nunber of phuses of rectifier

r = angle of extinction in radians.
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It will be recalled th-t the angle of extinetion r can
be calculated from equation 2,10, |

The approximate formula for I,, equation 2.47 or 2.48,
can be derived under the simplifying assumption of g purely sinue
soldal wave shape of each current pulse and a symmetrical locgtion
of its instantanedus peék. Alihohgh the above assumption, strictly
speaking, 1is incorrect, the approximste formula 2,47 is useful for
estimating purposes, particularly in the vieinity of the eritical
angle of ignition, |

From the approximate formula for the instantaneous-peak
current, equation, 2,47, one cen obtain directly the gpproximate
expression for the so-called " pegk-coefficient™ which 1s defined
as the ratio of peagk and average currents, snd represents a conve-
nient way of deseribing the peak-current conditions in ihe load

10.
circuit of a rectifier:

2
r
£, = 1 /I3, = (2.49)
m m de st tne
J Qf"i)“r
and for a single phase half-wave rectifier
fﬁ = ._QEE____ (2.56)
v 2r7rr

The third significant value of the armature current §s
the rm8 value. The rms value of current is responsible for the
losses in the armature winding of the motor and must be used in
the well-known formula Iah, which determines these losses, Thus,
the rms value of current has a direct effect on the frame sigze
and efficiency of the motor. In a conventional d-c¢ drive, where
a pure d-c current flows through the brushes of the motor, the
avergge current is equal to the rms value of current, .In a recti-

fier drive, however, the presence of a considerable g-c
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component in the unidirectional armeture current 1s resporsible
fer the incresse in the rms value, which is always higher here
than the average vgline. Consequently, the effi ciency of the
motor 1S decregsed so that very often the motor-frame size must
be increased to dissipate gdditional losses, without an excessive
size of temperature. Morecover, the rms value of current is
closely related to the instantgneous-peak vglue and, for the sagme
avergge current, both increase or decrease simultaneously.

The exact rms value of carrent for s single phase half

wave system can be found by the help of equation 2.8, The rms

value 15 given by

I =
rms f
/% F7 1% aqe

-
where  R%/E2 5T 1% att) = o2r + [r - 1/2 < Sin 2(r+p-0)
©
1 b2
~-8in 2(p-0) J> Cos™ @

2 r ~EB/Dw r :}

(#51)

A

- = K -1

r
+2acose<Lcos(r+p-— 8) - Cos (s-o)j

2A alv ~Rbw"
+ = e -1

pons.

*m%ﬁ‘ Cos 6 | Cos (B - 0) + R/Lw S4n (B - )
R

Ry, »
£ R/Lv <Cos(r*$-e)+-£§- Ein(r+p-0)

]

r
here A = < g - Cos 65ix (g ~ 0 >
L d
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/

In rectificr-motor systems it is5 customary to deall
with the ? form facfor“ of the armaturc current, defined as the

rotio of the rms walue té the average value:

Toms (2, 52)

?
f =
Ig.c

Thus, the form factor is indicative of additional motor
losses, as well as of the charzeter of comrutction for a given
lord current of the motor, An agpproximate simplified fertula for
the form factor of the armeturc current for discontinuous and con-
tinuous conduction of the rectificr, based on tho‘assumption of a
purely sinusoidal symmetrical pulse, 1s given delow, end may be

S
used for estimating purposes,

2

' T
2rpr
J
for # singte phosc half-wave systenm,
\ 2
ff = z (at 5&)

Tho coxect valuc of tho form fretor for single phaso
helif-uave system con be obtained by the help of cquations 2,21

ond 2. 52.
For the border case, dividing discontinucus and eonti-

nuous condfuction of the rectifier each rectifying clement conducts

over the entire phase eycle equal to 2v/p 3 hence
» = 2v/p (2. 55)

vhen equation 92,55 18 substituted in equation 2,53, the

form factor for the border case, beccomes
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£o, © =—m— = 1,11 (2. 56)
ale
For the epse of discontinuous conduction, the form fac-
tor 1s pluays greater then 1.11, end for the ¢ase of continuous
cernifuetion the form factor of the load current 45 always less then

1.11:

fo agge > 1411

1 < fooope <111 (2.57)
Obviouslvy, for the theoretical border case of a pure dircct

load eurrcnt, the form factor 1s equal to unity.

(2.6) Results of Waveform Analysis

The different importsnt guantities of the current
wvaveform wore egleculated by means of different formulae given in
thc gbove scetiorns gnd they were compared with those obtained by
oxperimentsal results, Throughout the test the d,c, oxcitation of
the motor wes kept constant, The various parameters of the systen
veres

Ly = 4€0 volts, FEp (at rated speed and oxcitation) = 100 V.,
Lppe 1 volt at oceh brush, L=16 Volts, e:-?-‘ip, p = 1¢,7°

For thc sake of only comparing the results obtained by
the two methods, only the results at no load were comparcd, The
vaveforns of currcnt obtgined by theoreticnl methods end experi-
rentel obsorvation are showm in £ig.2, 7(a) ard 2.7(b). It can bo
gsccn thet they are quite similor to each other, Fowever, the
initinl rate of rise of current is shouerin the actual case due
to nddcé inductance of tranaformor eote, whfich has not been taken

into peccount in the theorctienl result,
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The following is the tgble showing various results

for a single phase half-wave rectifiered,¢ shunt motor system:

A}

P

Average | Using | Using

value formula formula Observed value
of current| 2,21 2,19 -
(Tge) ' . . '
| 2,4 anps, 2,38 amps, 2.5 awps,
Instantge 'Ustng formula | Using formule
neous 2,46 .48
peak value o oa
of current o . 3.8 amps..
1. 8,78 sups. 8,7 emps

R, M. 8, Using formule | Using formuls

value of 2. 61 2,52 end 2.58
current _ o 4.2 amps.
Irms _ ‘
4.1 ampS. . 4. 55
Peak Using formula | Using formula :
coefficient 2.46 and 2. 50 .
Of 20 Ql i 2 3.92
current _
3,66 237
tm :
Porm | Using formula | Using formula
bfgctor 2,21 and 2,51 2.1
0
current - ' T SRR b
1.71 1.68

Caleculated period of conduction = 157,85°

Observed period of conduction = 168°

Frox the above table it can be observed that the
results, calculated by using rigorous formulae, snd by the obser-

vations tagken are quite similar, However the difference csgn be
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due to the fact that there ¢on alvays be some error in the obsorw
vations and‘alao the inductance of the trensformer, overlep ongle
ote, “hose results show that the theorcticsl onplysis done for
the half-wove rectificr 4~c motor system gives results vhich are
quito 1nv11ne with the actual rosults, So tho rigorous analysis
¢on bo spfely used for cstimpting the porformence of the systen,

beforce sctuglly performing the tosts on the system,

12,
(2,6) Lffoct of Armature-Roaction On Wave Shope of Flux Density,

The fig., 2.9(a) end 2,9(b) show the ficld flux
distribution in case of a d.c, motor end halfewave rectifier fod
dec motor, Both the wsve-shapes were taken on the szme machine.

The wave shape in case of balf wave rectificr fed d-c
motor, contains additional ripples as comparcd the case of ordi-
nary dec motor. These ripples are there due to the presence of
harmonics in tho armature current. For the prpecticel purposes
it is sufficient to consider only the 50 cps component of ripple
currcnt, [Hfow there can be two cases, In the first case the alte
ornating current and so the 4., eross flux are zero, In the
other case tho gltornating current has the pesk value snd so glso
the o.c. eross flux., Oueh glterngtions in the eross flux tend to
incrense the siray cnergy l08s8es5 in the pole shoe, 1In opder to
Jinit the a.c, component of cross flux, it is neccssary to limit
the g.c¢. componont of current in the armature current, For this
thore i1s no nced of redesigning the motor for increcasing the arma-
ture inductconce but senetines 1t may be necessary to add a choke

in the arcatureo eircuit.
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12,13,
(2,7) Gommutation Tost.

