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SYNOPSIS 

The scope of this dissertation extends (only^} to the 

operation of d.c shunt motors on helf'weve rectified power. 

A general mathematical analysis of the problem has been given 

end the results from theoretically derived equations are show 

to be comparable with the experimental results, An approxi. 

mate method of analysi"s has also been given and is shown to be 

quite ui accurate. Apart from this various usual perform. 

ance tests, both under steady state and transient conditions 

are also given. The various methods of controlling the methods ? 

and detal, l s of anntilary equipment are also given. The various 

operational problems are discussed. 



r-OMMLATUR 

o 	- spoed coefficient of the motor when fed on hslf-t~avo 
rectified power. 

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

as 	ratio of rectifier drop to the peak value of tren.sfor- 
mer secondary voltage 
cpeod coefficient ( In d.c. oporation of motor) 

C 	ratio of compolo to armature turns 

11 	= motor terminal voltage when on dc supply 
ea = Instantaneous value of anode supply voltage 
Ebr = brush contact drop 

Ed = total back omf in rectifier-motor circuit 
voltage at load terminals 

Eg = voltage generated in motor armature 
7 1 	= r..n. s. value of control grid voltage 

= line voltage 

Pm 	gook value of transformer secondary voltage to 
neutral 

'n 	voltage drop across rectifier 
Rs 	r. w. s. value of the transformer Secondary voltage 

to neutral 

fg' 

 

form . factor of rectified armature current 

fn w pc%oh-scoff. of armature current 

0•c value of motor armature current 

IT 	line current 

(1) 



Iry o c6 constant 

r o cj  ttt  eotstrrt 

IL 1Tc1c ct cnco of arrctUre t.=ind InC 

0 = rr. tto of pock 5O cps ripple to z c current 
ci speed of the motor 
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tf ci torque fz ctor 

t5~I+ torque factor (in ?mac oporoticn of motor) 
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INThODTYCTION 

Motor generator sets have been the normal source of 

power for large d-c motors for many years. The first appli-
cation of rectifiers to large motors occured in the steel ind-

ustry. A study of the evolution of rectifier motor drive sys-

tems reveals a marked cb,nge in system characteristics over 
the past few years. Thus, it is necessary to Investigate some 
simple and effective system using rectifiers which may be e 
possibility in power supply applications. 

A historical review of the application of power rec-

tIfters for large motors reveals that power rectifiers were 
first used for this application nearly two decades ago. Around 

1940 a steel company wanted to pancrease the power to an exist. 

ing hot strip mill « Due to considerations of available space, 

Installation time, etc., power rectifiers were added in para 

11.1 with the existing generators. As the system employed a 
common bus power supply the influence of the rectifiers caused 

little disturbance of the input to the motors. On later hot 

strip mills, it become a common practice to use rectifiers as 
r 

the sole power source. Pere, again, the limits were paralleled 

on a common bus and particular care was taken to maintain the 

proper phase relationssip among the static t it.s tc obtain the 

minimum disturbance on the power system. 

In 1954, the first individual motor-rectifier powered 
hot strip mill was put into operation In the united states. The 

full Impact of the rectifier voltage variations appeared at the 



terminals of a large motor for the first time. The motors 

were rated 5000 h. p. and operated through a 2 to 1 field 
wakening range from base speeds 125, 150 and 175 rpm. This 

type of power system is used for modern hot strip wills and 

differA considerably from that first employed nearly 20 years 

ago. 
Now-a•days, the use of rectifiers is becoming popu.- 

lar in electric traction also where the traction motors are 
dc series motors. Various authors have investigated the 

choice of single-phase full-wave rectifier d-c motor system. 
But the single-phase hall-wave rectifier system requires the 

least number of tubes; So it might be of some interest to 

study the half wave rectifier dc motor system, and to inves-

tigate the performance„ Generally in traction, series d-c 

motors are used as a rule, whereas in many other applications 

as in steel industry# d-c motors with shunt excitations are 
- used So the problem under investigation was limited to the 

half*wave dc motor system with separate d-o excitation. 

The various other combinations, as that of series motor on half 
wave rectified power, are still to be investigated and may be-
come an interesting problem for future workers. 

Still the problem of half wave rectifier d-c shunt 

motor system is in its initial stage and there are various draw-
backs in the system. So before this system becomes n economic 
possibility, much of research work is needed. 



CHAPTER - I 

!0 	PPLY 

When a d.c. motor is fed from rectified a.c. power, 

various types of equipments are to be used to make a link 

between the a. c. busbars and the d.c. motor. These equipments - 

rectify the a.c. power to d.c. power. It is very important to 

be careful in the selection of this auxiliary equipments  as their 4 

characteristics affect the overall performance of the system 

consisting of auxiliaries, d.. c. motors and the load. In the 

following paragraphs an exhaustive discussion is being given. 

(1.1) 	The 'transformer. 

The transformer is the hesvi.est single item of 

equipment in the rectifier scheme, and it Is, therefore, worth 

giving every consideration to mens of attaining 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 about 15 XV it is practicable to 

use air as the insulating and cooling medium, and this promotes 

lightness and a low fire risk. For higher voltages the greater 

electrical clea,rpnce and ereepoge distances needed would cause. 

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



voltage systems (say upto 30 XV) , therefore, it is nar r l to use 

a liquid as the insulating medium, 

In order to achieve the desired low weight It is custo- 

mary to use a current density several times greater than would 

be normal for conventional substation transformer. This results 

in correspondingly high copper losses which must be accepted as 

the penalty to be paid for lightness and smallness which are very 

important in certain cases as in the case of rectifier locomotives, 

The high losses could not be dissipated by natural. cooling,$  and 

forced oil circulation is therefore adopted In order to circulate 

the oil between the transformer and a separate radiator and to 

obtain better heat-►transfer factors. 

Thus a small light transformer (with high losses) 'rill 

probably necessitate additional weight in the case of rectifier 

locomotive and other such applications owing to the space occu* 

pied by the large radiator,, The beat compromise between trans 

former size and radiator size is a design problem. 

Generally the core is built up from laminations of grain-

oriented siitcon«iron alloy,, which can be operated at flux densi-

ties near to saturation ( ;x  - 1.8 'alb/m2) without excessive 

losses or magnetizing current. This reduces the transformer weigh 

appreciably. The core is designed with high flux density at the 

nominal system voltage; when the voltage rises above the nominal 

system voltage; when the voltage rises above the nominal value, 

the increaoed losses end magnetizing current are accepted as a 

short term condition. 

For high voltage control systems the rectifier transforme 

and the autotransformer are built with one yoke co imon to both, 

This yoke carries only the difference in flux of the two transfor- 
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-hers, so that the iron soction is reduced with a corresponding 

uaicht rcduction. 

t 14 . 23 Sheype ver us G 	Ty~° x rc nsf©rmcrs. 

- 	 The sholi4typo trcnsformor is usually preferred to 

the core-typo oninly because it provides constructional. advantages, 

Jr. shell trrnsforticrs the cord, in effect, surrounds the coils. 

The Orin odv steges of fbo shell-type ares 

(I) 	The shape permits a simple design of tank to fit closely 

round the active parts$ thus avoiding gusted space and roduc-

Ing the voluT3c and ueteht of oil. 

(ii) The oil flows in clearly defined paths in close contact 

uiti the coils, thus promoting effective heat transfer. 

(iii) The core 3nninations can be clamped together by the to 

holvos of the tank, thus avoiding the use of cicmmping bots 

pausing through the core* 

(iv) The shell-typo is more flczibbo in shppo, as all three 

diucnsicns are more or loss independent of one enothor. 

In the sins'? cat shell construction there are only ttaa 

loo7)c of iron core croumd the rectangular-shaped coils, but this 

could obviousby be increased to four loops. 

`5Ith clicular coils the number of loops can bo increased 

to as can as arc desired w this arrangcmcnt loading to the radial 

core design. 

(il.) Volttwo Control Gear. 

(i) Tl.V0 Controls - TIG. 1.P sbo1,s the connections for 

a typicri: b. V. topac zrnSer. The contact brushes A and B operate 

oil'- .'bead cn;3 are mounted on a chaInndrivon carriage, which 
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together with 'thc contact blocks and contact bars, is housed in 
an ot1-fi.:~ Sed cactnr. Electrical clearances are therefore small, 
loading to a compact design. A" I curre€at-mahinP .and breaking to 
hcndlcfi by the two load stritches L1 and Lp, which are mechcnica .ly 
operated from the mechanism which drives the carriage. The load 

critchos arc air..break unito end are thus readily access .bie for 
maintenoncc. The tap changer may be operated by a pilot motor or 

by direct manual drive. 

The tep»chaiginp impedance is a resistor$, which may be 
fes- cooled. 

(it) L.V. Control:- The connections for a typical 1.v. 
ta,p-changer are shown in Fig. 1.3. This particular tep»changer 
uses a mid-point auto.transfermor as the tap.-changing impedance. 

All the contacts operate on-load s.nd are of the air 
r-cat typo; they may be operated by a camshaft or they may be 
in the form of unit svitches.usuai.ly operated +electro.-pnoc sticalll 

Off-load tapping selector contacts, with separate contac-
tory for current making and breaking are not common in rectifier 

trensformorc. 

(i* 1.4) Effcct on Ts  former Dectg. 

The transformer for a rectiftar4 vorter scheme must 
be designed so that under the worst conditions of inverter opera-

tion the firing limits are never exceeded. These adverse condi. 

tions occur uhcn peak loads coincide with a lour supply voltage. 

This results in a transformer 10»20 percent larger then that 
noccc cry for the equivalent free-firing rectifier duty, and 
all -rays ,nvolvcc operation during rectification tirith come firing 
do lay. 



Norma'll'y, the dotcrminatl,on of kva rating of tho poly-
phase potior transformer is based on the continuous rating of the 
drive, rithoat taking into account the starting and overload con-
ditlons. The kva of the secondary polyphone ft ding of the power 

transformer can be calculated from the formulae,° 

E8 Idam,c ft 'p 
	 (:1.. IL) 

rhero 	s 	r. n. s. v zlue of the transformer secondary 

voltage to neutral, 

d c 	rated value of rotor armature current, 

ft = form factor of the rectified armature current 

at the 1o~rest operating speed and full rated 

torque. 

p 	= number of phases of the rectifier 

For a rough, estimation, the approximate kvs, of the power 

transformer for drives up to 16 horse power can be obtained as °̀ 

kva C 2.5 P 	 (1.2) 

whore 	P 	= horse power rating of the drive. 

1 ,a,4. RoctjfiorA 

Rectifiers play the most important role In the 

rc-ctiftor=motor .nstallations. There arc many types of rectifiers 

availcbic and each type has got its own limitations. The most 

Important typo of rectifiers arcs 

(1.2.1) Semi-Conductor tocttfiers. 

Semi-conductor roctifiors, although not compotittvo 

in price at present, are being developed rapidly and have a pro io 
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-ing future for traction appiiccttons. The greatest easot Is 

s1mpliOityO oi1ng to the absence of proboating azcitaticn and 

ignition aquipmcnt. 
GoracmAun rectifiers do not show may really significant 

reduction in s9.sc ccopmred with the mercury • are rectifier at 

the voltages uuich can be uood for industry, sand there to very 
little jrrin in efficiency. Silicon rectifiers, however, can opoa. 

rata up to much higher tonporaturea than germ,nium and show consi-

doroblo savings In space and weight. A cot of sooieconductor 

roctifiors is more flexible in dimontions than a mercury are 

rectifier. 

Boni-conductor rectifiers have very short heating tine.. 

constants and hence need to be continuously rated for operation 

at the cccoloratthg current* Fuses are needed to obtain suffici-
ont'ly high« aped protection to prevent damage to the rectifiers 
due to faults. 

(1, Pm ) forte-Arc~ Roctifiors. 

Thyratrons and other typos of mercury-arc rectifiers 
are generally used for the power rectification, The thyratron is 
limited to the life of its cathodes end by vara - up tic. its 
grid power roquircocnts are law. tittlo comtuorcial. experience 

s been obtained with large thyrotrons. 
The other types of mercury are rectifiers are either 

sinrio anode or nultionodoa The single anode rectifiers are 
oe' x noun ass o :citron and ignitron. These two types differ 

in construction cfld method of oporotton, but not in application. 
The fir', l•(a) anal l.4a(b) indicato the oSSscntiai difference 
between Ignitrons end oxeitrons. In the former a cathode is 
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7. 
initiated once in every cycle at the correct instant for the firing 

of the vain. anode, this spot being formed at the 3unctton of the 

stationary ignitor and the mercury surface when a pulse of current 

is p ssed from the ignitor to the mercury. The pulse is obtained 

f ron static circuits. The ozcitc t  hoc ever, has a cathode spot 

initiated on the mercury surface by one of the methods normally 

used in nultt'anode rectifiers'  and this spot remains burning con-

tinuously, the main anode firing whenever it becomes positive 

relative to the cathode.. 
Tgnitrons are used for largo currents and have shozm 

little sign of being used bolo r X 0 to 300 etps in competition to 

rotating ms.chinary. The firing poi  or is generally large and req. 

u .res devices having large time constant. For rapid response this 

is a difficult obstacle electrica .ly, The ozcitron has not been 

produced in si o small enough to be applied to the lower horsopowei 

drives. Grid power requirements are approximately those of the 

'.thyratron. 

in ignttron design suitable to withstand forward voltages 

rclhhbly and to have fast deionization characteristics is best dost-

gnod with tiro or more grids. A tube with double grids for invorto; 

require mts inherently has a lover allowable current density than 

that of a single grid tube of about the same physical size. There 

fore, it is desirable to apply the double-grid type of tube at 

rectifier voltages above 12.00 volts in order to obtain the optimum  

kilowatt output for given size of tube. Although a double-grid 

ignitron to bettor for most applications requiring Inversion, a 

single grid tubes is Suitable for applicatio-s requiring only a 

9imitad amount of inversion. It mcy be possible to apply 1oww 

voltage sine9 c-grid ignitrons to mcny applications, 



C ' the invertor roqutremcnto prevent the use of 10 

voltaCe aingie-grid ignitrona, It ►ili be necessary to use doublo 

grid cconot tear y at higher motor voltages. 

