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Line 

As automatic control equipment 
becomes more complex, it becomes 
more important f o r  the development 
engineer to take advantage in the 
original design of the Ionger lifc, 
greater reliability, and highcr aecu- 
racy which line-roltwe regu1ation can 
provide. 

Regulate for Life -The life of the 
cathode of a, vacuum tube, for exam- 
ple, varies as the serrentll pourer of the 
applier? heater voltagc. If the cathode 
is designed t o  operate with satisfac- 
tory emission over a -1-10% heater 
voltage range, the life can be doubled 
hy operation a t  the Iower limit as 
compared Im t he  design center, or 
increased by almost a factor of f o u ~  
nvrr operation a t  tlie I Z ~ ~ P P  limit. 
IIowrrer, if a tube is to be oprrated 
a t  its Iower limit, it is important that 
the applied voltage be closely regu- 
lated so that it does not drop below 
the lower limit set by satisfactory 
emission. Extremely long life can be 
expected from some of the new com- 
puter-type tubes operated in this 
I I I ~ ~ ~ T . ~  

All electric equipment will not give 
incretlsed life at redllecd operatinp 
voltage. Thyratrons often have very 
short l i fe  a t  low llrntcr voltage ailtI 
most motors will have cscessir~c start- 
ing current and definitely shorter l i fc  
~vlien operated at I-educcc? voltage. 
Too h i r h  a line v n l t a ~ e  mill provide 
excessive heating and rcducecl life. As 
a rough rule of thumb, heat will 
shorten equipment life by a factor of 
two l o r  every IO°C. Thus, most equip- 
ment will have an optinium operating 
\-ohage. The realizntion of this fact, 
211~1 the use o f  voltzge regulation, can 
provide maxin~um life for  eontro: 
c v  luipmcnt. 

Regulate for Reliability -Many 
factors contribute to the relinbility 
of a piece of control equipment. One 
factor which every development en- 

1 W. S. Bowle, "The Effects of Heater Cycling 
and Henter Voltaxe." 1956 I.R.E. finrention 
Record, Part 6. 

Voltage Regulation 

Figure 1. A rcsanant transformer 
winding and magnetic shunt  change 
the coupling between the primary 
ond secondary t o  reduco output 

voltage changes. 

gieeer must consider is operating volt- 
age range. WhiIe equipinent often cau 
be designed for operation over almost 
any voltage range, there is always an 
optimum ~o l t age  a t  which the prob- 
ability of improper operation is a 
minimum. Furthermare, i t  is aften 
possiblc to  d e s i ~  a piece of equip- 
ment with greater reliability if the  
original design does not have to allow 
Eor a large operating voltage range. 

Another factor which afl'ects reli- 
ability is operating temperature. 
Since heating is often proportional t o  
the square of the applied voltage, 
excessive input voltage can pro- 
duec considerable unnecessary heat- 
ing. Thus, not only does increased 
voltagc directly reduce the probability 
of proper operation, but it also prs- 
dnces additional heating which fur -  
t l~cr rcduces rclfability. 

Regulate for Accumey - The a- 
ctirscy of most cquipnlent is affected 
to some dcgree 1)y line-voltage changes. 
In some cases, this effeek can be toler- 
ated, in others the effect is minimized 
in the design by using feedback. can- 
cellatiall schemes, or some other tech- 
nique. Where high accuracy is re- 
quired, voltage regulation is often the 

simplest and best technique. For the 
ultimate in performance, a combina- 
tion nf feedbaclr, cancellation, and 
voltage regulation is often used. 

ScvcraI tcchiqnes are available to 
accoinpli~h l i n e - ~ o l t n ~  regulation. 
The. most common methods use some 
form of saturable reactor. a servo- 
operated Vnriae,@ or a vacuum-tube 

of the characteristics of 1 he various 
uoltnge rrgulators ns t ~ l l  ns t . 1 ~  rc- 
r~nirements of a pa~ticuIar autonlatic 
c o n t ~ o l  equipmen: are necessary in 
wder to  choosc the best typc of volt- 
; I ~ C  rcgulntor for a particular xppli- 
cation. 