In the hplf=wave rectifier fed dec notors or tho
poctifioy fod d-c motors in gcnoral, the commutation is ﬁcfy'poan
The comutation performance 18 judged by taling thenblack bana”
ceormatation characteriatic of the machine, This nethod of Judging
commutation performpnce dorives its name from the zene of varisble
comrutoting ficld strength at any loed in vhich commutation will
be spoarkless or black. This zone is obtgined by f4rst opposing
(bueking) then atding (boosting) the load current flowing through
the comautating field coils at any valuc of load on the machine,
ené plotting curpes egainst losd of gmperes beost and buck at
which light general sparking just begins, The resulting curves
ropresent a bend between the limits of which commutation is black,
hence tho ngme ¥ dlack bond",

In order to take a ¥ black band® on a machine, it is no-
cosscry to vary both the load and the commutating field strength,
For variabions in loed, the motor may be loaded by megns of a belt
pulicy arraneement'or by ueans of loading a generator 4f thc motor-
gonerator sot 48 therr, For varying the commutating field strength
o veriableevoltcone povor supnly of sufficicnt capacity is connoctoed
pcross tho commuteting field winding (ond compensating or pole
face winding if one 18 prosent ond it 13 intercornnected with the
commutating £10ld winding) of the machine under obsorvation, Tho
most ecnvonient type of voriable voltege supply is an exciter, the
arttoture of **hich 1o connceted throurh a variable resistence to the
comnutoting £4038 terminelc oo chovm 4n Fir.2.8(a). The buck-ande
boost current can then be vericd both by the resistonco in the arme

aturo circuit of the exeiter end by ficld control of the cxeitor,

CTRA UAny UNIVERSITY OF [o0rss
ROORKEE,
2770
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a1,

4 convenicnt method of detormining whother tho ampeter
is conncctod to road *huch! or 'boost! is to disconneet the oxet-
tor 1inrs and, with o louy value load on the machine, short tho
i1inos from tho commutating f£i0ld togothery thus shunting some
current around the comrutgting ficld, If the amroter reeds up
senle, it is conncected to reoad 'buck' currcnt,

TLoad shculd never be guickly removed from a maciine which
has buck or boost on 1t, as this may result in severc sporking and
domage to the brnshos and computator.

It was not possiblc to determine the *black band' in the
caso of operation of d-c roter under tost on de-c suprly as there
was no impairment in cemmﬁtaticn ( sparking ete.) ewen with hoavy
thuck! or *hoost! current in commuteting ficld winding., So the
test wos pbendoned 4n this case duc to the fear of dampge to the
con-utating pole winding,

Howvever, it was easy to determine the 'black Dond! 4n
engse of operstion of d-¢ notor on half-wave roctified power, The

12
nerccntage bucking ic given by ,

Bucking perccatage = n = -1 T — % 100 porcent (2,53)

2c o+l

The percentago 'boost! is given b%g

Porecntage boost = y ={C -1/2C} =z {I:Vil-ﬁ)ix 100 porcent(2, 59)
vhore € = pratio of compole to armpture turns
o= 150/5g.0 = ‘Ratio of pook 80 eps ripplc to d-c
curyent,

14,
(2.8) Storting Inrush currcnt znd Accoleration.

The fips. 2.9(a) tmd 2.9(b) show the oscillograns

o? the starting inrush current and accoleration in the ease of a
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42.
purely d-c motor and in cgse of d-c¢ motor on halfewave roctificd
noUCT,

The 8tarting 4nrush curront in the case of d-c nmotor
on half-vave rectified pouver was nuch legs then in case of pure
dec notor, It ic not very clear fyon the oscltlegrens as in the
first cpse the sensitivity of the osci?loscope was much increased
as the original value of currert fcd into the vibrator of the
osclloscopo wps too smal? to initiste it. Howeover, it would be
geen by the Yiek! nethov of the gometer pointer, The roason of
tho lossor wvaluce of tre startin; inrush current in the c¢ase cof
kelf-wave rectificr fcd d-c motor ugs the poor repulcticn of the
rectifier cquipmenteons the increased drop across the ropulating
rasistance, It {c clerr that, as “he inrush current is low,the
startinge torque 1s JYess and o 1t 1is not desirable thet the load
ey rgve o bigh moment of inertisn and thus requiring a higher
sterting torque. In this recpeet the purc d-c motor wey found
to be much botter snd hpd o larre starting torque. However, on
the otrer hond the rating of #he startor resistances can»bc Smge
1lcr in the caosc of halfewnve rectificr dec motor system.

Figs. 2.9(a) -~nd 2,9(b) shov the initial accolleration
of tre tuwo typos of wotors. ~hefe curvos werc taken by rocord-
ing the toachorererator output which was sinusoidal and so o line
Joininr the peglts of the waves shows the velocity at any instant.
It 15 elear that the pceclerction of the pure d-c motor 1s much
fr8tor thon thet of the halfewave rectificd pover fed d-c¢ moter,
“his,ceain, 1s duc to L' poor rogulation of the rectifior systenm,
S0 1t cer bo ogid th-t a sinple hglf-wave rectifior d-c motor
systcn w111 net hnve a [oe’ or quick response to chenges in lopd
ot desired in nery svotes. The speed wil) drop to a groat ox-
tend dn the first irstence as the lozd 15 increased znd then it

1271 rise slouly to the voluc deter dnod by the rectifier out-
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put voltgge vhich corresponds to the mev value of load current,
So tho corroctine meens, which wil) be discussed in tho chapter,

on tecentrelt, should be eimrloycd, to such a system,

| | 10,15.
(2,9) Ratinn of Uetors, Bffteicncy, amd Pover Factor.

- Although d-c motors of standard desirn are nor-
meY 1y uced in clectronic drives, tnd ne spocin? desipgn podifice~
tions are fequired, the horsepower rating of the motor generally
iz affeetsd by the wvave shape of the armature load currcnt. It
111 be recplled that t he form factor of rectified arnmgture curr-
ert always 1s greater thn unity, whereps standard dec- motors are
ratedon the basis of puro dec supplicd, which give the current
form factor equal to wmity, The coppor losses #n the grrature
vinding arc increased, with respect to normp) d~c losses, in direct
proportion: to the square of the form factor., !Magnetie losses 4in
the armature, frase, ocnd pele faces are normally inecreascd tco,
but to a much lesser extent, Generally, ar assumption of a total
increasc in losses of the potor of 50 to 60 percent 15 satisfac-
tory for o rough estingtion of the motor frame size. The figp.
rives ¢ comporitive ideg of coppor losscs in the case of a pure
d-c notor nnd a d-c motor on haolf-wave rectificd power.

Bene tinmes, various means are used to reduce the arma-
turec currcnt form fpctor to sueh & low value (1,01 to 1.08) tikat
no chenge in motor horsepower rating with respect to the conven-
tional d=c case is reguired. Furthermoro, the reduction of tke
form factor has a beneficipl effect on the commutation of the
motor, perticularly at higher spoeds, Fhe reduction cf the form
fector con be nccomplished by reducing the rcetifier trensfornor
voltage to o bare pinimum, ond by inercesing the iompedence angle

of the lopé eircuit by the gddition of n reactor in serics wvith
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tho armaturc. Hovevoer, the addition of & hopvy and rather expen-
givo reoctor may offscet the cdvantege of improved motor raoting.
Tho efficiency of en clectronic drive cen be expressed

as
%6 Py

V!pI.IL Ei. p f.

vhere Py = horscpover doveloped at the motor shaft

(2. 60)

-
1

Py = numbor of phoses of the ga-¢ supply line
Iy = 1linc currmt
EL = line voltsage

p.p = powver fretor at the lince torminals.