During the last tuo decades, the design of pumploec recti-

tiers hes proer2ssod so for that this typo is being employed incro,  

coinely in many drive applications. Its main advantages are, no 

doubt, the omissicn of the vacuum equipment, which renders it opt. 

trcmoly cimplo to maintain, and the ability to flU it with inert 

gaa, tihich conduces to a most favourable run-up, even at low surr. 

oundinG tooporatures., I1oroovOr, the temporaturo-control equipment 

has also boon developed which ensures a perfectly stable control 

tcaporn.ture even when the roam temperature fluctuates widely. "rho 
optimum temperature is obtsi..ned by varying the voloclty of the farm 

according to th control temperature, for which purpose chokes 

promagnoti-;od by direct current are employed. 

A further advantage attending the choice of pumploss roc. 

tifiors for iaodit capacity drives, is that: a number of smaller 

tenkks connected in parallel comply with the principle of back-up 

powror, thus this typo of rectifier finds increasing application in 

medium a anO high capacity drives. 

(1.3) 	Sucbor connections. 

Many typos of busbar Connections can be possible*  

But in the interest of increased flexibility it might prove noce-

nanry to split up the busbars into a nuubor of sections, Plants 

of this neturo are provided with an eux? Bary busbar, and a spare 

croup which to dieenti oned so as to nor telly food in to the most 

hervtly loaded section, Should the aced crisp the croup can, 
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9. 

hourovor, bo changed over to any other section. Pig, 1.6 chows 

ono good typo of buabar scheme. 

3 6. 
~lp~) 	Rectifier Faults and Protective Dov cel. 

In the event a fault occurs during the operation of 
a rectifier fed motor, it is desirable to clear the fault and ro. 
store normal operation within a foie cycles so as to have minimum 
effect on the motor operation, 

The various types of rectifier faults end the devices 
adopted to clear them out are described in the following paragraphs 

(1.(.i) ArcuStar ►atton Surges. 

All mercury-arc rectifiers have a maximum current 
rating for any particular temperature, above which the ton supply 

to the arc fails end the current is chopped; when this occurs 
hieb- voP ago surges care produced, oiling to the inductance in the 
circuit. It is usual to operate troll below these current values, 
but under oortain operating conditions they may be oucocdcd. Por 
anar plo, when starting up after a week-ond shut-doem, a motor may 
roquiro centra of tort to move it, and If the rectif lar to cold the 
grid control may be advorsoly affected, resulting in misfiring. 
This could easily result in on ovor-current sufficient to cause 

arc ctervatton. 
Because of the risk of damage from such surges, it is 

ctcndard practice to fit sono form of surge protection on all morn 
curt'-tare roctificrae Thin normally tcjtcs the form of non•ltnonr 
rool.atonce or cpark~grp surge orrooterc connected botioen the hods 
and r_outral or the erodo and the earth across all secondary phases„ 
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It should be notod that those surge arrestors arc designed, not to 

oltmtnato surges, but to limit their value to within the surge 

ctrongth of the oquipncnt. Elimination of arc--starvation surges 

is possible only by direct adherence to the manufacturer's instruc» 

do s rerarcltnr methods and conditions of operation. 

(1.4.2) ovor*voltagos due to Switching and Regeneration. 

With a drive of this nature (rectifier fed d. c.motor 

drive) there is also the possibility of over. voltagos caused by 

sudden demand for regeneration facilities when motoring, or when 

vbon witching from motoring to generating or the reverse. For 

this s small fixed load in the form of a resistor is connected 

across the motor and this suffices to eliminate any sudden over. 

voltages due to regeneration. 

(i.4 *3) Ovor-Currents due to Backfires and Grid-Blocking.Fai.luro. 

Besides the normal insulation failure faults, mercury 

-arc rocti ` .oro arc liable under certain circumstances to backfiros 

encs failure of the grid bloc!ctn;  „ For example,, such faults could 

occur durinr surges caused by are starvation or durinr over-loads. 

J. backfire is an a, c. short-circuit inside the rectifier vessel i,t. 

Golf from one anode to another. If at the time of backfire the roe. 

titter is connected to a load which can food back,, there will also 

be a d. c. short-circuit via the rectifier cathode and the faulty 

tanodo. 

Failure of grid-bloclkint,,- ' hcn. rectifying results in the 

voltago cud loniy changinr from its reduced controlled level to the 

full frcrpf irtnf lovol q  ancl, depending on the amount of firing delay 
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may be equivalent 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 equipment, there is a fault 
level and a duration of fault which the equipment can withstand, 

and any protection has to be designed with this in mind, In this. 

connection it should be appreciated that a backfire produces fault 

currents in the transformer windings and rectifier vessel of 3O 5O 
times normal. On the d, c. side it is usual to fit a circuit brea- 

er capable of Interrupting any possible fault current due to 
short circuit or failure of grid blocking in sufficient time to 
prevent the fault turning Into a backf ire. In case of backfires, 

both the ►. c. and the d, c. protection must function rapidly enough 

to protect the transformer and to prevent any undue gassing in the 
rectifier, which would cause permanent damage. 

On the a. c. side the a. a,, breaker and the anode breaker 
are used. The e,. c, breaker is used for clearing are backs, for 
clearing over loads and for backup protection. The anode breaker 
can be used to clear an are back by opening only the pole carrying 

the reverse current of the tube that has the are back. It may be 

arranged to have all poles trip due to overload or forward fault 
current during an inverter are through. 

Sometimes the reactors are placed in various parts of the 

circuits to limit fault current and rate of rise of fault currents. 
It is undesirable to have too much reactance in the a. c. circuit 

as this makes it more difficult for the inverter to commutate, A 
d.c. 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 
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the current ripple in the d. c. machine, particularly in 'singlo 
phase or In circuits having less than six phases* in circuits 
using vovorse.counected converters,, reactors are required to 
limit instantaneous circulating currents if both converters are 
always released. 

(1.4.4) Te +po~ratr r Control.. 

in order to minizi so the incidence of arc- starvation 
surges it is .desirable to accomodate mercury-arc rectifiers in an 
ambient to pasture controlled chamber above a minimum value of 
15 	O°c; if this is not possible, temperature control of the 
rectifier has to be provided. In some makes of rectifiers both 
anode and cathode heaters , oro provided and controlled by a common 
switch. in addition, thermostatic control of the cathode heater 
is provided, operated from the rectifier cooling-air temperature, 
thilo the rectifier. cooitng fan is controlled in—dependently acc-
ording to the rectifier temperature by means of a thermostat situ 
ated on the anode plate. 

Protection against the ft.n failure normally tekos the 
form of singlo-phos ,na or theriiel over current protection on the 
fan motor. Occasional y, depending on the rating of the oquipmo. 
nt and the duty, It may be possible to put a thermostat on the 
rectifier tonic, but this is normally not practicable owing to the 
s otmcss of response of availablo tbcrmostatos. 

(1.4.5) Current Linjtjn7g 

Whoa &zly small control currents are required, it 
is possiblo to limit the output current of a rectifier to a pro- 
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-determined maximum. The control circuit used must be one, that 
will remain quiescent until the preset load is reached and will 
then operate* retard the firing angle, and bring the current 
coat* again within a saf* value. Such circuits may contain either 
thermionle values or static electromagnetic devices such as trans. 
ductors. Where adjustments are not critical, metal rectifiers 
may sometimes be used in place of diode valaees.. 

A simplified limiting circuit is showrr in Fig, 1.6. 
The input (ei) is a voltage proportional to load, and (e) is 
a bias voltage., Whilst (+ei) is less than (eb3' V can not con 
duct and no current flows in the resistor R. When (ei) is greater 
than ( b), V1 conducts and the resistor now carries current. The 
voltage on the grid of V2 changes in value from (,b ~► a ,) to 
(#J - air) t V., conducts, and its anode current may be used to 
operate a phase. shifting circuit. It could be connected, for 
example, in the contro circuit of the device outlined in Fig.4.5. 

When armature and field control are used together, the 
limiter must first strengthen the field before reducing armature 
voltage. 

(1.5) 	Reverserror Relayin Motor 	 Loop. 

en a charge is required from rectification to 
inversion, it Is necessary to detect when the actual speed exceeds 

the required speed. When this condition occurs, the polarity of 
the error voltage changes sign, and the amplifier input has to 
be switched to accept errors of this reverse sign. In order to 
Initiate this change-over, a reverse-orrcr relay in used, consis . 
ting of a two»st go magnetic amplifier whose output feeds a con-
tactor. In order to prevent a hunting of the contactor, the 
amplifier bias is switched to give a dead zone between pick up 
and drop-off. 
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CHAPTER II 

ANALYSIS AD PEUORMA fCE OF HAL'»WAVE RECTIFIER 
r~....r ~wrr. ..a..._M.. '+~rw.,r► 

(2.1) 	Equivalent Circuit. 
+~rrwrr~m rrrr+rM~irr 

The rotating armature of a d-c motor represents, 

under steady conditions, a circuit consisting of a resistance 

R, an Inductance L, and an electromotive force Es generated 
In the armature winding and acting as a counter voltage, which. 
tends to oppose the flow of current resulting from 	 external 

voltage applied to the armature terminals. This generated volt-

age is proportional to the speed of the rotor, under the ass p. 

tion of crustnt operating flux. An equivalent circuit of a 
half-wave rectifier motor-arrature system is shown In Pig. 2.1(b). 
Where the generated electromotive force of the motor is represen-
ted by a battery, generating a voltage Kg, and the ature-winding 

resistance and inductance are represented by a resistor R5 arid 
a reactor L respectively. The controlling resistance is repre-

sented by R., and the drop across the rectifier and armature - 
brush ccitact drop by batteries„ generating voltages Bo and Ebr 

respectively. 

8'91 ,01,1, (2.2) 	Fundamental __  

The principes and theory of controlled rectifics-

tion are of fundamental importance in industrial control in gene- 

ral and the motor control in particular. The two cases of contro- 
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.ned rectification should be dtsttnguished. The first one is 

the case of d iscontinnous 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 then. Discontinuous conduction can be 

obtained in any rectifier, regardless of the number of phases or 

in load circuit Inductance, U the angle of ignition is suf `ici-

ently delayed. The case of discontinuous conduction Is of prime 

importance in electronic motor-control systems in general because 

the typical feature of these systems is a wide range of control of 

the angle of ignition of rectifier tubes. Thus, the discontinuity 

of load current can always be encountered under certain operating 

conditions. From the theoretical point of view the case of discon-

tinuous conduction is of fundamental importance since the relations 

and concepts involved in this case can be extended directly to the 

case of continuous conduction where the load current flows in a 

continuous manner and there are no zero-current gaps,. although the 

a-c ripple of current may be considerable. 

The Fig. 2.31 represents the time function of the anode 

supply voltage and the load , current flowing in the armature of a 

6-c motor. The graphs are referred to a single rectifying element 

end, consequently, a single current pulse is shoen without reference 

to neighbouring pulses. In fact, for the case of discontinuous 

conduction the shape of the current pulse does not depend upon the 

neighbouring phases, nor upon the number of phases of the rectifier 

In Fig.2.2, X represents the theoretical zero line of the sinusoidal 

anode-supply voltage. The voltage may be expressed a$ 

• _ 	Sin (vt + p) 	 (^.1) 
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where 	it '12 Ne  a peak value of anode voltage 

*t = variable time angle 

P a angle of tube break dawn. 

Again go  is the arc- voltage drop of the rectifying element. 

This voltage drop may be assumed to be constant and equal to 15 to 

20 volts. The brush contact drop may be assumed to be constant 
and equal to I volt at each brush, making two volts in total„ . The 

opposing eleetromagneti.c force generated in the armature is repre. 

sented by Eg. The control grid voltage and the critical grid 
voltage are not shown in Fig. P.2. It is readily seen that a 
portion of the positive half cycle of the anode- supply voltage is 
used to overcome the sum of NO  + E9  • Ebr = E4, and that 
only the portion of the anode voltage rising above the line X, r  

can produce any current flow in the armature circuit. Thus., the 
controlled grid voltage and the critical grid voltage should be 
referred to the zero line X' 

Point N.*  corresponding to the time angle 00*  represents 
the point of ignition of the rectifying element s  that Is$  the ins-
tant at wich the rectifying element starts to conduct.. The time 

angle r corresponding to point R, at which the rectifier stops 

conducting is called the ** angle of extinction" of the rectifier. 

Thus the rectifying element is conducting over the period r and 
since the over-all cycle of the rectifying system is equal to 

/p fin the most general case. Eovever, for half wave rectifying 
system p a 1), where p is the number of phases$, It is apparent 
that the non-conductive period of the rectifier is equal to 2w/p -r. 

If line K' is regarded as representing the potential 

of the negative terminal, of the motor armature, the line 1IPQR X ", 
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consisting partially of the zero line X" and partially of the 
portion of the a-c anode - supply voltage, will, represent the 
potential of the armature positive terminal, that is„ the cathode 
potential of the rectifier. In other words, the line iPQB X " 
represent$ the time function n of the voltage across the armature ature 
with respect to zero line V. 

The equation of the current pulse in the load circuit 
during the conductive period of the rectifying element is a combi. 
natior of a sinusoidal and an exponential function of the time 
angle wt. 