Constant Voltage Transformer - 

opcrnies by having two windings, a 
~n.imnry and a s~eondary, separntcrl 
1,)- a mmagnetie s111117t. The seconclary 
winding is scsonat cd with a capacitor 
so tha t  tllr! voltage across the mind- 
ing is h i ~ h r r  than 11-ouId bc cnlc~llatetl 
frnni tlrc ti~rnrr ratio b e l w e e ~  the 
winclit~gs. A s  this resonant ~ ~ o l t a ~ ,  
ilirrmscs, tllc flux density in th is  park 
of thc macnctic circuit incrcnses Eore- 
in: ~lhoye 01 the  flux wllirrh liillrctl the 
p r i m ; ~ ~ - y  find S P C O I I ~ X ~ Y  coils through 
[he magl~ctic sliulit. This ~ r t i o r l  tenrls 
to  dccrcasc thc  original increase in 
\.ill t i l ye  across tlic rcsorlalit scco~rdrlrq. 
rr~inrlin r. T~IIZS, a n  output voltage 
taken n w o s s  part of the r e so~~au t  src- 
onclnvp lei11 shoW considerably 1-33 

variation than the input voltage. Ry 
n r l c l i ~ ~ g  n third winrli~ig, it is possible 
to cancel out the rcrnnining output. 
r.cllt;~gc: variation ;n withill nl)o~zt one 
per ccnt. Unfo~tunatcly, tlif sat nr:l- 

tion effect in t he  core C ~ ~ U S P C  i i S  111111*11 

as 2 0 5  distortion of the ontr)nt volt- 
ugc. A four t l l  wincling is sirnetimm 
ntlrled 10 neutralize this distortion to 
less than 31.;. 

If a constant-roltagc trnnsforn~er 
i s  overloaded, thc output voltage ~ i ~ i l l  
drop sharpl\r. Tllir: provides a grot rc- 
tivc featurc nllicl~ ~v\.ill limit the 

2 ,  S e e  N O T E  at e n d  of a r t l c l c .  
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Figure 2. A Sofumble Reactor is  used as a Figure 3. A Servo-aperated Voriae controls o u ~ p u *  
variable impedance t o  control oufput voltage, voltage through a 'buck or boastw fransforrner. 

short-circuit currrnt to nbout 200:'h 
of rated full load. For regulating 
motor loads, howcr-er. th is  overload 
characteristic requires that  the segu- 
lator have a stcacly statc rating equal 
to tile peak starting current. This 
may require a rcqllntor up to eight 
times larger than ~ i u r m n l  load ~ ~ u u l ~ l  
indicate. The cf fe jc~ry  of this type 
u f  regalator var.ics From ;~i)ont .5O''L 
ill rev?- srnnl l  sizes to almut S;ll;, fit 

500 tr~atts. 
Thus, t he  constant-voltagc trnns- 

f'ormer is ~r l~~anta l~coi rs  ill small sizes 
for r~~pply i r tg  rog~~lalrr l  vlill:~ye lo :i 
r.casonahl>- ronstai~t Inad ~ v h ~ r c  the 
pomep factor j~ high, freql~nlr-y is 
eonstant. and harmonic clistortiolr is 
not toe itnportant. This t y p e  R C  P P C ~ I -  
?ator sl~oulcl p1-oridr t hc Ilest relinl~il- 

Saturable Reactor Regulator - 
l ' h e  sntnrnl~lc r~nrtnr can also ba 

user1 3 s  a. variable imp~dancr  Iwt~t-een 
the input and the  output to cant1.01 
tllc uuC~lut vc~!l:rgc. T l ~ c !  ol~tllnt. j..; 
in;~as~irerl 117 some vol tnyc-scnsit ivc 
dcvicc n t ~ d  comr,arcrI ayaillst 3 nc 
1-r fcrcncc rol  t a ~ c .  Thr difl'crrllce Iw- 

n~flicicnt current t41 corltrol the sat- 
111-ablr: renrtor .  Since t11p ac im-pe- 
t'l:mcc of the sntusnblr reaclnr  is -11 

l'l~nctiori of tlir IJC e u r ~ - m t  thraogl~ 

(iroppcd across the antotmnsformer 
c.onnc.cleil Iwtrrccli input nilri antput 
rtrill change with t71c nt: control rur- 
rent. Ti+ voltn~..e ch::~~ge ilcroys the 
nutotrrlnalormer 1~111 bc in sr~ch a di- 
rection as t o  ~rtlarr ijny o l ~ t p ~ t  wit- 
age changc ail(] t1111s mini~nizc the 
error r o l t a ~ c .  TIlc inlh~l ' rnt  distort inn 
ransrd by ithc saturable r'enctor call 

I)P I-educed I,!. conucrting a fiIter 
across the  antotransfonner. The filter 
will rerlnce the distort i c r t ~  1~elot1~ 3';;. 