In fig. 2.10{a) is shovn thc oxperimental graph of the
officiency of the cloctronie drive {(an half vave roctified power)
a8 a function of motor armature current. TFull ratod excitation
vas nmointained throughout tho test, It will be notod that the
efficicney is increasing vith the increpsse in srmature current,
The efficicney boeomes goro for no-lopd current of the motor
since for this cnrrent no torque or povbr is developed at the
shoft of thc motor, The no-load currcnt 415 a function of speed
end it increascs vwith the lnercase in speod, |

As should be oxpected, the erficienéy at roted oxcita-
tion is gbout 83 percent, The maximum officiency of the Seme
motor on d-c supnly is about 77 percent. Although at the first
glonce such on efficiency mé& bé scen rother léu, it should be
borne in mind that it should be comparod “'ith tho overnll effi-
cicney of a conventional ward-loongrd drive, Then it would be
clcer that tho officicney of rn olectronic drive 18 cemparabloe

to that of n conventional Ward-leonard drive,
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The power factor at the p-c supply tormingls of en
olcetronic rectifier drive is of come interost, particularly
vhcrever large powers are involved. In genersl, the power factor
15 rclotively lov pnd, for higher povers pover-factor correcting
peans nmay be ndvispble in order to roduce the reactive powver abso-
rbod by the system. The main reason for a low p.f. 18 the prine
¢iplc of control of output voltage of the roctifier by dclayed
ienition of rectifier tubdbes,

Lxperimental graph of the power fector plotted as a
funetion of armature current 18 showr in Flg, 2.11. Gonorplly
speeling, the power factor does not chgnge very pppreciably with
tho load current,

8,9,16.
(2.10) BServomechonism Analysis

The d-c¢ rmotor and controllicd rectifier conmbingtion
is used g8 the prime mover in sone of the automatic, closcd loop,
specd control systems, Fere the servo gralysis of the constant
gspecd systen vwill be presented.

Lot the operating point be fixed by the combination of
fo, ng, and To, where the contreol angle or eongle of tube break
Goun oy produccs a oteady state torque Tg, wt o steody stato
spced, ng . The effect of o small change of the control angle
A p, vpon the ch-nge of speed /1M, is now considored.

The torguo roquired by the load over and above that
reguired to accelcrate the moment of imortip, J, is reprosented

by Ty end 1s glvon by equation 2,61:

0T,
T, o= T, ¢ a:" [ (2.61)



46.

It 1s assuned, of course, that the chpnge of speed is
snall cnougk such the:t Ty as a function of speed in the region
of thoe opercting point may be considered as a straight line., The
doveloped torque, T, is a function of both p gnd n, This leads

to cquation 2,62
T = T, + 8TMn An+81/08 Ap (2.62)

By equating the total torque required by the load
(including that required for acceleration) to the developed torque

cquation 2,63 resultsy

a(dey L )2% _ 8% An . BT A8 (2.63)
at on O n | 0B

T ‘ .
The partial, ATy ¢ is fixed exclusively by the
o n

nature of the lopgd ané othor truc partisls sre fixed by the charae
cteristics of the rectifier motor combination.

The partials, OT/An and 6T/88 , could be detcrmined
dircetly by graphical methods, It 1c more direct to detormine

these partials through the use of some explicit oxpressions for

them,
Prom equation 2,10, the expression for speed coefficient

is '

-R/Lw"
Sin (r+p-0) - € Sin(pg-0)
a= Cos @ . | (2.64)

- _R__,r
1=-€ Ivu

Bquations 2,64 and 2,35 are true in the trgnsient case also, beca-
use there is no deley in armature current response to a chenge in
. e can find the partial) of torque factor in respcet to speed
cocfficient by the use of cquation 2,35:
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f_g’.f_ R <rsan (8 + r) - a.'> -r| (2.85)
a ar & o d

vhore § 1is censtont. In order to evaluate the partial of

r in rospcet to 'a', the cquation 2,64 is used:

0 _ 1-e" §r (2. 66)
- “R/twy r F a
Y2 Cos oOlCos(rrfe) + . <Sin(p-6)-

Ly L Cos®

i

where f# 1is @& constent, %

The combinaticn of cqu;tions 2,65 and 2,66 can be used to
dotermine the foctor, Otp/ day after choosing the engles pyr,
pnd 'a! corrosponding to the desired opersting point,

The portiel of torgue factor in respect to the control
enrle can bo determined by taking the partial of tg in respect
te f from ecquation 2.38 ecnd the partlal of in respect to P

from equation 2,C4.

Otp 1 | stnp+Sin(per)+ :
o
8 p T T o (2,67
<Sin (g ¢+ r) - n'>
L J 8
-
vhere 'a' 18 a constent
? e ™ T cos (g =0) - Cos ( )
fl © 08 () - <+ -
_ P os T ® (2. 68)
-R/tw T é" | ‘])
por Cos(r«pe=0) + E&_______ <Sin(p-e) -~ a/Cos ©
T L Jd

wheme ta! 15 o censtent
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The combination of equations 2,87 and 2.68 cen be used
to determine the factor Btespp. In order to convert the partials
of tf in respect to 'a' and B, to the cerresponding partials of

T 4n respect to 'a' and B, the following equation is used:
T = Ky Tg.c (2,69)

where K, i*'an excitation constant equal to pound-feet of torque

per ampere of armaturc current,

SBince to = Idzcgma s 1t can be seen that
pr _ K¢ Kn B8 te (2, 70)
on R 3 a

because a = Eq/ By By / By = Ky Ep,

where K, 1is a speed constant and 15 equal to veolts genera~

ted 1in armature per rpm,

and 9T . ¢ Fn 9 tg (2.7)
cp R 3p

Equation 2,83 15 rewritten in terms of p and B as
shovn in equatien 2,72, It is assumed that each of these variables
n snd B, represent a small varigtion above or below the corres-

vonding opersting point vslue,

Ji‘l«»[a& -0 ]u= LI (2, 72)
dt { On on Op

By substituting jw for the operctor d/dt in equation

2.7 , equation 2,7 pgives the transfer function,



49,

n 0T/08
s om, _oT
on on

(2.'73)

+ 30

In equation 2,73, n gnd B are the complex sinu.
s0idal wvalues of speed and control angle respectively, and w
1s the anguler velocity of the sinudcidal variation in both n
ard 8, Equetion 2,73 glves the complex rgtio of the response
of the system, n to the complex driving force,B. This ratio .
is useful in predicting the performance of any closed loop

control system that uses the rectifier motor o5 the prime mover.



CHAPTER III

OPERATION AL PROBLEMS IN HALF-WAVE RECTIFIER D,C.

SHUNT MOTOR SYSTEM,

7 . ‘
(3.1) Com"utatt%nfig

There 1s a degradation of commutation performance

when a rectified power supply 1s used with a motor. This im-
pairment of the commutation occurs for severa) reasons., The
ripple current produced of the rectifier is of sufficiently
high frequency (80 cycles) to increase the reactance voltage
of the coils undergoing commutation, thus tending to collapse
the width of the blaeck band more as the magnitude of the ri-
pplé current increases, Eddy curients in the magnetic circuit
of the quadrature axis will cause the commutating pole flux to
lag behind the harmonic¢ current vibrations. A higher degree
of saturation, and the associated increase 1h legkage flux,will
also ircrease the phase shift between the current and the flux
in the quadrature axis, Because the commutating pole flux does
not precisely follow the current, the lag in flux will be maxi-
mum when the current 1is at the minimum value or weak, Conwersely
the commutating flux will be most in step when the current is
at the peak of the ripple, This effect when integrated over a
complete cycle, will result in a greater net flux or an apparent
‘strengthening of the commutating field when ripple current is
present.,

| Phase correction of the commutating pole flux can
either be achieved by constructiona? modifications of those

stotor parts which carry the commutating pole flux, or by adding
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a reactance in the shunt circult to bring the resultant flux of
the commutating poles into the apprcpriate positicn with rGSpéct
to ormature field,