Applying the ir off' s second law in the loop consisting 
the rectifier-motor system (Fig.. 2.1(b), the following equation 
can be written, 

I. 	di/dt 	+ RI + 	go Sin (wt 	+ p) 	.. (2.2) 

where 	R 	= 	'Ra + Rc,, end 	'fid 	8g 	+ Bo + Ebr (2.3) 

The complimentary function of Equation 2.2 is given by) 
~R/Lt 

C. F. = A 

 

(P4) 

The particular integral is, 

p, 1. 	° 	- sin (vt + p) 

Cos(~it +11 .. 

Lew E 

+`' t 

d 

 

= 	/Z Sin (wt + - 9) 	Ed/R 
	

(2.5) 

where Z 	
2 + L2 v2 , and O=tan" 1 w,/R 

Combining equations 2.4 and 2.5 and applying the candittc 
the when t = 0 ,, I = 0 , the complete solution of Equation 2. 
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is, 

i 	.. Ed/R + 	, /Z sin (wt + P - 6) 
•VLw 

+ [Ed/R 	m /Z Sin ( 	e) C 	(2.8) ... 
The variable time angle "wt" appearing as the indepen-

dent variable in equation (2.6) iso of course, subject to limita. 
tion 

Q < wt < r 	 (2.7) 

Since it follows from the definition of ao (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 -m /R Cos OSin (wt + P . 9) » a 

+<a..Cos aSin(1~► e) wt /Lw 
L 

where a voltage coefficients which also may be called 

speed coe `fictents 
Eg + Bo + 

a 	 r 	(2.9) 
E. 

The voltage coefficient 'at has a particular signifi-

canoe, Tn the case of a recttfierwmotor system, if the arc -volt-

age drop of the rectifier . and the brush contact 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 relattonship that gives the value of r, 

for given values of speed coefficient 'a' and the impedance angle 

of the armature circuit 9, can be derived directly from Eq. (2.8);. 



'c. 

since for 
wt = r 

1 = 0 

Phui f the 2o1cti ship for r is 

R^w r 
[cososiniPiG)j€ 	 cosooin(p8e) 

., * (2.10) 

Equation x.10 represents the cnglo of extinction r _ rud 

iowtri.othor quantities, it can be found oat. 

17orma11y, for nuking pprozirnte calculations,, the induc.- 

t nee value can be assumed to be very s2I ., and so the tubo broak 

dctgn angle P is rabjcct to a very definite lii1tati : 

A, < P < pe 	 (e.,11) 

whore, p and p denote particular border cease of the 

ere of tube broakdo ct, corrosporrting to the intersection of the 

zero line X" with the graph of the enod+ -supply voltage (Pig, 2.2). 

?heoxprosrion for pZ  and p can be readily obtained from the 
Oi t1 on of the anode- supply voltage referred to the zero line X''" 

Boa  = F Sin (wt + p) 	134 	 (2.12) 

for tbo cone ttiont 

Ca  = 0 

t 	4 

P1 	fjjfl 1  1 4/1 3  

and P2 

Thus ro obt r.4.n 
P1 " fico 1  a 	 (2.13) 
f = 7 - oia 	 (2.14) 
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The rectifier output volute I, c is defined as the 

avoraro value of t hot portion of the transformer voltage which 

cppcars across the load during the conducting period of the rocti-

f .or. Obviously,, the overrjing is to be extended over the entire 

cycle of roetificationt that is, over the period 2r/p. It can by 

readily understood that, in the case of continuous conduction with 

a fiord consisting of R and L olcments only, the rectifier output 

voltage can be iftnt ,fic with the voltage across the toed terni. 

nnlee. Fouuever, t <is asst ption is not true when one has to deal 

tFith discontinuous conduction of the rectifier, cor bincd. with a 
lord circ=l1t cont4ining an electromotive force U9 such as in tho 

case of an armature circuit of a d-c motor. 

Fig, 2.2 s'o' s that during the non.-conductive period of 

the rectifier the voltr.go at t he load tormtnals is equal to the 

electromotive force IC rcnorotod in to load, uhoreos the roctt. 

f1cr output voltage during the sane period is equal to zero. On 

ti-e other h iid, curring the conductivc period of the rectifier the 
or-d-t 	.na'f voltage is, of course equal to the rectifier output 

voltage. Thus, it Is imTedintely apparent that hero the load-tcr-

viont volt9gc Etc Is higher than the rectifier output voltage 

In accordEnce with the previous dofiniton of the rocti-
f .or output voltage, the expression for its avenge value can be 

derived directly frcti ITtg. 2.2, by intoerating the anode voltage 

functici itth respect to zero line K' over the period of eonductjoo 

00 to r, and avorreine the result over the entire phase cycle 
~,~p, 
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Ed. = 	fp !r 	sin (rt + %) .. Eo d NO  C 	o 	m 

= P 	 '2w 	cos p 	cos Cr + fI) aor 	« ( 2,15) 

where eo Z '90/135 	,,. 	16) 

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

_ 	/Pr <Coy p - Cos {r* 3 - a r 3 (2.l'l 

The average value of the armature voltage drop can be 
derive. from Fig. 2.2 by Integrating the voltage function with 
respect to zero line X" over the conduction period of the recti- 
tier, r, and averagtng the result over the phase cycle 2r/p# 

I, ,o R =' 1/: 	rf x 	E Sinn(ott + p) - E+ > d(wt) 
P o L 	 J 

I _ 	:= 	<Coe p .. Cos (r + p) - a rr (2,1.8) 

where a  En/Em a~ 

For t single phase half=vats rectifier Equation 2.18 becomes 

r 
Yd„o R = /2W Leos 	Cos (r + P) a r J (2.19) 

The exact average value of the armature voltage drop 
can be obtained by integrating Equation (28), over the conduc. 
tion period of the rectifier, r, and averaging the result over 
the phase cycle sw/p; 
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' - B 	 Cos a {Cas (p - e) - Cos (r + 

r 	 1 Cos 6 Sin (P - e) ~E2-~: 	«► e 
L 

...(2.20) 
For a single phase hail-wave rectifier, 

-W Cos 9I Cas ( }- tdc  a 9) 	Ccs (r+ P - 9) 

< i t 

ar 

 --R'i 	r + Sin -Cosa 	in(p- t an0 >L1- 

...(2.21) 

The average value of the direct voltage at the armature 
terminals Edo' is,, of course, equal to the sum of the counter 
electromotive force 19 and the armature voltage drop tdc Rs 

1 dot = Eg + tdc B 

Thus,, from Equation (2.18) 

PR, 	` 	 I 
p - Cos (p + r) - a r + a' ' 1p J (2.22) 

2~r 

In caie of sjn j, phase half.waye rectifier 

?ldc« = 	cos p • Cos (p +x) - a r + a' 2w i > (2.23) 

where a' a Eg/ E  

The exact value of Zdc« can be obtained by adding Eg 
to the value of 	.R obtained from Eq. 2.20 or Eq,. 2.21 in 
the cases of p phase and single phase half-wave rectifiers 
respectively. 



23s 

Equations 2.18 to '.23 are general equations of controlled 

rectification, and considering equation (2.2?),, their validity 
extends to all the cases of continuous and discontinuous Conduction 
of the rectifier, and to any combination of R, L, W1d Eg  In the 
load circuit, Most of t he conventional - forms of expressions for 
average values of load voltages and currents can be derived direct-. 
ly from equations 2.18  to 2.23. 

When the motor is stalled, Eg  a 0 and, in that case,, 
at 0 0 ( Be* equation 2,2) 

Also, from equations 2.9 and 2.16 neglecting Ebro 

a = as " Ro / 

Thus., if becomes apparent from equations 2,15, 2* 18, and 
2.22 that for a stalled motor.` 

dc 	Edo 	Icc  R 	! - Cas p Cos (p + r) -a. r 2r 

For a single phase half..wave rectifier motor system 

Edo Edi Z C 	[cos 	Cos( r)«• a r](2.26)  

In the Case of #I cont u[ous conduction" of the rectifier 
(Fig. 2.9) the relationship between the ,angles of ignition and 

extinction (neglecting the rectifier-transformer leakage reactance) 
is 

r = ,̀fit''/F 	 (2.2?) 

By substituting equation 2.2? in equations 2,15, 2.18, 
and 2.2 2, ye obtain, for ke case Of continuous condue „on, 

Ede  rEde 	Cris ..Cos(A+-- 	
'p (p'. ) 



and Id, R 	n---- Coso p - Cos(p + 2W/p) - a 2r/p 	(2.29) 
2~ 

Further$ neglecting the rectifier - are drop ( &0 = C)), 

and introducing the relationship between the angle of tube break 
down P and the angle f of the delay of ignition beyond the 
natural comnutoting points Xo1 

Rol 	(see Fig. 2.3) 

p 7 . 2# 

2p 

Equation 2.23 for the rectifier output voltage can be 
directly transformed into the conventional f orad, valid only, for 
the continuous conduction, 

Ede * 16 p/?r Sin v°/p Cos 0 	(2.30) 

Thus, the special form of equation 2.30 can be derived 
directly from the general equation 2.22. It shoiid be pointed 
out t hat, In contrast with equation 2.22, coefficients 'a' and 'a", , 
Which depend upon motor speed, do not appear in equation 2.28, 

and equation 2.30. Thus, for continuous conduction the armature 

voltage is not affected by the speed of the motor. 

(2.3) 	Load Characteristics of Half-Wave Rectifier DC Shunt 

. .~ 3..t 
10,15 

The graphical method of the qualitative analysis 
of characteristics will be used first, since it will help to 

clarify a number of concepts and explain the typical behaviour 
of. the system. 

In Fig. 24(a) are shown graphs of voltages and currents, 
represented as functions of the variable time angle vt , for a 
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motor whose armature is supplied by a single phase half-wave 

rectifier (p = 1) with a delayed angle of ignition. Fig. 2.4(b) 
shows analogous conditions for a conventional d-c drive,, and in 
Fi,g. 2.4 (c) rectifier tube voltages (voltage appearing across 
the rectifying element) are specially emphasized. For the sake 
of simplification of the diagrams, the rectifier-tube are-voltage 
drop and brush contact drop have been neglected in Fig. 2.4. 

In Fig. 2.4(a) and 2.4(c) is shown one sinusoidal anode - supply 
voltage for rectifier tube. It is assumed that the motor is 
running at constant speed; the counter electromotive force leg  

generated in the armature winding is represented by line X'. 
The tube starts to conduct at point A, Fig. 2.4(a), and 

at that instant the instantaneous voltage across the armature is 
represented by BO. At the instant when the rectifying •le rent 
starts to conduct', the current is still zero#  since the induct-
ance of the armature winding prevents the current from rising 
immediately. If the instantaneous values of current are plotted 
in voltage scale as the tR drop with respect to zero line X', a 
pulse AC? will be obtained. 

The IR -drop pulse will reach Its peak at point C. 
where it inter ,acts the anode-supply-voltage wave. At point D. 
where the a-c supply voltage intersects the line of g  (line X'), 
there Is no external voltage to cause the flow of current in the 
armature and, if the armature winding had a purely resistive 
character (Cos 0 a 1), the current would stop flowing at that 
point. In other wards, in the idealized case of a non-inductive 
armature winding the armature current plotted in scale of iB 
drop would follow the shape of the a,-c anode-supply voltage A8D. 

The inductance of the armature circuit, which prevents the curr-
ent from rising sharply at the point of ignition A t  also prevents 



the current from dying out at point I), where the external voltage 

causing the current flow is equal to zero. The electromotive 

force of inductence keeps the current flowing up to point F. 

The general circuit equation 

e = in + t di/dt + Eg 	 (2.31) 

can be interpreted graphically in the following manner CSee 

fig. 2.4 (a) 3. 
At the point of ignition A the instantaneous supply 

voltage e = HCS consists of two components: component A = Eg  

balances the counter electromotive force R. generated in the 

armature winding of the motor, component BA = L di/dt consti-

tutes the inductive voltage drop in the winding; that Is, it 

balances the electromotive force of Inductance (-L di/dt) oppos-

3n& the flow of current. The resistance drop IR is equal to 

sero since 1. = 0. At point Xa  There he current reaches its esxt-

mrin„ t dt/dt a Ov  and the supply voltage e u CL consists of two 

components ci = IR and KL = 3g. Beyond point i, where the arma. 

tare current starts to decrease the electromotive force of induct-

ance changes its sign and acts in the direction to maintain the 

flow of current in the circuit g  so that, when the external voltage 

(e td changes its sign at point D. the current is maintained 

by the electromotive force,, - L dI/dt. At point F. where the rec. 

ttfytng element stops to conduct,*  the electromotive force of indI 

ct5nce is just equal to if, that is,)  to the difference of the coun.- 

ter electromotive force PH = Eg  end the supply voltage e 2 ER 

During the conductive period A? of , the rectifying element, 

Fig. 2.4(e), the voltage at the armature temi finals will, of course, 

follow the anode-supply voltage along the portion BDE of is sing» 

soidsl 'voltage wave. During t h+ non-conductive period of the ree-

tifter 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 any current in the load 

circuit because of the rectifier, it will appear across the arma-

ture terminals and wt fl ., fully effect the reading of any voltages. 

measuring Instrument. Thus, the actual voltage existing at the 

armature terminals will follow the line O'ABCEF)fl with respect 

to the zero line X. 

The average value of armature current, proportional to 

the average value of armature voltage drop (see E . p.16) , is 

directly proportional to the difference of area ,SBD and area 

DF, Fig. 2.4(a). The instantaneous torque, proportional to the 

instantaneous value of armature current will, of course, follow 

the graph of the current and will have a pulsating character. Maw-

ever, owing to the moment of inertia of the motor armature and of 

all, the other rotating parts coupled to the motor shaft, the instan-

taneous speed will not vary appreciably, and Eg  can be assumed as 

being constant for a given average spedd. 

If the load torque at the shaft of the motor is increased, 

the system must respond by an increased current in the armature. 

It is •bvious from Fig.2.4(a) that the increase in current can be 

obtained either by advancing the angle of ignition (represented by 

00) or by decreasing the value of the counter electromotive force 

Eg (decreaSifg speed). If it is assumed that the angle of tube 

breakdown (0 0) remains unchanged, the increase in torque ( or curr-

ent) will result in a corresponding decrease in the counter elect. 

romotive force E g. The same is, of course, true for a conventic *l 

d-c drive, whose armature voltage ; and counter electromotive force 

are shown in Fig. 2.4(b), but the extent to which )g  (that is, 

speed) will have to decrease for a given Increase in torque is diff= 

erent in each case. 



The speed of a shwitwod motor can be expressed by 

n 
	ETR 	

(2.32) 
Clø 

where 	n = speed of motor 

I 	armature voltage 

I 	armature current 

R 	resistance c ` armature circuit 

operating magnetic flux 

C1 	coefficient of proportionality 

Assuming constant voltage E applied to the armatirre, 

and a c0nst8nt operating flux 0 , the speed of the motor will 

decrease with increasing current (torque) because of the armature 

voltage drop IR. 

Equation 232 also can be applied in the case of a  recti-

Fier drive under the assumption that both IE and I are average 

values of periodical functions shown graphically in Ptg. .4 (a). 

Yet there is a basic difference between the two cases because for 

a d-c motor system the voltage at the armature terminals does not 

depend upon the electromotive force fag, speed, or load (disreg,,rd-

tng the possible line voltage drop) $ whereas in the ease of a 

rectifier drive with constant angle of ignition and discontinuous 
I 

current flow, the armature voltage Ede  depends upon the electro 

motive force E, speed n, and load current Ida  of the motor. 

Referring again to equation 2.32, it becomes apparent 

that the droop of the speed-torque characteristic Aust be consider-

ably greater for the rectifier drive with discontinuous armature 

current because not only is the armature voltage drop IR tncreas_ 

in.g with load, but there also the armature voltage is decreasing 

at the same time. 



The effect of ES on the armature voltage is also appa.- 

rent from equation 2. where both 'all and 'a''  are functions of 

Eg. 
The speed-torque characteristics of a rectifier drive, 

for a given angle of ignition and a given impedance angle of the 

armature circuit, can be calculated from equations 2.18 and 2.29. 

Equations 2.18 and 2.29 can be rewritten as follows. For discon-

tinuous conduction 

Coa(r + 	- a r > (2,33) 
L 	 J 

For continuos conduction 

t 	dam-; 	Cos p,.Cos (p + /p)-►a2r/p 
2w L 	

..(x'.34) 
For half-wave rectifier d. c. motor system equation 2.33 becomes 

tf ail r LCOS p- Cos (r+p)-arl► (2,35) 
i 

The expression, t f  a Ids  R/E representing the ratio 

of the araature voltage drop and the peak value of the rectifier-

supply voltage, can be called the "torque factor" of the drive 

because it is directly proportional to the average armature curr-

ent and to the average torque developed by the motor, if it Is 

assumed that the operating field remains constant, This simplify_ 

ing assumption is, of course, only approximately correct since the 

main flux will. vary with load to certain extent because of the 

armature reaction. The torque factor as well. as the speed factor 

'a'' appearing in equations 2.33 and 2.34, is always less than 
unity 

0 < tf < I 

o < a <1 
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The equation for the motor armature voltage of r recti-

fier drive Is equation 2.2^. Nov, a typical graph of the armature 

voitnee as a function of curront or torque may be calculated end 

plotted on the blasts of values of speed coefficient 'a" and torque 

coefficient tr. 
Dividing both sides of equation 

Rdo 	9  + 'do 	 (2.36) 

by the peak value of the rectifier transformer voltage Emo 

Edo  / tm 	tg/1 + 	do  R/1t 
	 (9.37) 

The ratio of the armature voltage Edo and the pew 
vague of the rcctiftor-transformer phase voltage may be called 

the armat+ rc.voltago coefficient; it will be denoted by va. 

This coefficient at course$  is directly proportional tc the 

armature .voltage: 

(2.38) 
Em  

Considering oquct1.onS P. z4 and  2, 33 + equation 2,37 

can be represented as  

va. = a' + t 
	

(P.39) 

Or 
at = va  * tf 	 (2,40) 

Analogous theoretical speed-torque characteristic for a 

contontional d..irect-voltage drive also can be represented in terms 

of apeed r nd torque coefficients. RIvidine both aides of equation 

Be 	E - SCR 	 (2.41.) 

by the supply voltage crhich is equal to the armature voltage E, 
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E9 	a 1 - TR/ 	 (2.42) 

From rquatlon 2.4P, 

adc = 1  ' tfda  

whore adc  = E/E = speed coefficient 

and 	t fide  = tB/1 = torque coefficient. 

It will be noted that Equation  2.43 is analogous to 

equation 2.43 . Since for a conventional d-c drive the armature 

voltage is equal to the supply voltage, the armature vol-tare co- 

efficient 	is equal to unity. 

Figures P., 5(a) and 2.5(b) shov the thcorotical speed-

torque and voltage-torque characteristics both for d..c motor and 

thr half .wave rectifier d. c motor system*  Actuafly the curves 

obtained by experinental methods In the t zo cases were rather coin» 

cidont with those calculated and tt vas/possible to chow them very 

di ctinctly from each other4 It can be seen that the half-wave 

rectifier d-c motor systcn has the drooping speed and armature 

voltage characteristics with the Increase in torque. 

Figures 2.6(a) and (2.6(b) show the spood'current and 

arzneture-voltage characteristics in case of both the systems. These 

ccpertment s trore porforri ed on a 110 V, 10 amps, 1400 r,. p. gin. ,1.25 

h.p. d-c motor. Por this Em = 460 Volts, 0 _ ' , P = 14.17°, anc and 
the generated back amf In armature winding at rated speed,excita- 

Eo 
tion was Be 	100 volts. Tho tube drop/and brush contact drop 
Bbr  wore taken 15 and 2 volts respectively. 
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(p,4) 	Instantaneous..Peak vel and Form Ftor  of the 

Armature Current  

It is important to note that the current in the 

armature of the motor always has a pulsating character so that 

the ac component of the current wave is very considerable, even 

when there is continuous conduction, 

There are three important concepts of the current and 

these are: the average value#  the instantaneous-peak value, and 

the r,m.s. value of the armature current. The average value or 

the d, c, value of armature current determines the average torque 

and the horsepower developed by the motor, and appears in all 

conventional. calculations. The instantaneous-peak value of arma-

ture current is of vital interest from the point of view of beha-

viour And proper selection of the main power-rectifier tubes. 

The controlled.rectifier tubes of the thyratron type are particu-

larly sensitive to instantaneous peak currents, and if the peak 

currents exceed the rated value for a given type of tube, the 

tube may be permanently damaged. 

In the b if-wave polyphase rectifiers the peak value of 

current that is assigned to any tube is much less than the peak 

value of load current, because, 

1  load 	
(2.44) tube` 	p  

In order to determine analytically the instantaneous-peak 

value of the armature-current pulse, the time angle corresponding 

to the maxim .mi of the current- time function should be found first. 

'3y dtfferenciatinp 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 	corresponding to the 

maximum value of the current pulse is obtained: 
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Cos ( 	+ p 	e ■ C 	Zm /Lw = alis 7 n 0 - nY11in P~Yri11Y~YlYY/~~Yi~iq~w11Y\ 
~7 ff 	 ##MM ~~/ 	

t~ Y 

Equation 2.45 represents the relationship between the 

peak-current angle x and the angle of tube breskdovn p, that 

is, it represents Xm as an implicit function of p for different 

values of parameters 'a' and '0. 

Copsidering the peakcurrent angle 1 as represeittod  

by equation 2.45, the expression for the peak value of the erma-

ture. current pulse can be obtained directly from equation 2.8z 

1,M 	/ [Cos 0 $in(Xm + p = e) do a + F a • COs 6 Sin(p-ems 

.R/ Lw xM) 
..(2.46) 

where Xrn = f( ) may be calculated from equation 2.45 

Whereas equations 2.45 and 2.46 represent rigorous analy 

tical relationship, in some cases a simpler approximate formula 

for instantaneous -peak value of the load current for discontinuous 

conduction may prove more useful' $ 
L~ ~r Ide 	

( 2.47) 
; 2irp r 

In case of single phase half-wave rectifier equation 2.47 
modifies tot 	2 

I
~ 
	~r Tdc 

2.48) 

! 2it r 
In equations 2.47 and 2.48 

I,dc = average value of the load current 

p 	= number of phases of rectifier 

r 	= angle of extinction in radians. 
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It will be recalled thrt the angle of extinction r can 

be calculated from equation 2.14. 

The approximate formula for tm$ equation 2.47 or 2.48, 

can be derived under the simplifying assumption of a purely sinu-

so4.dal wave shape of each current pulse and a symmetrical location 

of its instentane+us peak. Although the above assumptions strictly 
speaking, Is incorrect$ the approximate formula 2.47 is useful for 
estimating purposes, particularly in the vicinity of the critical 

angle of ignition. 

From the approximate formula for the in.st ant aneous. peak 

current, equation. 2.47, one can obtain directly the approximate 

expression for the so*called 1' peak-coefficient" which is defined 
as the ratio of peak and average currents, and represents a conve-

niont way of describing the peak-current conditions in the load 
circuit of a rectttter, 

fm ` 1 ''dc 
~r2 = _ (2.49) 

and for a single phase half-wave rectifier 

tin 
	 (2.50) 

The third significant value of the armature current is 

the ms 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 12R, which determines these losses. Thus, 
the mine value of current has a direct effect on the frgme size 

and efficiency of the motor. in a conventional dc drive' where 
a pure d-c current flows through the brushes of the motors the 
average current is equal to the rms value of current. In a recti-
Fier drive, however, the presence of a considerable a-c 
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coaponent in the unidirectional armature current is resporsibie 

for the increase in the ras value, which is always higher here 

than the average value. Consequently, the effi ciency of the 

motor is decreased so that very often the motor-frsne size must 

be increased to dissipate additional losses, without an excessive 

size of temperature. I4oreover, the res value of current is 

closely related to the instantaneous-peak value and, for the same 

average current s  both Increase or decrease simultaneously. 

The exact arms value of current for a single phase half 

wave system can be found by the help of equation P.S. The rms 

value is given by 

1 s 	t, 	r 	 (t51) 
21r 0  2  d(wt) 

where 

A2  Lv  

r 
Lr - 1/2< Sin 2(r43-e) 

r 
- 1 

R2/ M2  1r  i12  d(wt) = a2  r + 

-sin 20-0) 

+2aCose<Cos(r+p. e) ..Cos (p e)> 

2A *Lw 	4'1Jw 

le -►1 
R 

+ 	2 2 Cos 0 Cos (p 0) + H/Lw Sin (p - e) 
R` 

 «os(r+p- Le)+ Sin(r+ L 	ar 

r 	-r 
here A = <a -Cos 0 Si c (p e) 
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to rcetifior-motor systems it in customary to deal 

with the a form factor" of the armature current1  defined as the 

ratio of the rius Value to the average values. 

ff 	Ips 
Id,  C 

(2.52) 

Thus, the form factor is indicative of additional motor 

losses, as tie ll as of the character of corrrutction for a given 

lord current of the motor, An approximate simplified fort ula for 

the form factor of the armature currcnt for discontinuous and con-

ttnuous conduction of the recttftor, based on the assumption of a 

purely sinusoidal symmetrical pulse, is given belo:, and may be 
9. 

use 2 for estimating purposes. 

tr2  f ► 	= 	 (p. ) 

for : sinC e tha$o half-cave system, 

2 

r 

The oxect va uc of the form ft etor for single phase 

hc' f-vavo system can be obtained by the help of equations 2.21 

and 2.52. 

For the border case*  dividing discontinuous and conti-

nuous conduction of the rectifier each rectifying clement conducts 

over the entire phase cycle equal to 	/p ; hence 

(2.55) 

%rhem equation 2.55 is substituted in equation P.53, the 

fora factor for th' border case, becomes 



Pd 	z 	
= 1* .1 	 (2.56) 

For the case of discontinuous conduction, the form fac-
tor Is o3uays greater than 1.11, aM for tho Case of continuous 
coradu~ctf or. t . fors factor of the load current is a1w ys loss than 

ff disc > 1.11 

	

1 ( ?f cont < 1. it 	 (2.57) 

Obviouoiv, for he theoreticai border case of a pure direct 
load current, the form factor is equal to unity. 

(2.5) Rocults ofWaveform .Analysis 

The difforent Important quantities of the current 
waveform wore calculated by means of different formulae given in 
the above scctiore encs they uoro compared with those obtained by 

ozperiwenta' results. Throughout the test the d. c. excitation of 
the motor. rips Tcopt con st pant. The various parameters of the systen 
uOres 

rn = 4C0 volta g E. (at rated speed ; .nd excitation) = 100 V., 
Ebro 1 volt at owch brush, t0=1S Volts, e = `'p , p = 

For the soya of only comparing the results obtained by 
the two methods, only the results at no load were compared. The 
ravofornc of current obtained by theoretical methods and expert.
nentr . observation are shorn in fig. 2. ?(a) nrd P. 7(b). It can be 
scan that they are quite similar to each other* Fowover, the 
initinl rate of rise of current is shove in the actual case due 
to added inductance of trennformor etc. hQch has not been taken 
Into account in the theoretical result. 
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The footng is the table showing various results 

for a sing lie phase half.»wave rectifier-do t shunt motor systems 

I 

Average Using Using 
value formula formula Observed 	value 
of current 2.21 2„19 
Ctc 

2.4 	amps. 2.38 amps. 2.5 amps* 

In 	: nta, Using formula Using formula 
neot.s 2.46 2.49 
peak value - 

of carr not r 	-, 
8.B amps. S.' 	gasps 

. 1i« 	s. Using formula, Using formula. 
value of 2151 2.52 and 2.64 
current 4.2 amps. 
Irma 

4.1 amps. 4.55 

Peak Using formula Using formula 
coefficient 2.48 and 21 
of 3.92 
current 

3,66 2.37 

orm 

 

Using formula Using formula 
ector 2.2]. and 2.51 2.64 

of . b current 
1,,7L 1.68 

Calculated period of conduction 	159,5°  

Observed period of conduction 	= 1650  

From the above table it can be observed that the 
results, calculated by using rigorous formulae, and by the obser. 

vations taken are quite s1J ilar. However the difference can be 
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due to the fact that there can always be some error in the obsor-

vations and also the inductance of the transformer, ovorlop angle 

etc, `"lac: c results show that the theoretical analysis done for 

the half-w ve rectifier d-c motor system gives results which are 

quite in line with the actual. results* So the rtcorous analysis 

can ho safely used for osttmetinr the performance of the system, 

before actually porforMug the tests on the system. 