PFowever, thc amount of phase displacement deponds on
the actual motor Joad, so one impedance velue of the shunt cen
paticfy only one particular loads in order to have a wide oporat-
inr rpnpe the rectif‘er-motor installations cen be equipped with
moans for veriation of the shunt constants by selective contactors.
(9.9) Hoatingr o

There 1s a slight increase in temperature due to

ripple current sbove that obserped with a generator power source,
Tho temporature differences are higher during higher ripple heat
runs, WNormally, the minor variations in obtaining repetitive data
of a sclf vontilating machine tends to shroud any temperature
chenges due te harmonic influence on copper or iron losses, For
instance, with say 6 percent ripple current, there 1s no percep-
tible incroase in temperature. An explanation of this heat run
result 1ies in an oxemination of the anticipated increase in losses
At G percont rms ripple, the incregse in copper losges would be
loss than 4 percent oven if the offective resistsnce of the armp-
ture circult wes ten times gregter gt 600 cycles per second than
the d.c, resistance., Similarly, the increase in hystercsis and
cddy lossos in the armature and stator Jaminétions can be shown
to be very low under light current ripple opergtion of a compen-
satod machine, fhe effect of ripple current on temperature rise
of d.c, motors can be cateporically classified as inccnsequential.
A ceatiruous ripple current of significent magnitude to produce
heating cannot be obtained due to the 1imit imposed for acceptable

coamutetion performance,
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(3.3) Vibration "

There 1s generally no perceptible chgnge in vibrae
tion for various magnitudes of current ripple. A change in the
air borne noise level can be there, however, The change in audio
noise level observed suggests that greater care is required to
secure the laminagtions and other internal parts which would con
celvably become loose and drop into the alr gap of the machine,

- Rotor slot skewing may be employed if the incregsed noise level
is objectionable.

When g gearing hazs to be employed, then with so0lid gears
the 850 cycle torque pulsation is about the twice ( +) than with
resilient gears., Although the resilient gear effectively reduce
the mapgnitude of pulsgting torque, the value with stgndard solid
gears is not generally great emough to cause mechanical, fatlure,
Hence an expensive resilient gear 18 not justified.

(3.4) Shaft Potentisi:

The shaft potential gets much incregsed when the
motor 1is supplied by & rectifier., 1In one experiment, which was
performed in one electrical manurécturing company, on a 1250 k.w.,
8 poles 720 rpm, 750 volts, d.c¢. machine, the shaft potential in-
creased from 3 to 33 volts,

This indicates that grester care must be taken to
insure agdequate pedestal insulation for wotors powered by a rec-
tifier. There exisss not only the problem of conductive shaft
currents through the bearing 1nsu1ation, but glso the possibility
of capacitive discharges through the oil fi1lm cgused by the high

frequencies induced by g rectifier,
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to 1). At constent coxcitation current the speod of a d.c motor
increases in proportion to the armature voltage, so thrt the d.c¢
voltage V4, ond spoed n  can be plotted as abscissa’ § with
,Q/ Bpax &nd cos d ao ordinate ( Q 4s the rogetive pover and
Spox 18 maximum apparont pover at rated load).,

It 45 well known that active load surges influonce
Boinly the froguencys and vhen the rectifier 4s fed from a supply
systom the latter determines the frequency, whereby the kinetic
energy of the glternator sets is ususlly adoquate to ensure thet
this 1s herdly affected, Even in cases oi private powver plants
the frequency variation remains mostly within permissible limits,

¥uch more disturbing are the reagctive load surges occur-
ing vith rectifier plants, From the power-factor curve of g rec-
tifier having voltage regulation via grid control, a regctive load
curve is obtained which is represented by the arc of g ¢ircle, The
highest reactive losd surges of a rectifier unit are therefore to
bc coxpected 4n barticular at low spceds, Hovwever, Just within
this speed range the motor 13 subjected to the severest conditions
with regayrd to acceleration and load surges.

Reactive current poaks result in voltage drops along the
notwork roactgnces, whiech incroase inversely with respect to the
short circuit powér Pe of the network apt the point of connection
of the rectifier plont and in proportion to the reactive load peak
n of the roctifier, The following approximation appliegz

4—3— = -?g-- 100 (in percent)

Admitting a voltage drop of 3 percent, Q is equal to P_./33,
From this results the first and most importont counter

neasurce, ngmely, the connection of the reversing drive to the
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(3.5) Deteridration of cables,

It has been noticed thh the incidences of failures
are more in cables'carrying rectified power thagn in ordinary cab-
les. The regson for this are the harmonics generated by the rec-
tifier equipment, The various effects of rectifier harmonics on

the dielectrics of cables are:

(1) Dielectric Losses:. The dielectric losses agre considerably
increased in the presence of harmonics but in high yoltages
¢ables they are only a secondary factor in determining the
thermal stability of the dielectric, (The phenomena is the
same as for hysterisis loops in magnetic materials),

(2) Increased crest Voltage:- The generstion of harmonics ine

creases the crest value of the voltage and so some shoftening
of cgble 1ife can be expected in case of operation over pro-
~longed periods,

(3) Internal Discharges:= It is well krown that some residual

volds are inevitable in cables of the solid type. The stre-
sges in these volds are very much greater than the dielectric
strength of gases under atmospheric pressure, It can be
shown that if voltage wave contains 12tR harmonic of about
20 percent amplitude, the number of discherges-agnd thus the
total energy released in the void- 15 doubled and the life
of the dielectric can get reduced by about half.

(3.6) Network Reprecussions from Rectifier-Fed Instgllﬁtiongl

At the full rectifier voltage, i.e., at the basic
(or higher) speed of the commected d,c. moter, the load peaks
produce practically pure sctive power surges, as shown in Fig,

3.2(a) (at fu?! voltage the power fagtor of a rectifier is equal
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strongest point of the networki this is of great importsnce in
the case of private networks. Unless special measures are taken
there are therefore certain limitations in the applications of
rectifiers, 5o some steps should be taken to extend their field
of application of appropriate mesns, One Step in this direction
is to connect capacitor benks in parsllely but these only serve
to improve the average power factor of the plant without having
any influence on the reactive surges proper. Aanother possibility
1s to adapt the system of comnection and control. Sewveral solu-
tions have been propeseds but for technical reasons and reasons of
economy, many electrical manufacturers prefer phsse-sequence or
asymmetrical grid control. The principle involves increasing the
dec, voltage by first varying the phase control of some of the
gnodes so that at half the d,c¢. voltage these gnodes are fully
controlled (4,e. are working at full voltage), the power factor
being equael to 1. Thereupon the rest of the anodes are brought up
to the full voltsge. The remarkable phenomenon is that at half

the d,c. voltage the regttive power agaln becomes zero, and even

' when the d.c. voltage is zero, 1ts value is only half a8 much as

with syrmetrical grid control., The reason is that within the range
from zero to half the rated voltage, the primary current reaches
only helf of the walue which corresponds to the current at full
voltgge,

Within the critica? speed range, 1.e. between 30 and 80
percent of the basic speed, the reactive load surges, with asymme-
triecal grid control, are only a fraction of those occuring with
normal gird control, It has énabled the field of application of
rectifiers to be extended,



CHAPTER TV

CONTROL OF HALF- WAVE RECTIFIER FED
D-C GHORT MOTORS

(4.1) Methods of Controlling Speed,

The speed of a d-c¢ motor, fed by the rectified
power, can be controlled by varying the applied armature volt-
age, by'cchtrolling the excitation or by vaerying the number of
conductors in series, The last method is not common., The
methods, that are generslly used, are the variation of armature
voltzge and the variation of the excitation., Varlous methods
c¢an be there to achieve these and gny method must meet the
following requirements:-

(1) It must be capable of responding to the various requi-
rements of changes in conditions of speed and load.