(P.6) Effect of A,rmstureuRocctton On tTnvc 3hco of flux Dens ,t 
_____ __ ~MY. 	 IMM rYw.rr.. 	 ___ L.rwr www 

The fig. P*9(a) and 2„9(b) show the field flux 

distribution in case of a d. c. motor td hnxf-wave rectifier fed 

dc motor, Both the wave- shapes were taken on the s ►o machine. 

The wave shape in case of half cave rectifier fed d-c 

motor, contains additional ripples as compared the cesc of ordi-

nary d-c motor. These ripples are there duo to the presence of 

harmonics in the armature current. For the prrctica;l purposes 

it is sufficient to consider only the 50 cps component of ripple 

current, now there can be two cases, to the first case the alt.. 

ornating current and so the s, a, cross flux r DO zero, In the 

other case the alternatjng current has the peak value and so also 

the a. c. cross flux. Such alternations in the cross flux tend to 

increase the stray energy losses In the pole shoo. In ardor to 

limit the a. c. component of cross flux, it is necessary to limit 

the o1 co component of current in the armature current. For this 

there Is no need of redesigning the motor for increasing the arma-

ture inductance but sonetincs it ray be necessary to add a choke 

In the arraturo circuit. 
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1? 131, 
(i?.?) tcisutation T 

In the half-wavo rectifier fed &c motors or the 
roctifier fed d.c motors in general, the commutation is corp poor. 
The Ca r~utatton performance is judged by tking the black band is 
commutation characteristic of the machine. This method of judging 
commutation performance derives its name from the zone of variable 
coorutatf.mg field strength at any load in which commutation will 
be spartless or black. Thic zone is obtained by first opposing 
(bucking) then aiding (boosting) the load current flowing through 
the co utating field coils at any value of load on the machine,, 

'►.d plotting eu os against load of ompores boost and buck at 
which light general sparking Just begins. The resulting curves 
represent a band between the limits of which commutation is black, 
hence the name " black band". 

In order to take a 0 b' Qck band" on a machine, it Is no-
cossrry to vary both the load and the commutating field strength. 
For variations in load, the motor may be loaded by means of a belt 
pul'cy orrsn.gement or by means of loading u, generator if the motor-
gcnerntor set is there. For varying the commutating field strength 
a variable-voitcgc power supn1r of sufficient capacity Is connected 
across the cotnnutatl.nr* field winding (and compensating or pole 
face winding if one IS present and it is interconnected with the 
co .mutating field winding) of the machine under observation. The 
most cc2vonient typo of vvriablo voltage supply is n exciter,, the 
arnaturo of" hick in connected throurh a variable resistance to the 
e amutct ..ng fIC d terminals an shown in Fi ;,Q.8(a). The buclt-and 
boost current can then be vr.riod both by the resistance in the arm- 
aturo circuit of the inciter cM by field control of the excitor. 
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A connxcnient method of dotoruiining whether the aitetcr 
to connected to road 'buck' or 'boost' is to disconnect the o ci-
tar linf s and, with a 2err value load on the inacht, short the 
lines from the commutating field together, thus shunting some 
current around the cormutating field„ If the em otor reeds up 
scale, It is connected to road 'buck' currcut. 

Load should never be quickly removed frr a a mnM- ine tshic 
I'i buck or boost on It $ as this may result In sevicere sparking and 
de mage to the brushes and Cotarnitator. 

It was not possible to determine the $black band' in the 
case of operation of d-c rotor under test on d.•c supply as there 
as no impairment in commutation t sparking tote.) ern Frith heavy 

'buck' or 'boost' current in commutr ttng field winding. So the 
test was abandoned in this case duo to the fear of damage to the 
con .utating pole winding. 

Fouever, It was easy to determine the *black band.' in 
+arse of opt rctton of d-e motor on half-wevo rectified power. The 

12 porccntago bucking to given by , 

	

Bucking perccntzacc = u —~ 	a n .. n 100 percent (2« 83) 

	

20 	1 

The percentage ' boost' is given b§2 

Percentage boost = y 4€« -3 /2c z {r.-M)j~z 100 poreen µC2.59) 
chore C = ratio of compolo to armature turns 

ID = g, 	Ratio of peak 50 cps ripple to d-c 
current. 

.14, (2.n) Sttprt .ng Inrush. current rnc1 Acceleration. 
The firs. 2.9(a) and 2.90) shear the oae1flogruas 

c? t"rc starting inri wh current an 1 accoleretion in thin- Case of a 
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purely d-c motor Incl in case of Q+-c motor on half.-wave rocttficd 
ncucr, 

The stert1.ng inrush current in the cgwe of d..c motor 
on half-vovo rectified pec.-cr eras much loss then in case of purr 
d• c notor. ' t i: not very clear fron the osci1 logrrns as in the 
first case the t cnsitivity of the osci' loscope vas much increased 
as thr orte nal vriiue of currert fed into the vibrator of the 
osci' loscopo ties too small to initiate it. Ro ever, it tiould be 
srcn by the 11ricit' netr.otu of the .ccter pointer. The reason of 
the lonsor value of t?-t stortirr inrush current In the case of 
h ?f-avo rectifiEr fed d-c motor YS the poor rei~ul.t:tt cn of the 
recti.fl.or equiprenten-, tk e tnereased drop across the regulating 
rasa stvr;cc. It is c1eer Fht:t, as '.ho inrush current is to ,tbe 
stertinr torque-. is lcs and Co it is not dcsirablo that the load 
rxry -cvo a high moment of inertia Bei thus rogatrinc a higher 
strrtin? torque. In tis rcco: ct the pure d-c motor 	found 
to be !such butter P.r hod n large starting torque. However, on 
the other hand the rutinf- of the starter resistances can be smn-
11cr in the case of h :lf-trcvc rectifier d-c motor systcM. 

Fier. 2.)(a) ^nd P.c (b) shop.; the initial accol .oration 
of the trio types of rotors. `.- hose curves rcrc ts3rcn by record-
1r E Vic tochororerctor output i- Lich cxos sinusoidal. and no a line 
3 ointn, the peaks of the dove J shows the velocity at any in stunt. 
it is clear that the occeleretien of the pure d-c motor is much 
Ir stor tt'on thr:t of the hn3f-trove rectified power fed cI-c mote. 
c' s q mein, fi.s duc to t'- r, poor regulation of the rectifier system. 
Co ?t err be acid € h-t a simple half- ravo rectifier d-c motor 
syatcn *,iIi not have a roe1 or quick response to cbentes in load 
at desired in nrry svrste`.s. 9'Ne speed w it 1 drop to a Eroat ex-
t( it In the first ir.stenco as the load to increased rn then it 
*r _ r4 *ye slo r to the; v&.ue 1ctcr .mod by the rcctif ' ep out- 
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put voltage r hi cI* corroapond s to the neu vvi ue of lore. current. 

So the correcting motes, sthich ri .l be discussed in the chapter,, 
on 'control',, should be etnr1 oycd, to such a system. 

10,15. 
(2.9) 	of ~, f ci~nc__~ 	por Pactor. 

Although d-c motors of standard dcsirn are nor-
m 1 ~. uccc in electronic arivr s., end no apeci& dent; n rodific ► 
tions are re1uired, the horsepoi er rating of the notor generally 
1e ai'f'ccted by the uravre shape of the armature load current. It 

be rccal led that t he form factor of rectified armature curr-
ort always is greater thz unity, ishoreas standard d.-c- motors are 
ra.tcdon the basis of pure d. c supplied, which give the current 
fom factor equal to unity. The corpor losses An the armature 
uindinr arc increased, with respect to normal d-.c losses, in direct 
proportion, to the square of the farm factor,. .11agnetic 'lossee in 
t'c ar aturc, fra* e, end pole faces are normally increased too, 
but to a much lesser extent. Generally, an assumption of a total 
Increasa in losses of the notor of 50 to 60 percent is satisfac-
tor7 for a rough estimation of the motor frame size. The fie. 
r .vcss a comperitive idea of copper losses in the case of a pure 
d-c motor end a c we motor on ha.If-wave rectified power, 

acme tines, various means are used to reduce the arm 
taro eurrcnt form factor to such a low value (1.01 to 1.05) t t 
no chcnga In motor horcopr er rating uxtth respect to the conven- 
tional d-c case is required. Purthermoro, the reduction of the  

form factor has a beneficial effect on the commutation of the 
motor$ particularly at h ghor spccc? ,. The reduction of the form 
factor can be accomplished by reducing the rectifier trc.n_sfomor 
voi tage to a bare uini+nt, c ►d by Increasing the impedance angle 
of the load circuit by the addition of n reactor in series with 
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the armature. Rovevort the addition of a boovy and rather expen-
o4 vc reactor may offset the advantage of Improved motor rating. 

The efficiency of en electronic drive can be expressed 

746 P 

~Y 	it E p f' 

where Pry = horsoporQr dovolopod at the motor Shaft 
p~ = number of phases of the a-c supply lino 
I , = line current 

line volute 

p. f . = power factor at the line terminals. 

In fig. 2.10(a) is shown the orporioental graph of the 
efficiency of the electronic drive (on half wave rectified power) 
as a function of motor armature current. Full rated excitation 
tins maintained throughout the test. It uill be noted that the 
efficiency is incroas .np itb the Increase in armature current, 
The efficiency becones zero for nc -load current of the motor 
since for this currant no torque or poor is developed at the 
shaft of the motor. The nc .lo xd current is a function of speed 
en It increases uttb the increase in speed. 

As should be otpccted, the efficiency at rated excita-
tion is about 63 percent, The maxImum efficiency of the same 
motor on d-c sup' ly is about 77 percent. Although at the first 
glance such an efflcitncy nay be seen rather low, it should be 
borne in mined that It should be compared •,*ith the overall effI-
cicncy of a conventional ward-2eon.ard drive. Then it urould be 
clear that the offie .cncy of an electronic c rive Is ccnparabio 
to that of n, convent conal Ward- Leonard drive. 
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The ptnicr factor at the r-c supply terminals of an 
electronic rectifier drive is of Done intorost $ particularly 
u iorevor large pourers are involved. In general, the poor factor 

rc'~ ativoly loo ends for higher powers poor.-factor correcting 
means may be advisable In order to reduce the reactive power abso-
rbod by the systcn. The main reason for a lour p.f. 3s the prin-
ct.pl c of control of output voltage, of the roctif ier by dc'! ayed 
ig ttton of rcctiflcr tubes. 

Experimcntal graph of the po~rcr factor plotted as a 
function of armature current is sheen in Fig. 2.11. Generally 
spee1 tng, the pn',er factor does not change very appreciably with 

the ' oad current. 

8,9,16. 
(2.10) Sorvomochcnist Ani 

The d-c motor and controllcó rectifier conbination 
is uycd as the prime mover In sozio of he automatic, closed loop, 
specs control systcns. Fore the servo analysis of the constant 
speed systec ui l l be presented. 

Lot the operating point be fincd by the combination of 
po, no, and `='o, tthcrc the control angle or angle of tube break 
darn J,o, produce: a steady state torque Tc t tit a steady stato-
spcc'd, no . The effect of a small change of the control angle 

upon the ch-nge of speed 	11, is now considered. 
The torque roq fired. by the load over and above that 

required to accelerate the i o!~cn.t of inertia, J, is represented 
by 'fit, and is givon by equation 2,61« 

a + 	14 ------- 	~ 	(2.61)  
,n 
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It is assumed, of courses that the change of speed Is 
small onouw!, such that T, as a function of speed in the region 
of the operating point may be considered as a straight line. The 
developed torque, T, is a function of both P and n . This leads 
to equation 2.6Px 

T 

	

= TO + aT/ n ei n + T/ OP A P 	(2.62) 

By equating the total torque required by the toed 
(tncluc?ing that required for aoce3eratton) to the developed torque 
equaticr P.3 resu .ts;. 

dl 	? 	 0 ? 	An 	 (2.63) 
at 	C1 ori 	8n 	Op 

The partial, 	TL , is fixed exclusively by the 

nature of the load and other true partials ere fixed by the chary 

cteristl.es of the rectifier motor combination. 

Phc partials, 6T/an and DTIV p , could be determined 

dirret' y by graphic Al methods. it is more direct to determine 

these partials through the use of some explicit expressions for 

them. 