(#8) It must include the means of holding currents to
limits determined by ratings of the equipment. This
is particularly important during acceleration and de-
celerstion when ignitron equipment is operated with
high ignition delay. It 15 necessary that the load
should not be allowed to exceed the meximum limit dur-
ving inversion,

(11) The reversal time of the motor should not be made
mnecessarily short, as 4t is probable that an extreme-
ly short reversal time will require additional and
more expensive equipment, which mpymake the overall

application uneconomical.,
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Howover, the field is generally separately exzcited by
direcct currcnt, So the methods thgt agre common to ordinary d-c
motors by cmntroliing the field, are applicable in the rectifier
d-¢ motor systems also snd so they need not be discussed here,

Many methods are there which can possibly be applied

for varying the armature voltages., 5Some of these mothods are as

7.
followss

(4,1,1) Using a Rotary Booster in the D,C, Circuit.

A rotary booster in the d4-¢ circutit is not of any

imﬁcrtance now and is of theoretical interest only.

(4.1.2) Using a Regulator in the Primary Circuit of the Transforme

The use of regulator in the primary circuit of the
trensformer 4s common wbere the motor has to make long runs at redu-
ced speeds pnd with heavy torques, The normal pover factor of the
roctifier is maintained at 1ts high value throughout the speed rangec
First cost is higher, however, as not on'y the regulator itself is
involved, but the auxiliary c¢ircuits requiring a constant voltage
Bust be fed soparately from‘the input side to the regulator necessi.
tating on auxiliery tronsformer., The weight of the unit and the
space required for a given output is ihus,increased by an amount
depending upon the speed range required, and further if the speed
renge 19 small and the output 48 not to be reduced to zero ﬁolts
for sterting purposes, a motor starter will be an additional requi-
rement, The oliding-contact type of regulator is generally used,

induction ond movinc-coll types being alternatigns.

(4,1.3) TUsinp Transformer Tappinres.

If specd chenges are rarely needed ond only one or
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two fixed speeds are required, the secondary winding of the trans-
former may be tapped, and 1inks with off-circult switches used to
cennect the anodes to the windings.

Simple as this method appears at first sight, it 18 not
greatly used owing to the sdded complicgtions in transformer design,
especially when the number of phases used in rectificetion exceeds

there,

(4.1.4) Using Grid Control.

Crid control 1s the commonest method, The interposi-
tioning of control grids between each gnode snd the csthode enables
the firing instant of anode to be delayed beyond its natural firing
point in the cycle, and thus the mean d.c, output voltgge can be

varied, A few examples of grid control are being gilven heress

(4,1,4.1) Phase~-Shift Control

For sinusoidal working (known as Y soft control'),
phase~shift control is generally used, BSince, provided the output
current i{s continuous, the voltage reduction factor for a grid-cont-
ro'led rectifier 1s cos «, the output voltage of the rectifier as
a function of angular rotation of the rctor of the phese-shifting
induction regulator obeys a cosine law, This 18 quite satisfactory
for manuasl contreol, but may lead to difficulties when the regulator
is motorized, owing to the large dirferénces in movement required to
obtain equel increments of output voltage at different parts of the
control) range,

The method of feeding the phase-shifter needs careful arrat

gemént. For example, when g stmple induction regulator 1s used for

phase-shifting, the supply to the regulator 1s liagble to distortion

by the rectifier it is controlling. This is particularly so if out.



$

FEY
4 Fy

(‘iu_. N

UPPER & LowER LiMiTs
OF 1IGNITION POTENTIAL




£9.

-put current becomes discontinuous and when the rectifier forms
the major part of the load on the a.c¢ circuit when severe dis-
tortion occurs, hunting results, with a period of the order of

6 = 10 secends, depending on the inertip of the load, The dis-
toriton caused by the motor load current results in g change in
firing instant snd tends to give a lower output voltsges the
machine thus deceleragtes and draws less current. The waveshape
consequently resumes its originel form, and the motor then acce-
lerates as the firing instant is corrected, the distortion thus

appearing again, This cycle will repeat itself indefinitely,

(4.1.4.2) Bias Shift Control.

Blas shift control 1s less frequently used owing to
the unssgtisfactory nature of the control obteined when firing ang-
les gre large. The decrease in slope of the wave front of the con-
trol voltage causes a veriagtion in firing instgnt, and fluctuations
in—butput voltage result,

Further, for any set phase relationship between anodes

and grids, the phase shift 1llustragted in Fig. 4.1, is given by

« -« %, = arc Sin b (4.1)
J2 Eg ,_

The output voltage of the rectifier is consequently

Vg = V4 Cos [«1- arc Sin —p ] (4.2)
V2 Eg
giving an even less satisfactory relaticnship between angular
rotation of the controlling device and shaft speed.
Equwation 4,1 indicates that, to avoid the use of large bias
voltages, E; should be low in value, Eg should 2lso be kept low
as possible, since during the portion of the cycle when the grids
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are negative with respect to the cathode, excessive grid voltage
will cause grid sputtering, with a consequent decrease in bulb 1ife,
Conflicting with these considerations is the fact that a slope of
about 20 volts per electrical degree 1S required for good control.
The result 1s a comppomise, r.m.s. voltages of between 300 and 400

volts being used,

(4.1.4.3) Impulse Control.

If automatic speed control s employed, soft control
is generglly satisfactory, provided that the total output required
can be obtained from a single bulb, as small veriations in output
voltage will be corrected by the gutomatic regulator.

These variations may arise from changes in the firing
instants of the anodes following changes in the ignition poténtials
as a result of load or bulb temperature. For glass bulbs, ignition
potentials are normally 20-30 veolts, and Fig. 4«2 shows the effect
of chgnges -in this value, Ignition may occur either at Py or Pé,
the corresponding firing delay angle being o, end <o, These erro:
cause disproportionately large changes in outpuﬁ voltage and the
error worsens as firing delay increases.

If impulse control is used, the whole range of possible
ignition potentisl is covered simultaneously, so that a constant
firing delay angle results,

Whenever several grid-controlled bulbs are to work in
parallel, impulse control (known a8 hard control) is essentigl., If
current is to be shared equglly between the bulbsy it is imperative
that ald thé grids associgted with the same phase are " triggered",
l.e. released together, If one grid 4s relegsed after the other,

the associated anode may either fire late or block together,dppend-
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-4ing largely on the grid control system used. If this happens,
the remaining anodes must carry the additionsl load between them.
When only one bulb is used, there 18 little point in
using hard control to maintain precise speed unless the input to
the rectifier 1s stgble and compensation is made for the effects
of armpture I R drop and armature reaction,
It ean be used, however, with adventage when the recti.
fier is fed from supply having high reagctance or when the rectifier

forms the mgjor part of the system load,

(4.1.4.4) Generation of Impulses for Grid Control.

The impulses may be generated in many different ways,
mechgnically using a synchronously driven commutators statically
using electronic techniques, or statically using electromagnetic
techniques,

The synchreonous commutstor 15 less often used, it being
generslly preferable to avold auxiliary rotating machines if at all
possible,

The simple eircuit shown in Fig. 4.3, illustrates, one
way in which thyratrons may be used to generpte steep~-fronted impue
1ses, but 1t has the disadvantage that the control unit and the
main bulb are directly interconnected, Using a vartiation shown in
Fig. 4.4, however, it 1s possible to separate the two, When this
system is used, it then becomes posﬁible to replace the thyratron
wvith a smal) grid-controlled rectifier buld gnd to eliminate the
disadvantages of possible value fallure and heating-time delays
when starting up. The first cost of such a unit and its size {is,

however, three or four times greater than the thyratron equivalents,



PHASE SHIFTER

T,

SUPPLY

L

_ '200_,1 BIAS UNIT

- LOAD RESISTOR ACROSS
WHICH 1MPULSES ARE

L

GENERATED

e m MY e Y

BRI P IR ok SNt
A

-
1]
H i
L]
i PR ;1 o
‘
L} i 7 -
E 3 -
)
k "
3 " R -
by



ez,

In scme ¢ircults using thyratrons, the anodes of the thy-
ratrons are fed with direct current via an oscillatory circuit. In
this marnor the value ¢an be made to stop corducting once it has
started, as thc gnode current consists of a series of pulses,

Phasc shift of the impulses generated 1s achieved by using bias
shift tochnique. With this system the use of a phase«shifting ind-
uction regulator is eliminated, and an impulse having constant amp-
Titude over the whole control range 1s generated,

Wher electromagnetic equipment is used, the principal
alternatives are the use of special pesking transformers having
Yunetal shunts, or small shé?lmtype transformers having more or less
norme) corc construction, generating peakc rgther by virtue of the
cireuits in which they are connected, The use of filsmcnts is avoid-
eed, but size and weight of equipment is slightly increesed, In
many cases this is hardly disadventsasge worth noting since above about
20 h,p. the prid-control apparatus will be very small in comparison
with other itoms of equipment,

The simplified circuit of such a controi syster is shown
in f£ip. 4.5, operation being as follows:

The rerctor 1s arranged so that the current in the trens-
former primary has a nearly triangular wave form. The core of the
transformer spturates once per eyele, and generstes two short-dura-
tior impulscs, onc positive and one nogative, The latter 18 suppre-
sped with o suitable metal rectifier., Thoe instant at which the satu-
rotior oceurs c¢an be predotermined by the smount of current flowing
in the control windinpe, 'Mhile the triangular current waveform is
nainteincd, the impulise ¢y be shifted in phese with respect to
supply without loss of poalr height, Tn practice a shift of about
120° 14 possiblce using both positive rnd negative control currcnts,

"ith corroet desien, the impulsec have n satisfactory feor~ and maine
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tains o suitcble constent amplitude in operation., Considerable
carc in desipgn is needed, however to ensure that the wave front
rempins sensibly vertical - an essential point if bulbs are to be
opoereted in parallel,

Yith such systems, 1t 18 possible to control the motors
by using comparatively small power in the regulator circuits, a
point which is especially advantageous vhere motor speed has to be
a function of more thon one variable, as signgl mixingis then possi-
blc,

21,22,
(4.2) Hothods of Maintaining Constant Speed.

The aperiocdic, vibrationless corrective control of the
speed following load surges is extramely importsnt for preventing
the motors from fluttering between stands, The desired control
speed depends largely on the mechanical data of the operating system,
Thus for high speed motors (20 - 30 m/s speed) a considerably faster
end more accurate speed control is necessary than for slow speed

notors.

(4,2.1) Unit Connected Rectifiers.

For the most exacting control-response requircments
with respect to the corrocctive control of load surges, the unit
oystem offers the best solution. With this prrangement it is possi-
ble to oxort a direct inertia-free influence on the main circuit of
the rectifier by way of control grids,

Tho motor in Fig., 4.6, is connected direct with the neute
ral point of the rectifier transformer, For the spke of simplicity
the d,c, brogker incorporated in the main circuit is not shovn in
the diagrsm, Control ity respect to constcnt speed $s based on o

ceaporisen of a voltepe (et *he tachogenerator 3) which is proportio-
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~nal to speed with a constant, desired voltsge set at the master
rheostat on the control desk, Provided the speed does not deviate
the difference between these two voltages is practicslly zero., As
soon gs the motor 1is logded, however, the initiasl drop in speed
brings asbout a drop in the tachogenerstor voltages the difference
compared with the desired value is consideragble. This tachogenera-
tor voltage 1s fed to a control smplifier (5) which then gives the
command to the grid contrel set ( 6) for the displacement of grid
{mpulse, whereby the voltage at the rectifier 4s incressed. The
speed continues to increase until the difference between the tacho-
generator and desired voltage is extremely small and the motor hgas
again gttained i1ts original speed, In order to elimingte any trace
of inertia from the control circuit, the control amplifier(s) and
the grid contrel set are electronically operated, Thus every vari-
ation in the speed of the motor initiates, by way of the control
grids, an {mmedigte correction in the armeture voltage, conducing
to a rapid return to the desired speed. o

For rapid respense to the speed control it is important
to have 5 voltape reserve gt the rectifier, for which resson the
Yatter must be designed for a somewhat higher voltgge than the motor
The same voltage reserve which is avallable for rapid control is
also enlisted indirectly for controlling the automatic field weaken-
ing of the motor. If the desired speed 18 ralsed by altering the
setting, when the motor {s rotating at the basic speed, i.e. with
full field current snd full armature voltage, the rectifier voltage
rirs£ rises to its maximum value., Since now no speed-control reser-
ve 1s available, the voltage must be reduced sgsin. A rolling sec-
‘tor regulator measures the voltage gnd weagkens the motor field unty!

the preset speed at rated motor voltage is attained, This gutomatic
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field control corrects slowly. 'hen once the preset speed attained,
the f1eld correction regulator retgins its position and does not
take part wvhon load change occur; the rapid regulation is left excl-
usively to the grid control,

With such arrangement the constancy of speed is far supere
jor to the conventional speed constancy of a synchronous motors the
roter sngle of the latter is considerably greater thar the angle of

lag of the controlled d.c. drive,

(4.2.,2) Busbar €@ircuit with Field-Regulated Motors.

In view of the fact that in some drives, it is per-
missible to allow longer control times than those achieved with unit
circuits, 1t is an advantage to select theé simpler and cheaper bus-
bar arrangement with field regulation of the motors., A grcup of
motors are connocted in parallel by meens of busbars vhich, a& a
rule, are fed from grid-controlled rectifiersy control with respect
to constant voltage is customnry.

In this case, too, the speed control of the motors 15 based
on a comparison of the tachogenerator, voltage, which is proportion-
al to speed, with the desired value preset at the control penel,The
difforence between the two, which corresponds to the amount the
speed deviates from the prescribed value, exerts an influence on the
motor field by way of an amplifying arrangement (control amplifier
5 and excitor 6) as stown in Fig.4.7. If the speed ternds to drop
as a result of a load imposed on the motor; a small, additional weak-
ening of the field, introduced via the control circuit, brings it
back again to 1ts originsl value. According to the accuracy end
rppldity of the rosporse required of the control; rolling -sector
rcfulators, mognotic amplifiers or electronic gmplificors are employoed

as control amplifiers, The oxcitors are built as ropid exciters witl
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fully lamingted stators, sc that dynamically good control charac-
teristics gre gssured; for simple cases normal exciters are quite
suitable,

The dyngmic control quality of this economic solution
csn be Somewhat {mproved by the addition of a ﬁurely electronie
excitation. In this case a small rectifier or thyratrons supply
the entire excitation output, Finplly, reference 1s made to the
arrangement employing a multi-stage magnetic amplifier which supp-
lies its output direct to the field without an intermediate exciter.
This system is more suiteble for small excitation outputs,

Field control is 1deally suitable for all thoseccases
where extremely short dynsmic control times for the unit or booster
systems are not esgential. The available control elements enable
the contro)l device to be adspted economically to the requirements

of operation for all the driving powers required.

(4,2,3) Busbar Connection with Aymature Control of the Motars
by Rapid Boosters,

If equally rapid control 1is required with busber
connection as with the unit system, 1t is necessary to revert to
the principle of direct influence on the armature voltage., With
this objective in view it 1s necessary to visuglize between the bus~
bars and each motor a rapid booster, i.e. a supplementary generator
(F4g.4.8), whose duty !s to supply the smgl) additional volEage to
the armature circuit for rapidly correcting the load impulses, The
speed, however, 1s adjusted over a wide range by a slow»ac;ing field
correcting control which brings the exciting current of the motor
automatically up to such a value that the booster hes only to supply
that additiona) voltage necessary for correctively controlling the

losd impulses, The booster can thus be designed for a small rated
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output, Such boosters, s built as single-stage awmplifiers and
therefore posses the sturdiness needed for various applications,
Special means enable the time constant tc be brought to the extre-
moly low valuc of 20 ms,

Having regard tc the shortest control times, the booster
is excited by thyratrons which gre controlled by the elcctronic
controller, An effective electronic-circuit ensures great reliabi-
11ty end a long cxpectation of tube 1ife. The rolling sector regue
lator ts intended for adlusting automatically the field weaskening
vithr respeet to the speed, The resplts ocbtained by this method are
comparable with those obtained from a plant operating on the unit
gystem, The decision gs to whether to install this or that form
of contrel 1s not governed by technical considerstions, and should

rather be considered from case to ¢sse by comparing first costs.