Prom equation !.1O, the expression for speed coefficient 

Is 

Sin (r +p-e) - C 	"in(p. o) 
a= Cas a 	 (2.64) 

qtr 
1 Lu 

Equations 2„64 and 2.35 are true in the transient case a3 so,, beca-
use there Is no delay in armature current response to a change in 

p, '-Y0 can find the partia of torque factor in respect to speed 
coefficient by the use of equ~t4an 2.35 
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........_ a... 	< rit 	r) -a>- r 	(x.65) 
c3a 	2r 

whore p is cenotr+nt. In order to evaluate the partial of 

r in respoct to tal l the oquatton Q.6 is used: 

R. 66) 
VLr n 	Cos o Cos( 	 ) + 	Larin( -9)- 

cosoj 

u hors (3 is a constent. 

The combination of equations 2.65 and 2.66 can be used to 

dotort iiia the fector, 6t f/ ccl a, after choosing the angles p,r, 

and 'a' corresponding to the desired operet g point. 
T eo partial of tor+ uo factor in respect to the control, 

enr7.c can be detormtncd by taking the partial of tf in respect. 
to p from equation 2.35 and the partial of r in respect to 3 

from equation P.6. 

r"itn(P+r)-> 
L 

(2.67) 

whoro at is a constrnt 
,.P/LU r 

Cos (a ..a) - Cos ' (r + p . G) 
LiIMY r 

_ 	in(-e) - a/Cos 0 
Lu 

tf~'r7rr t aI Is c Cc strut 

(2..68) 
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The combination of equations 2.67 and P.68 can be used 
to determine t e factor c'. tf r, p. In order to convert the partials 
of tf in respect to 'a' and P, to the corresponding partials of 
't' In respect to 'a' and P, the following equation is used 

in = Kt Yd,.c 	 (2.69) 

vrere kt 3 - an excitation conibant equal to pound-feet of torque 
per ampere of armature current. 

	

Since t f 	c.- R 	can be seen that 
Em 

t 	 (2,70) 
n 	a 	8a 

because a = Ed/ E,1 	Eg / Em -~ inn/ E 

where Kn is a speed constant and Is equal to volts genera-
ted in armature per rpm. 

nfl' i= 	 P. 71) 

	

R 	 P 

Equation P.6 is rewritten In terms of n and P as 
&o in equation 2.72. It is assumed that each of these variables 
n encs p, represent a small variation above or below the corres-
nond',ng. operet$.nr point vcalue. 

n+ r _ Tt___....,. 	 ~. n= a P 	(2.72) et text 	8n Jca p 

'Ry substitut 4 ng 3w for. the operctor d/dt in equation 
P. 7P , equation 2.73 gives the transfer function. 



 (2.'73) 
-!- : _ ---- + 31 an an 

In equation 2.72, n and P are the complex sinu. 

soidol values of speed and control angle respectively, and w 

1..s the engulsr velocity ofthe sinuSoidal variation in both n 

erd . Equr tion 2. r'3 gives the complex ratio of the response 

of the system, n to the complex driving force,p. This ratio 

is useful in predicting the performance of any closed loop 

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

49. 



CHAPTER III 

OPERATIONAL PROBLEMS IN HALF-WAVE RECTIFIER D.C. 

SHUNT MOTOR SYSTEM, 
(3.1) Com'-utation. 

There is a degradation of commutation performance 

when a rectified power supply is used with a motor. This im-

pairment of the commutation occurs for several reasons. The 

ripple current produced of the rectifier is of sufficiently 

high frequency (50 cycles) to increase the reactance voltage 

of the coils undergoing commutation, thus tending to collapse 

the width of the black band more as the magnitude of the ri-

pple current increases, Eddy currents in the magnetic circuit 

of the quadrature auris will cruse the commutating pole flux to 

lag behind the harmonic current vibrations. A higher degree 

of saturation, and the associated increase in leakage flux,vill 

also it crease 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 next-

mum when the current is at the minimum value or weak. Conversely 

the commutating flux will be most in step when the current is 

at the peak of tbo 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 constructional modifications of those 

stvtor parts which carry the commutating pole flux, or by adding 
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0 resctanCe In the shunt circuit to bring the resultant flux of 

the commutating poles Into the appropriate position with respect 

to armature field. 

Notrever, thr amount of phase displacement depends on 

the actual motor Thad, so one impedance vplue of the shunt can 

satisfy only one particular load; in order to have a wide opora't-

i,nr rrnre the recttf' erwmotor installations can be equipped with 

means for variation of the shunt constants by selective contactors. 

16, i7 18. 
(3,') Aoatin.g, 

There is a slight increase in temperature due to 

ripple current above that obserpod with a generator power source. 

The temperature differences are higher during higher ripple heat 

runs. Normally, the minor variations in obtaining repetitive data 

of a self ventilating machine tends to shroud any temperature 

chcngos due to harmonic influence on copper or iron losses. For 

Instance, with say 6 percent ripple current, there is no percep-

tib' a increase in temperature. An enplanati.on of this heat run 

result lies in an examination of the anticipated increase in losses 

At 0 percent rms ripple, the increase in copper losses would be 

loss than 4 percent oven If the effective resist€:nce of the arma-

ture circuit eras ten times greater at 600 cycles per second than 

the d. c. resistance. Similarly, the increase in hysteresis and 

eddy losses in the armature and stator laminations can be shown 

to be very low under light current ripple operation of a compen. 

gated machine. rho effect of ripple current on temperature rise 

of d. c. notors can be catecori cally classified as Inconsequential. 

A continuous ripple current of significant magnitude to produce 

hosting cannot be obtained duo to the limit imposed for acceptable 

con--utrtton performance, 
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(3.3) Vibration. 

There Is generally no perceptible change In vibra-

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 laminations and other internal parts which would con« 

ceivab).y become loose and drop Into the air gap of the machine. 

Rotor slot skewing may be employed if the increased noise level 

is ob3ectionebl.e. 

When a gearing has to be employed, then with solid gears 

the 50 cycle torque pulsation is about the twice C +) than with 

resilient gears. Although the resilient gear effectively reduce 

the magnitude of pulsating torque, thevalue with standard solid 

gears is not generally great enough to cause mechanicellfaijure. 

Hence an expensive resilient gear is not j ustified. 
4M.4O Shaft Potentia ; 

The shaft potential gets much increased when the 

motor is supplied by a rectifier. In one experiment, which was 

performed in one electrical manufacturing company, on a 1250 k. w,, 

8 poles '720 rpm, 780 volts, d. c. machine, the shaft potential in-

creased from 3 to 33 volts. 

This indicates that greater care must be taken to 

Insure adequate, pedestal Insulation for motors powered by a rec-

tifier. There exists not only the problem of conductive shaft 

currents through the bearing Insulation, but also the possibility 

of capacitive discharges through the oil film caused by the high 

frequencies induced by a rectifier. 



to 1). At constent excitation current the spend of a d. c motor 

increases in proportion to the armature voltage, so th t the da c 

voltage Vdc  and spoed n can be plotted as abscisse' ; with 

Q/ Smax  and cos it as ordinate ( Q Is the reactive power and 

MOIr  is maximum apparent power at rated load). 

It is well knownthat active load surges Influence 

mainly the froquencyl and when the rectifier is fed from a supply 

system the latter determines the frequency, whereby the kinetic 

energy of the alternator sets is usually adequate to ensure that 

this is hardly affected. Even in ca3es o ' private power plants 

the frequency variation remains mostly within permissible limits. 

Much more disturbing are the reactive load surges occur-

Ing with rectifier plants. From the power-factor curve of a rec. 

tifi er having voltage regulation via grid control, a reactive 'Toaod 

curve is obtained which is represented by the are of a circle. The 

highest reactive load surges of a rectifier unit are therefore to 

be expected in particular at low speeds. However, just within 

this speed range the motor is sub3ectcd to the severest conditions 

with regard to acceleration and load surges. 

Reactive current peaks result in voltage drops along the 

network reactances, which increase inversely with respect to the 

short circuit power PC  of the network at the point of connection 

of the rectifier plant and In proportion to the reactive load peal 

0 of the rectifier. Thefollowing    approximation applies : 

4_L 	-gQ 100 (in percent) 

Admitting a voltage drop of 3 percent, A is equal. to P0/33k  

From this results the first and moot importont counter 

measure, namely, the connection of the reversing drive to the 
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(3. 5) Deterioration of cables. 

It has been noticed tht the incidences of failures 

are more in cables carrying rectified power than in ordinary cab-

les. The reason for this are the harmonics generated by the rec. 

titter equipment. The various effects of rectifier harmonics on 

the dielectrics of cables are: 

(1) D.ieleetric Losses:.. 	The dielectric losses are considerably 

increased in the presence of harmonics but in high Woltages 

cables they are only a secondary factor in determining the 

thermal stability of the dielectric. (The phenomena is the 

same as for hysterists loops in magnetic materials). 

(2) Increased crest voltage:- 	The generation of harmonics in- 

creases the crest value of the voltage and so some shortening 

of cable life can be expected in case of operation over pro-

longed periods. 

(3) Internal Discharges: • 	It is wet l known that some residual 

voids are inevitable In cables of the solid type. The stre. 

saes In these voids are very much greater than the dielectric 

strength of gases under atmospheric pressure. It can be 

shown that if voltage wave contains 12th harmonic of about 

20 percent amplitude, the number of discharges»and thus the 

total energy released In the void- is doubled and the life 

of the dielectric can get reduced by about half. 

(3.6) Net  work R px'ecussior s from Rectifier-Fed tnstgflptions.. 
At the full rectifier voltage, i.e. at the basic 

(or higher) speed of the connected d.c. motor, the load peaks 

produce practically pure active power surges, as shown in Fig. 

3.2(a) (at full voltage the power faFtor of a rectifier is equal. 
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strongest point of the network; this is of great importance In 

the case of private networks. 'Unless special measures are taken 

there are therefore certain l imitations In the applications of 

rectifiers, So some steps should be taken to extend their field 

of application of appropriate means. One step in this direction 

Is to connect capacitor banks in parallel; but these only serve 

to improve the average power factor of the plant without having 

any influence on the reactive surges proper. Another possibility 

is to adept the system of connection and control. Several soiu 

tions have been proposed.; but for technical reasons and reasons of 

economy, many electrical manufacturers prefer phase-sequence or 

asymmetrical grid control. The principle involves increasing the 

d.c. voltage by first varying the phase control of some of the 

anodes so that at half the d.c. voltage these anodes are fully 

controlled (i.e. are working at full voltage), the power factor 

being equal to 1. Thereupon the rest of the anodes are brought up 

to the full voltage. The remarkable phenomenon is that at halt 

the d.c. voltage the reaeti,ve power again becomes zero, and even 

,,hen the d.c. voltage is zero, its value is only half a.a much as 

with symmetrical grid control. The reason Is that within the range 

from zero to half the rated voltage, the primary current reaches 

only half of the value which corresponds to the current at full 

voltage„ 

Within the critic, speed range, i.e. between 30 and 80 

percent of the basic speed, the reactive load surges, with asymme-

trical grid control, are only a fraction of those occuring with 

normal gird control. It has enabled the field of application of 

rectifiers to be extended. 
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CBAPJ TV 

CONTROL OF AAS- WAVE BZCflFIBR FED 

DC S' wr KOTORS 

(4.1) Methods of  Control lir S peed. 

The speed of a d-c motor, fed by the rectified 

power, can be controlled by varying the applied armature volt-

age, by controlling the excitation or by varying the number of 

conductors in series. The last method is not common. The 

methods, that are generally used, are the variation of armature 

voltage and the variation of the excitation. Various methods 

can be there to achieve these and any 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. 

(11) it must include the means of holding currents to 

limits determined by ratthp s of the equipment. This 

is part cuiarly important during acceleration and de-

celeration when ignitron equipment is operated with 

high ignition delay. It is necessary that the load 

should not be allowed to exceed the maximum limit dur-

ing Inversion. 

(iii) The reversal time of the motor should not be made 

unnecessarily short, as it Is probable that an extreme-

ly short reversal time will require additional and 

more expensive equipment, which m rmak'e the overall 

application uneconomical. 
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However, the field is generally separately excited by 

direct currcnt. So the methods that are common to ordinary d-c 

motors by controlling the field, are applicable in the rectifier 

d-c motor systems also and so they need not be discussed here. 

Many methods are there which can possibly be applied 

for varying the armature voltages. Some of these methods are as 
7. 

fol lows 

(4.1.1) Using a Rotary Booster in the £~ C. Cif. 

A rotary booster in the d- c circuit is not of any 

importance now and is of theoretical interest only. 

(4.1. P) Using a Regulator in the Primary Circuit of the Trensformc 

The use of regulator in the primary circuit of the 

transformer is common where the motor has to make long runs at redu- 

cod speeds and with heavy torques„ The normal power factor of the 

rectifier is maintained at Its high value throughout the speed rang( 

First cost is higher, however, as not only the regulator Itself is 

Involvod, but the auxiliary circuits requiring a constant voltage 

must be fed separately from the Input side to the regulator necessi• 

toting an auxiliary transformer. The weight of the unit and the 

space required for a given output is thus increased by an amount 

depending upon the speed range required, and further if the speed 

rcnge is small and the output Is not to be reduced to zero volts 

for st rttng purposes, a motor starter will be an additional. requi-

rement. The sliding-contact type of regulator is generally used, 

induction and movinN-coil types betnrT alternations. 

(ia1.3) TYejrir Transformer Tnrml s 

If speed changes are rarely needed and only one or 



two fixed speeds are required, the secondary winding of the trsns-

former may be tapped, and links with off-circuit switches used to 

connect the anodes to the windings. 

Simple as this method appears at first sight, it is not 

greatly used owing to the added complications in transformer design, 

especial" y when the number of phases used in rectification exceeds 

UrwY-c, there. 

(4,1.4) Ue g Grid Cool . 