(4.2,4) Bensitivity of Tactogenerator Speed Control Systems,

If an error voltage V, 1s required to produce maxl-
num speed, 1.e, the reference exceeds the tachogencrator voltage by
Ve volts vhen rectifying, snd an error Vc' is required for full
spcod on inversion, i.,e, the tachometer voltage exceeds the refore
enco by Ve‘ or invcrsion, the speed for the same reference in the
two conditions will differ by an amount corresponding to Ve + Vg'.
This is an inheront feature of any onec-sided system ané can be eli-
ninpted only by rcducing the reference voltage when the control chen-
ges from power to inversion, Any such effect is not present in the

Ward-Leonard system wvhich 18 a rival to rectifier-fed systoms,

723'
(4,2,5) Loop Control gysteé.

The control scheme is shown in Fig, 4.82. It consists

of three main control loops, namely speed control, current limit,aond
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acceleration or retardation limit, In the speed-contrel loop,
a reference voltage selected by the opergtér's lsver i{s compa-
red vith a carrent signal derived from a 4.¢. current-transfor-
mer and the error voltage 1s fed into g second pre-mmplifier,
Sisilarly, in the aecelerstion loop, = preset reference is com-
pared with an acceleration signal obtained by measuring the rate
of chgnge of the armature voltage and the error is fed to & |
third pre-smplifier, The combined pre-amplifier ocutput is ampli-
fied and used to control the statlc phase-shifter, producing sn
armature voltage proportional to the error. In each of the three
main locps, subsididary loops sre connaayad for stgbilizing the
eontrols,

| £2,28,
(¢.2.6) Stability of lLoop Centrol-System.

Experience in many applications has indicsted
that a signal corresponding to the rate of chgnge of armature
voltage connected a3 s negative feedback would stagbilize the speed
cantral, and in practice this proved to be correct, The current
and accelerption limits éan be stabilized by feeding back the
rate of change of smplifier cutput. . |
(4.2.7) Compensating for I R drop in Motor Araatabe.

A Gevice kndwn cs"i R drop compensptor™ is some-
times used. 4 current transformer connected in either the recti-
fier transformer primary or secondary circuit 4s used, and the
secondsry terminsls are led to s small metal rectifier whose out-
put provides a bias which is approximately proportional to 1lcad.
This bias can be used to alter the phasing of the grid control,
and thereby adjust the armgture terminal volts,
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There are several drawbacke to the wide use of this .
. device, First, it is mmaffected by the supply fluctuations;
Secondly, it constitutes positive feedback and, unless the
speed/torque characteristics of the motor concerned are level
or drboping, 1t may cause instgbilitys thirdly, for the same
reason, it may capuse trouble at starting unless it is slow-act.
ing (whereupon some of its‘édvantages are reduced)., Lgstly,
it does not necessarily provide the same degree of comﬁansation
at any speed, a8 reference to Fig. 4,10, will show. The upper
curve shows the Spiad for constagnt armature-terminal volts over
the loagd range, whilst the lower curve shous the additiongl volts
required to give contsnt speed, Despite these drawbacks the

circnits have been widely agpplied.

6,18":,". ’ P — .

(4.3.) Methods of Speed Reversai. "

In dome applications, for example in rolling
mills, lathes etc., it s required that the drive should be
- such that 1ts direction of rotation can be reversed, The Same
principles are applicable to the dynsmic braking of motors.

The direction of energy flow in an electronic power
converter is determined by the polarity of the voltage, which
in turn can be gdjusted by eantrol of the 1gnition angles;
Current cammot be reversed in a given converter becguse of the
blocking action of the electronic tubesy therefore, power revere
sal csn be accomplished gnl& by reversing the voltage, Hence
the operstion of the electronic power converter differs from
that of a d-c machine, in which the current reverses to accomp-
"11sh reversa) of power, or regeneration. In applying electronic
power converters 1ﬁ applicstions which require regenergtion, it

18 necesssry to make provision in the circuits so that the cen-
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-verter tubes will carry positive carrent and will have the cir-
eait woltsges impressed in the proper polsrity upon the eonver-
ter vhen it is desired to régenergte. Many methods are used

and those which are common are discussed in the following parse

graphss

(4.3.1) Dual Mercury-Arc Rectifiers for Motor Armature

In this method two mercury-arc rectifiers are
used with one reverse-connected, Such an arrangement provides
a ¢ircuit for current in either direction for the drive motor.
This method hss been applied extensively in Europe using conti-
nuously excited tubes, Fig, 4.11(a) shows typical circuits and
operation of the reversing drive using dusl mercury arc recti-
fiers to feed the motor armature. In this method regctors are
té be used to withstand thaxinstantgneaua voltage between the
rectifier mits and to limit the resulting clreculating current,
The reactors are also required to limit the ripple in the motor
currentg:espacially at the conditions of high rectifier delay
snd with inverter operation. |

This electronic converter circult must be completely
symsetrical vith respect to voltages.and nunber of tubes for
each direction of drive-motor rotation, as the same amount of
rectifisation snd inversion is required for each direction of
rotation, No dissymmetry is posSsible in many applicgtions where
there csn be fewer inverter units then rectifier units and in
which the inverter units can be operated with a higher dec
winding voltage,

A typicasl operation sequence during motor reversal

using the arrangement s as follows:

(1) At instant 1 the motor (s losded in the forward direc-
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-tion, The ignitron converter unit 1 is operzted at a
smell rectifier delay so that 1ts average output voltage
1s lower in magnitdde than the inverter counter voltage
of unit 2.

(2) At instant 2 the motor load 18 removed and the motor
1s now opeiating at a constgnt speed without load.

(3) At instant 3 fgnitron converter 1 1s delayed to an
inverter operating condition and its current is blocked
vwhen 1ts voltage 13 less than the motor counter emf,

(4) At instant 4 wmit 2 1s advanced slightly so that its
counter-voltage 15 less in magnttude than the motor counter
enf. Current O now is carried in converter 2 during the
interval 4 to 6, The motor decelersgtes during the interval
4 to 5. The $gnition angles of unit 2 must be advanced so
a8 to provide approximstely constant current gt about rated
current as the motor decelerates.

(s) At instant S the motor speed is zeroc and converter
unit 2 is operating as a rectifier to supply the motor arma-
ture resistance drop. Further gdvance in the'flrins of igni-
tron converter 2 will cause it to continue to operate a8 a
rectifier and to acceleraté the motor in the reverse direc-
tion during intervgl 5 to 6.

(6) At instant 6 the motor is running in the reverse direc-
tion and is suprlied by fgnitron unit 2 operating as a
rectifier,

(7 At instant 7 the load is applied in the reverse direction

This arrangement hss the disadvantage of requring some
duplicate converter equipment, Each ignitron converter unit opera-

tes at an average duty cycle of one half that of the drive motor,
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N Sincc the pesk motor loading contributes in determining the requi-
7rcd number ,nd size of ignitrons, this arrangement wi'l in many
nppliCations require s greater number of ignitrons than that of
gthei method which use a,singlé ignitron converter,
| An alternate ciféuit arranzement and opération of this
system is to omit the resctor 1n each convertar and to release
only one converter at a time so as to eliminhe circulating curr-
ents between the ignitron converter units. The reactor to 1imit
ripplecon then be a single éeactor in the motor branche The ope
ration sequence of this arrangement is similar to that of Figs'¥
except that when it is desired to decelerate in the forward dire-
ction, rectifier un;t 1 is blocked completely and unit 2, which
wes previonsly blocked, is now relegsed to fire as an inverter,
Thﬁs, only one ignitron unit is released at a given instant and
no circuit is released between the two ignitron converter units

for c;rculating current to flow.

(4.3.2) 8 Electronic Converter with Reversing Switeh

in Arm ature Cﬂrcui .

To eliminate the disadvantaege of having two revef-
se connected mercury-arc rectifiers, it 1s necessary to provide a
means to révcrse the voltage on a single converter when it 1is
desired to have regenerstion. This methcd has been employed ex-
 ten$ive!y in Europe using cohtinuously excited tubes,

| A typical operation of sequence during moior reversal

for the arrangement shown in Fig.4.12(a) 1s as below:

(1) Pirst of all initlally the motor 1s loaded in the
forward direction, Current is conducted from the recti-
fiers to the motbr through the armature contgcts,

(2) At ‘tnstant 2, the load is removed. The motor is now

operating at constant speed with friction load.
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(3) At instgnt 3, the reversal cycle is begun by lowering

the the rectifier wvoltage by phase delay so that 1t is a sm3zll

gmount below the motor counter emf, This results in blocking

of the motor current. The conSacts can open at this time with

no current to interrupt and with a minimum of voltage across

them,

(4) At instant 4, armsture contacts are opened to disco-

mmect the circuit between the rectifier and the motor. During

the interval from i{nstants 4 to 6, the motor is coasting with

its armgture open circulted,

(5) " Between instants 4 and 5, the rectifier firing angles

are changed from rectification to maximum voltage inversion,

This chsnge is completed at instant 5,

(6) At instgnt 6 the motor contacts are closed in reverssd

fashion for reverse rotation which connected the circuit so that

the motor can regenergte into the rectifier convemier,

(7 During interval 6 to 7 the rectifier anglss are advan-

ced as the motor decelerates, so that the motor current (s nearly

constant and is at about rated current., When the motor speed

becomes zero at instsnt 7, the converter i3 operating as a recti-

fier to supply the srmsture resistance drop.

(8) During interval 7 to 8 further advance in firing will

cauio the ignitrons to continue to operate as rectifiers, and

the motor will accelerate in the reverse direction.,

(9) At instant 8 the motor is up to full speed in the rever-

se direction and is running with frictiocn load.

(10) At instant 9 load 1is spplied in the reverse direction,
This arrangement has the advantage that only one

mercury arc rectifier 4s required and its duty cycle is the same
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a8 that of the magin motor., The disadvantage of this arrange-
ment 15 the reguirement of the reversing contactor and the
large number of operations which result in thnsiderable
maintenagnce, -

(4.3.3) Bingle Electronice-Converter for Armature
anB means to reverse Tield.,

Another method using a single electronic
converter is to ob?ain reversal of motor voltage by means of
reversing the field To reverse the motor as rapidly as possi-
ble 1t 1s necessary to over-excite the field in order to cause
1t to reverse in p minimum of time, This ¢an be apccomplished
by supplying the field from a rotating exciter or by feeding
it from anﬁe;ectranic‘réctifier system using two reverse connec-
ted converters., Provision must be included to de-energize the
armature current by reducing or blocking the rectifier voltage
berora‘de~tnergiéigg the field or in event of loss of field,
This method has been studied and applied in Europe but not as
extensively a8 the previous two methods,

A typical opergting sequence during motor reversal of
an arrangement using the single electronic converter circuit
of Fig. 4.13(a) 1s as follows:-
(1) At instant 1 in Fig, 4.13(b) the motor is carrying load
at rated speed in the forward direction,
(2) At instant 2 the work losd ends and the motor is runne
ing at rated speed and no losd.
(3) At instant 3 the reversing cycle is begun by reducing
the armgture voltage by phase control of the electronic converter.
The armature current is blocked when the converter voltage

becomes less than the counter emf,
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(a) During interval 4 to § the field voltage 1s reversed
cnd 1o cevepnl timesthe rated value. The f1oX current is ferced
to gzopo by regencerativo getion of the rotating exciter., If o
duol ignition convertor system 15 used on tho f£10ld eircuit, one
of the units will operate as an inverter during the interval.

(5) During intorval 6 to 7 the ficld is built up in the
oprosite polarity. During intervel § to 6 the mrin cenvertor is
invorting to provide the required curront gnd torque to csuse the
notor to dececclorate. At instent 7 the fleld carrent is ot reted
value in the opposite polerity and the f4eld voltage reduced to
the normnl megnitude,

(6) At instpnt the motor speed is zero end the converter
is operatinr ns a rectificer to supply the armature resistance
drep.

{7) During interval 6 to 8 the converter operates as a rec-
tifiocy ¢o acecclerate the potor in the revorse direction.

(8) At instant & the motor 1s ot rated specd in the reverse
diroction end 45 wvithout lond, The field is at 1its normal value
end the armpgture current is low,

(9) At instant 9 the lond 1s applied with the motor running
in thc pevopse dircetion,

This arrpngement has the advantage of using = single
elcctronic convorter for the armatufe circuit and thus obteining
the best possible utilization of the tubes, The greatest disadvane
toge of this arrongoment ¢s that this method inherently requires
a8 greoter time for motor reversn) with a conventional motor than
the nethod using dual converters for the armaturce circuit. This
additional time is required to obtain decay aﬁﬁ roeverspl of fields
tthich has a time coenstent of the order of several secconds., One or

corce of the follouving mothods mey be uscd to shorten the noter
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reversal time:-

(1) Overexcite the Field:- By aprlying over voltape of 5 to 10

times normal field voltage, the time required to reverse the
f1eld can be minimized,

(2) Ylamingte the Motor frame:- The use of s laminated motor

frame will reduce the circuits for eddy currents gnd thereby
allow the field flux to be chenged faster, The motor cons-
truction is more expensive but will resault in a much lower
field time constant,

(3) Use higher armature current:- @pékation with higher armature

current during deceleration can be used to obtain the required
torque while the field current 1s being bullt up to the opposite
polarity.



CONCLUSION

The various results obtained by the spplication of
theoretical formulae are comparable to those obtained by experi-
mental observations. So the theoretical enalysis can be of great
help where the new equipment i3 tc be installed, In such casSes
it 1s always desirgble to find out the rating of the equipment at
the first instance and this can easily be done by using theoreti-
¢zl formulse.

As glready seen, the simple half-wave rectifier d-c.
shunt motor combination is not a very good practical proposition,
It has drooping speed-torque characteristic gnd so, as such, will
not be suitable for constant speed drives. For constant speed at
any load, the varicus methods, already discussed, are to be appli-
ed. The starting torque, acceleration etc., are glso poorer, as
compgred to a pure dec shunt motor. However, the overall effici-
éncy of the half-wave rectifior d.c shunt motor system is compa-
rable to that of the Ward-l.eonard system, and so it cgn be pres-
eribed in place of conventional Ward-lLeonard system,

Now-a-dsys, various types of recti{fier d-c motor
combinations are available and modern trend is to replace the
conventional motor-generator sets for d-c¢ supply. However, the
half-wave rectifier d«c shunt motor system 18 g new-comer and
many improvements are necessary before this system is practicable
in industry. However, the improvements can be done on the lines

already suggested in the dissertation,

(1)



The author believeg that the above system will get

tmpetus in industry in the gutomatic, closed loop, speed control
systems. A8 dlready seen, the half-wave rectifier d-c shunt

motor system is not a practical proposition, at presént, in the
{ndustrial drive schemes and for that purpose many fefinements
are desirgble., However, this system can be satisfactory in the

control applications where the loed is low and a flexible contro-

1led prime mover is required.

(11)
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