Grid control is the commonest method. The interrposi.- 

tioning of control grids between each anode and the cathode enables 

the firing instant of anode to be delayed beyond its natural firing 

point in the cycle, and thus the mean d, c. output voltage can be 

varied. A few examples of grid control are being given here: 

(4.1.4.1) Pa-$jft Control 

For sinusoidal worMing (known as 1+ soft control"), 

phase-shift control is generally used. Since, provided the output 

current is continuous, the voltage reduction factor for a grid-cont. 

rot led rectifier is cos , the output voltage of the rectifier as 

a function of angular rotation of the rotor of the phase shifting 

induction regulator obeys a cosine law. This is quite satisfactory 

for manual control, but may lead to difficulties when the regulator 

is motor.izedy owing to the large differences in movement required to 

obtain equal increments of output voltage at different parts of the 

control. range. 

The method of feeding the phase.shifter needs careful array 

gemment. For example, when a atmple induction regulator is used for 

phase-shifting, the supply to the regulator is liable to distortion 

by the rectifier it is controlling. This is particularly so if out- 
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-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, bunting results, with a period of the order of 

«5 • 10 secrnds, depending on the inertia of the load. The dis-
toriton caused by the motor load current results in a change in 

firing instant and tends to give a lower output voltage; the 

machine thus decelerates and draws less current. The waveshape 

consequently resumes its original form, and the motor then acce.. 

lerates as th firing instant is corrected, the distortion thus 

appearing again. This cycle will repeat itself indefinitely. 

(4.1.4.2) Bias Shift Control. 

Bias shift control is less frequently used owing to 

the unsatisfactory nature of the control. obtained when firing ang-
les are large. The decrease in slope of the wave front of the con-
trol voltage causes a variation in firing instant, and fluctuations 
in-output voltage result. 

Further, for any set phase relationship between anodes 

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

ecl  .. oc 	arc Sin e, 	(4.1) 
.T2Eg  

The output voltage of the rectifier Is consequently 

2 Vd Cos di  - are Bin . 	.... 	(4.2)
.12 E g ] 

giving an even less satisfactory relaticnship between angular 
rotation of the control ing device and shaft speed. 

FgUation 4.1 indicates that, to avoid the use of large bias 
voltages, Eg  should be low in value.. Eg  should also be kept low 

as possible, since during the portion of the cycle when the grids 



are negative with respect to the cathode, excessive grid voltage 

will cause grid sputtering, with a consequent decrease in bulb life. 

Conflicting with these considers ti ons is the fact that a slope of 

about 20 volts per electrical degree is required for good control. 

The result is a compromise, r. m. s. voltages of between 300 and 400 

volts being used. 

(4.1.4.3) Impulse Control. 

If automatic speed control is employed, soft control 

is generally satisfactory, provided that the total output required 

can be obtained from a single bulb, as small variations in output 

voltage will be corrected by the automatic regulator. 

These variations may arise from changes in the firing 

instants of the anodes following changes in the ignition potentials 

as a result of load or bulb temperature. For glass bulbs, ignition 

potentials are normally 20-30 volts, and Fig. 42 shows the effect 

of changes in this value. Ignition may occur either at P1 or Fp, 

the corresponding firing delay angle being al  and cc2. These error 

cause disproportionately large changes in output voltage and the 

error worsens as firing delay increases. 

If impulse control is used, the whole range of possible 

ignition potential is covered simultaneously, so that a constant 

firing delay anrle results. 

Whenever several grid- controlled bulbs are to work in 

parallel, impulse control (known as hard control) is essential. If 

current is to be shared equally between the bulbs; it is imperative 

that all the grids associated with the same phase are 1' triggered", 

i.e. released together. If one grid is released after the other, 

the associated anode may either fire late or block together,dppend- 
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- ing largely on the grid control system used. If this happens, 

the remaining anodes must carry the additional load between them. 

When only one bulb is used, there is little point in 

using hard control to maintain precise speed unless the input to 

the rectifier is stable and compensation is made for the effects 

of armature I R drop and armature reaction. 

It can be used, however, with advantage when the recti• 

Fier is fed from supply having high reactance or when the rectifier 

forms the major part of the system load. 

(4.1.4.4) Generation of Impulses 	Grid Control. 

The impulses may be generated in many different ways, 

mechanically using a synchronously driven commutator; statically 

using electronic techniques, or statically using electromagnetic 

techniques. 

The synchronous commutator is less often used, it being 

general.7y preferable to avoid auxiliary rotating machines if at all 

possible. 

The simple circuit shown in Fig. 4.3, illustrates, one 

way in which thyretrons may be used to generate steep fronted impu- 

lses, but it has the disadvantage that the control unit and the 

main bulb are directly interconnected. Using a variation shown in 

Fig. 4.4, however, it Is possible to separate the two. When this 

system is used, it then becomes possible to replace the thyratron 

with a small grid-controlled rectifier bulb and to eliminate the 

disadvantages of possible value failure 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, 
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In some circuits using thyratrons, the anodes of the thy-

ratrons ore fed with direct current via an oscillatory circuit. In 
this rnarnor the value can be made to stop conducting once it has 
started, as the erode current consists of a series of pulses. 
Phase shift of the impn1ses generated. is achieved by using bias 
shift technique. With this system the use of a phase-shifting mnd-
ucti on regulator is el iminated y and an impulse having constant amp. 
litude over the whole control range is generated. 

When electromagnetic equipment is used, the principal 

alternatives are the use of special peaking transformers having 
VI eta shunts, or small shell.-type transformers having more or less 
normal core construction, generating peaks rather by virtue of the 
circuits in which they are connected. The use of filamc nts is avoid-
eed c but size and weight of equipment is slightly increased. In 
many cases this is hardly disadvantage worth noting since above about 
P0 h. p. the grid-control apparatus will  be very small in comparison 
with other items of equipment. 

The simplified circuit of such a control system 3s shown 
in fig. 4.5, operation being as fol' o rss 

The rorctor is arranged so that the current in the trens- 
former primary has a nearly triangular wave form. Tho core of the 
transform^r saturates once per cycle, and generates two short-dura-r 
tion+ impulsosp one positive and one negative. The latter is suppre-
scod with o suitable motel rectifier. The instant at which the satu 
rete or occur: can be prcc~otermined by the amount of current flowing 
in the control. windtnr. '.hila the triangular current waveform is 
iatftrincd 9 the Impulse cy be shifted in phase with respect to 
supply without loss of Pcok height, In practice a shift of about 

o it possible using both positive rrd negative control currents. 

'°T9.th correct do 3I.gr$ .hr 2npul sea have n satisfactory form and main- 
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a saitcble constant amplitude in operation. Considerable 

care in design is needed, however to ensure that the wave front 

rcmetns sensibly vertical - an essential point if bulbs are to be 

operated in pnrnllol. 

With such systems, It is possible to control the motors 

by using comparatively small power in the regulator circuits, a 

point which is especially advantageous where motor speed has to be 

a function of more than one variable, as signal mix .ngis then possi- 

b?c. 

21,22. 
(S. ?) tlo  thood h of Maintaining Constant teed. 

The aperiodic, vibrationless corrective control of the 

speed fold owing load surges is extremely important 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 

motors. 

( .. i) Unit Connected Rectifiers. 

For the most exacting control-rosponso requirements 
frith respect to the corrective control of load surges, the unit 
system offers the best solution. With this arrangement it is possi. 
blo to exert n direct inertia,-free influence on the main circuit of 
the rectifier by tray of control grids. 

The motor in gig. 4.6, is connected direct with the neut. 
ral. point of the rectifier transformer. For the sake of simplicity 
t►~c d. c. breaker incorporated in the main circuit is not shown in 
the diagram. Control trig respect to constcnt speed is based on .o 
cocpcnriccn of a voltage (et he tachogenerator 3) which is proportio- 
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•nal to speed with a con.staft, desired voltage set at the master 

rheostat on the control desk. Provided the speed does not deviate 

the difference between these two voltages is practically zero. As 

soon as the motor is loaded, however, the Initial drop in speed 

brings about a drop in the tachogenerator voltage; the difference 

compared with the desired value is considerable. This tacbogenera. 

tor voltage is fed to a control amplifier (5) which then gives the 

com sand to the grid contrc3 set ( 6) for the displacement of grid 

impulse, whereby the voltage at the rectifier is incraesed. The 

speed continues to increase until the difference between the tacho-

generator and desired voltage i s extremely small and the motor has 

again attained its original. speed. In order to eliminate any trace 

of inertia from the control circuit, the control amplifier(5) and 

the grad control set are electronically operated. Thus every vari-

ation in the speed of the motor initiates, by way of the control 

grids, an immediate correction In the armature voltage, conducing 

to a rapid return to the desired speed. 

For rapid response to the speed control it is Important 

to have a voltage reserve at the rectifier, for which reason the 

latter must be designed for somewhat higher voltage than the motox 

The same voltage reserve which is available for rapid omntrol is 

also enlisted indirectly for controlling the automatic field weaken. 

trig of the motor. If the desired speed is raised by altering the 

setting, when the motor is rotating at the basic speed, i.e. with 

full field current and full armature voltage, the rectifier voltage 

first rises to its maximum value. Since now no speed-control reser-

ve is available, the voltage must be reduced again. A rolling sec-

tor regulator measures the voltage and weakens the motor field mot.' 

the preset speed at rated motor voltage is attained. This automatic 
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field control corrects slowly. When once the preset speed attained, 

the field correction regulator retains its position and does not 

take part when load change occur} the rapid regulation is left exci.- 
usively to the grid control. 

Vith such arrangement the constancy of speed is far super. 

bor to the conventional speed constancy of a synchronous motor; the 

-rotor angle of the latter is considerably greater than the angle of 

lag of the control led d. c. drive. 

(4. ?. 2) Buuabar q rcuit with Field-Regulated MMoottoors. 

In view of the fact that In some drives, it is per-

missible to allow longer control times than those achieved with unit 

circuits, it is an advantage to select the simpler and cheaper bus-

bar arrangement with field regulation of the motors. A group of 

motors are connected in parallel by means of busbars which, as a 

rule, are fed from grid-controlled rectifiers; control with respect 

to constant voltage is customary. 

In this cases  too, the speed control of the motors 1,s based 

on a comparison of the tachogenerator, voltf go, which is proportion-

al to speed, with the desired value preset at the control penel.Tho 

difference 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 shown in Fig.4.7. If the speed tends to drop 

as a result of n load imposed on the motor, a Small, additional week-

ening of the fief d, introduced via the control circuit, brings it 

back agrtn to Its origtncl value. According to the accuracy and 

rapidity of the rospor: se required of the controls rolling -sector 

regulators, magnetic amplifiers or electronic amplifiers are employot 

as control. amplifiers. The excitors are built as rapid excitors mitt 
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fully laminated stators, so that dynamically good control c irac-

teristics are assured; for simple cases normal exciters are quite 

su .tab? e. 

The dynamic control quality of this economic solution 

can be somewhat improved by the addition of a purely electronic 

excitation. Tn this case a small rectifier or thyratrons supply 

the entire excitation output. Finally, reference is made to the 

arrangement employint a multi-stage magnetic amplifier which supp-

lies its output direct to the field without an intermediate exciter. 

This system is more suitable for small excitation outputs. 

Field control is ideally suitable for all thoseccases 

where extremely short dynamic control times for the unit or booster 

systems are not essential The . available control elements enable 

the control device to be adapted economically to the requirements 

of operation for all the driving powers required. 

(4.3) Busbar Connection with Armature Control of the Motors 
by Rapid Boosters. 

tf equally rapid control Is required with busbar 

connection as with the unit system, it is necessary to revert to 

the principle of direct influence on the armature voltage. With 

this objective in view it Is necessary to visualize between the bus-

bars and each motor a rapid booster, i.e. a supplementary generator 

(Fig.4.$), whose duty is to supply the small additional voltage to 

the armature circuit for rapidly correcting the load impulses. The 

speed, however, is adjusted over a wide range by a slow»acting field 

correcting control which brings the exciting current of the motor 

automatically up to such a value that the booster hs only to supply 

that additional. voltage necessary for correctively controlling the 

load impulses. The booster can thus be designed for a small. rated 
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output. such boosters, P- built as single-stage amplifiers and 

therefore posses the sturdiness needed for various applications. 

Special means enable the time constant to be brought to the oxtre. 

mo'ty low value of 20 ms. 

'Ravine regard to the shortest control times, the booster 

is excited by thyratrons which are controllcd by the electronic 

controller. An effective electronic-circuit ensures great roliabi-
lity end a long expectation o. tube life. The rolling sector regu4 

l for to intended for ad3usttng automatically the field weakening 

rit respect to the speed. The results obtained by this method are 

comp arable with those obtained from a plant operating on the omit 

system. The decision as to whether to Install this or that form 

of control is not governed by technical considerations,, and should 

rather be considered from case to ease by comparing first costs. 

(4.9.4) Sensit1vj. of Paot^a ener for  SDOG4 Control Systems. 

If an error voltage Vo  is required to produce maxim 

mum speed, i.e. the reference exceeds the tache enerator voltage by 

Vo  volae when rectifying, and an error Von  is required for full 

speed. on Inversion, i.e. the tachometer voltage exceeds the rotor.. 

enco by Ve  or inversion, the speed for the same reference in the 

tvvo conditions will differ by an amomt corresponding to Ve  + V01. 

This is an inherent feature of any one-sided system and can be elt-
1.nated only by reducing the reference voltage when the control obanN 
goo from power to inversion. Any such effect is not present in the 
Wart-Loonard system uIch is a, rival to rectifier-fed systems. 

(4, P. 5) Tp Control  yste . 
The control schenz o is showfl in Fig. 4.9. It consists 

of three main control loops, namely speed control, current ltmit,and 
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acceleration or retardation 1isr,t, in the spe•d.ccntrol leaps 
e reference voltage selected by the operstex's iev*r is cusps- 
~d with s csarret signal derived from a, 4. C. curranttrsnsforw-

mar ant! the error voltage is ted into a second pra►tsplifiir. 
Sietiarly, in the secelustion loop* s preset reference is cosy 

pared with an acceleration signal obtained by measuring the rate 
of chang. of the armature voltage aid the error is fad to 
third pr.'.ampltfier. Tb. combined pre.ampllfier c rtput is s 	.- 

tied and used to control the s sttc phassahtftar, producing an 
armature voitage proportional to the error* In each of the three 
main loops, subsidiJary loops are conn.etad for stabilizing the 

controls. 

L pertence in sang sppiic5ttons bps indicated 
that * signal corresponding to the rets of ch nge of armature 
voltage connected as a negative feedback would stabilize the speed 
control, and in practice this prov*d is be can-oct. The current 

and acceleration limits can be stsbtlissd by fending bae~ the 
rate of change of amplifier output.. 

3?. 
(4.2.?) onseti s for I R dr in Motor Ar~*tur . 

..rwr . -- -+w 	 .... ......r.. .arw.w...r.rwr 

A device kip, s s 1 R drop cospensator' is some- 

times used. 	current transtors€r connected. in either the recti. 

tier transformer primary or secondary circuit is used, and the 
secondary terminals are led to a scall meta] rectifier whose out-

put provides a bias which is spgr+xtastlly proportional to loud. 
This bias can be used to alter the phsstg of the grid control, 
and thereby sd3ust the armature terminal volts. 
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There are several drawbacks to the wide use of this 

device. First, it Is unaffected by the supply fluctuations; 
Secondly, it constitutes positive feedback end, unless the 

speed/torque characteristics of the motor concerned are level 
or drooping, it may cause instability; thirdly, for the same 
reason, it may cause trouble at starting unless it is si.ow'act-
ing (whereupon some of its advantages are reduced). Lastly, 
it does not necessarily provide the same degree of compensation 

at any speed, as reference to Fig. 4.10, will show. The .upper 
curve shows the speed for constant armature-tern it volts over 

the load range,, whilst the lower curve shows the additional volts 
required to give contant speed. Despite these drawbacks the 
circuits have been widely pplied. 

10 

(4.3.)Met, hods f S d Rem ~. 	 -^ 

In some applications, for example in rolling 

mills, lathes etc., it Is required that the drive should be 

such that its direction of rotation can be reversed. The same 

principles are applicable to the dynamic 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 adjusted by control of the ignition angles. 

Current cannot be reversed in a given converter because of the 

blocking action of the electronic tubes; therefore, power rever. 
sal can be accomplished only by reversing the voltage. Bence 
the operation of the electronic power converter differs from 
that of a d•c machine, in which the current reverses to aceomp-

1ish reversal of power, or regeneration. In applying electronic 

power converters in applications which require regeneration, it 

is necessary to make provision in the circuits so that the can- 
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-rerter tubes will carry positive current and will. have the cir-

cult voltsges impressed in the proper polarity upon the eonv r► 

ter vhs it is desired to regenerate. Many methods are used 

and those which are common are discussed in the fol owing pars- 

*rdphss 

(4.3.1) 	Dual Mercer -Arc Rectifiers for Motor Armature ....P...~ ,001-0 W . - 	I MO O~ 	. O.........~..... ~.~...~.~ 

in this method t o mercury-arc rectifiers are 

used with one reverse-econected. Such an arrangement provides 

a circuit for current in either direction for the drive motor. 
This method has been applied extensively in Europe using Oontl* 
nuously excited tubes. Fig. 4,11(a) shows typical circuits and 
operation of the reversing drive using dual mercury are recti-► 
tiers to food the motor armature. In this method regetors are 

to be u .ed to withstand the instantaneous voltage between the 

rectifier =Its and to limit the resulting circulating current. 

The reactors are also required to limit the ripple In the motor 

current, especially at the conditions of high rectifier delay 

and with inverter operation. 
This electronic converter circuit must be completely 

symmetrical with respect to voltages and number of tubes for 

each direction of drive-motor rotation,, as the some amount of 

rectification and inversion is required for each direction of 

rotation. a dissymmetry is possib le in many applications where 

there can be fewer inverter units than rectifier units *nd in 

which the inverter units can be operated with a higher d-c 

winding voltage, 
A typical operation sequence during motor reversal 

usin.g the arrangement is as follows: 

(1) At instant I the motor is to dad in the forward direc- 
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•tton. The ignitron converter unit 1 is operated at a 
sa~.II rectifier delay so that its average output voltage 
is lower in aagntt6d• than the inverter counter voltage 
of unit 9. 

(2) At instant 2 the motor load is removed and the motor 
is now open► at tug at a cOfl$taflt speed without 'Load. 

(3) At instant 3 ignitron converter 2 is delayed to an 

inverter operatinp condition and its current is blocked 
when its voltage is less than the motor counter emf. 

(4) At instant 4 unit 2 is advanced slightly so that its 
counter- voltage Is less in magnitude than the motor counter 

eaf. Current 0 now is carried in converter 2 during the 
interval 4 to 6. The motor decelerates during the interval 
4 to S. The ignition angles of unit p must be advanced so 

a,s to provide approximately constant current at about rated 
current as the motor decelerates. 

( 	At instant 5 the motor speed is zero and converter 

unit 2 is operating as a rectifier to supply the motor arma-
ture resistance drop. Further advance in the firing of ignt 
tram converter P will cause it to continue to operate as a 
rectifier and to accelerate the motor in the reverse direc-

titn during interval S to 6. 
(6) 	At instant 6 the motor is running in the reverse direc- 

titn and Is supplied by ignitronunit 2 operating as a 
rectifier. 

At instant 7 the load is applied in the reverse direction 

This arrangement has the disadvantage of requring some 
duplicate converter equipment. Each ignitron converter unit opera.'► 

tea at an average duty cycle of one half that of the drive motor. 



Since the peak motor loading contributes in determining the requite 

red number snd size of ignitrons, this arrangement will in many 

applications require a greater number of ignitrons than that of 
other method which use a single ignitron converter. 

An alternate circuit arrangement and operation of this 

system js. to omit the reactor in each converter and to release 
only one convertor at a time so as toe .im .nbe circulating curr-
ents between the ignitron converter units. The reactor to limit 

ripplecon then be .a singe reactor in the motor branch. The ope-
ration sequence of this arrangement is similar to that of Pig.4 
except that when it is desired to decelerate in the forward dtre-
ction, rectifier unit 1 is blocked completely and unit 2, which 
was previously blocked, is now released to fire ss an Inverter. 

Thus, only one ignitron unit is released at a given instant and 

no circuit is released between the two ignitron converter units 
for circulating current to flow. 

(4.3.2)a F_ ectrontc C~onve , ~*.r with  th 1.everst SMI c n Armature Cir 

To eliminate the disadvantage of having two rever-

se connected mercury-arc rectifiers,, it is necessary to provide a 

means to reverse the voltage on a single converter when it is 

desired to have regeneration. This method has been employed ea-

tensivey in Europe using continuously excited tubes, 
A typical operation of sequence during motor reversal 

for the arrangement shown in ?ig,4.12(a) is as below: 

(1) First of all initially the motor Is loaded In the 

forward direction. Current is conducted from the recti- 
Piers to the mothr through the armature contacts. 

( ) At Inst t 2, the load is removed, The motor Is now 
operating at constant speed with friction load. 
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(3) At instant 3, the reversal cycle is begun by lowering 
the the rectifier voltage by phase delay so that it is a small 

amount below the motor counter emf. This results in blocking 

of the motor current. The contacts can open at this time with h 
no current to interrupt and with a minimum of voltage across 
them. 
(4) At instant 4, armature contacts are opened to disco- 

nneet the circuit between the rectifier and the motor. During 

the interval from instants 4 to 6, the motor Is coasting with 
Its armature open circuited, 
(5) - Between instants 4 and St the rectifier firing angles 
are changed from rectification to maximum voltage inversion. 
This change is completed at instant 5. 
(6) At instant 8 the motor contacts are closed in reverse, 

fashion for reverse rotation which connected the circuit so that 

the motor can regenerate into the rectifier convenier. 
(7) During interval 6 to 7 the rectifier angles are advan- 
ced as the motor decelerates,, so that the motor current is nearly 

Constant and is at about rated current. When the motor speed 
becomes zero at instant 7, the canv~►rter is operating as a recti-
fier to supply the armature resistance drop. 

(8) During interval 7 to 8 further advance in firing will 
cause the tgnttrons to continue to operate as rectifiers, and 

the motor will accelerate in the reverse direction. 
C9) 	At instant 13 the motor is up to full speed in the rever- 
so direction and is rurr ing with friction load. 
(10) 	At instant 9 load is applied in the reverse direction. 

This arrangement has the advantage that only one 
mercury are rectifier is required and its duty cycle is the same 
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as that of the main motor. The disadvantage of this arrange-

ment is the requirement of the reversing contactor and the 

large number of operations which result in bbnsiderable 

maintenance. 

(4. .3) Single • Electronic-Converter for Armature 
an means "to 	l  reverse e c  . ., 

Another method using a single electronic 

converter Is to. obtain reversal of motor voltage by means of 

reversing the field. To reverse the motor as rapidly as possi-

ble it Is necessary' to over-excite the field in order to cause 

it to reverse in a minimum of time. This can  be accomplished 

by supplying the field from a rotating . exciter or by feeding 

it from en electronic - rectifier system using two reverse connec-

ted converters. Provision must be Included to de-energize the 

armature current by reducing or blocking the rectifier voltage 

before de-  energizing the field or in event of loss of field. 

This method has been studied and applied in Europe but not as 

extensively as the previous two methods. 

A typical operating sequence during motor reversal of 

an arrangement using the single electronic converter circuit 

of Fig. 4.13(e) is as fo lowsz -. 

(1) At instant I in Fig. 4.13(b) the motor is carrying load. 

at rated speed In the forward direction. 

(2) At instant 2 the work load ends and the motor is runn-

ing at rated speed and no load. 

(3) At instant 3 the reversing cycle is begun by reducing 

the armature voltage by phase control of the electronic converter. 

The armature current is blocked when the converter voltage 

becomes less than the counter eaf. 
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(4) During interval 4 to 5 the field voltage Is reversed 

covert] timosthc rote value. The fio current is fcrcod 

to zero by regenerative action of the rotat .nr exciter. If a 

dual ignition convertor system is used on the field circuit, one 

of the units -rt .l operate as an Inverter during; the interval, 

(5) During interval B. to 7 the field is built up in the 

oprosite polarity. Durin.r Interval 5 to 6 the mrin converter Is 

inverting to provide the required current end torque to cause the 

motor to decelerate. it instant 7 the field current is of rated 

value In the opposite polarity r d the field voltage reduced to 

the normal mc. itude. 

(6) At Inst r.t the motor speed is zero and the converter 

is oporntinr' as a rectifier to supply the armature resistance 

drop. 

(7) Dur .nr= interval. 6 to the converter operates as a roo- 

tUtor to accelerate the motor in the reverse direction. 

	

(a) 	At instant the motor Is at rated speed in the reverse 

direction and is without load. The field Is at its normal value 

and the armature current is lour, 

	

(9) 	At instant 9 the load is applied vtth the motor running 

in the reverse r ircetiw. 

This urrngcmcnt has the advantage of using a single 

electronic converter for the armature circuit and thus obtaining 

the bout possible utilization of the tubes. The greatest disedvsn-

tago of this urrengo ent is that this me thod inherently requires 

a greater time for motor reversal tenth a conventional motor than 

the Dethod using dual converters for the armature circuit. This 

odditionol time is required to obtain decay end roverG I of field; 

tihIch h s a ttno oenstrnt of the order of several seconds. One or 

more of the follojring methods moy be used to shorten the motor 
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reversal time%- 

(1) Overexcite the Field:-  	By apr1ying over voltage of 5 to 10 

times normal field voltage, the time required to reverse the 

field can be mintmtzed. 

(P) Laminate the Motor frames - The use of a lam mated motor 
frame will reduce the circuits for eddy currents and thereby 
allowthe field flux to be eb nged faster. The motor cons-
truction is more expensive but will result in a much lower 
field time co stat. 

(3)  Use higher  armature currents- 1$tatiou with higher armature 
IYT ISM 	iFirA 	 11 

current during deceleration can be used to obtain the required 

torque while the field current is being built up to the opposite 

polarity, 



CONCLUSION 

The various results obtained by the application of 

theoretical formulae are comparable to those obtained by experi-
mental observations. Co the theoretical analysis can be of great 

help where the new equipment is to be installed. In such cases 

it Is always desirable to find out the rating of the equipment at 
the first Instance and this can easily be done by using theoreti-
cal formulae. 

As already seen, the simple half-wave rectifier d~.c. 
shunt motor combination is not a very good practical proposition. 

It has drooping speed-torque characteristic and sot as such, will 
not be suitable for constant speed drives. For constant speed at 

any load, the various methods, already discussed,, are to be appli-
ed. The starting torque, acceleration etc. are also poorer, as 

compared to s pure dc shunt motor. However, the overall effici-

ency of the half-wave rectifier d-c shunt motor system is compa,. 
rable to that of the Ward-Leonard system, and so It can be pros-
cribed in place of conventional Ward-Leonard system. 

Now-a-days, various types of rectifier d.c motor 
combinations are available and modern trend is to replace the 
Conventional motor-generator sets for d.c supply. However$ the 
half'.wav* rectifier dc shunt motor system is a 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. 

(I) 



The author believes that the above system will gat 

impetus in industry in the automatic$  closed loop, speed control 

systems. As liready seen,, the half-wave rectifier d-c shunt 

motor system is not a practical proposition,, at present, In the 

industrial drive schemes and for that purpose many refinements 

are desirable. However, this system can be satisfactory In the 

control applications where the load Is low 'and a flexible contro-

1I,ed prime mover Is required. 
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