By providing suficient amplifiGr 
gain, the acellrnc:' of the regulator 
can be luaile to approach the stability 
of the voltage-ae~sitive devicc anrl the 
voltage reference. Accuracy i s  ahout 
-t-0.2576 if the lonci power factor is 
hctween 0.5 l a g ~ i n g  aud 0.9 Ica(1ing. 
TIic tiine seqtlirerl to cnyrect an input 
vollagc cllaligr is n f u u c t h n  of thc 
Jontl, Ilnt is crrclinarily het~vcrll 3 and 
10 cyclcs of tlic GO-cyclc line fre- 
cluellcy. 

Tllc reliability of this type of req- 
ulator dcpends ali-l~ost cornpl~tely 
111,on I hc dcsirn of the electronic civ- 
cnitry. 7l'liilc this call he very good, it 
\id! be ponrcr t h m ~  the fat- simpler 
eonstant-voltage transformer type  of 
war la tor .  Fnril~crmnre, the cost will 
bc  fa^ ~ r e a t e r  ill the small sizes since 
thr electronic circuitry is such a large 
pnrt nf the cost. Ilnwcver, the per- 
Pnrmanee is vastly superior. 

This type O C  saturxkle reactor reg- 
ulator is mtrst useful for medium size 
l o a h  (alrout 1 KITA) where the high 
speed of response is more important 
1 lt:~n the lim-vol t a ~ e  distortion pro- 
ducccl. The x.cEial)flitj- is good as  is 
tlic accuracy \\-itllizl its potvcr fnet.or 
restrict ion. 

Servo-Operated Regulator - 

If n servo-operated Variac and 
"buclc-or-l)oost" trtrnsforll~er are sub- 
stituled for  the saturable reactor- 
renkul led a~~tot ransfurmel-  in the reg- 
ulating system just diseusscd, n dif- 
ferent type regulator results with 
scvei.nl unique clraracteristics. Thc 
uutput is measured by a volta, ne-setl- 
sitive device and compared against a 
rri'erence voltage to obtahl an "error" 
roltage. This "error" voltage is am- 
plified and lrved to control a motor 
\r,hich repositiolls the Varinc to re- 
duce the original error. TVhiIe this 

action is similar to that oF the other 
i 3 p e  regulztors. there are two impor- 
tant differenccq. First, the T7arinc is 
:i coinpletely liilem ilevice n ~ l d  effectq 
n correction in ~ h c  ontput voltage 
~v i thou l  introducinji any rlistortion. 
Second, becauw or tllc effective in!+ 
 ration in thr: motor, n o  ervor ~ a l t a g e  
is necpssary t o  muintain a rorr~ction 
once it: has been nlailc, Note that in 
the otller typc regulators, an erlnaln 
voltage is ~ ~ c c c s s a ~ ~ y  Eo maiiitaie the 
required cor~ .cc i io~~ ; r j ~ r l ,  thclarore, a 
certain errur prol:cn.tior~;ll t o  tile car- 
r e c t i o ~ ~  ~ e q u i ~ c c l  musl illways esisb. 

The servo-opcl-;~tcd Variac li~fe- 
voltage regulator pusscsscs scvcr i~  l 
other ndvantnges. h h o v e  a Lew kjIo- 
watts, il is the le;~st cspensive type of 
rcgulntor n l ~ ( l  is a\-;~il:ihlc in sizcs up 
t o  100 JiVlI. I t  11ol ( H I I ~ '  pru~icles con- 
tml ~ ~ r l t l l o i ~ t  intrlldllrillg w a ~ c f o r m  
clistortion, but will opcrate with fu l l  
nocalracy a t  i l l )>-  load power factor, 
This type ~veighs eu~lsiclerabfy less per 
Bilownlt ontpirt tlra~i otlicr types, and 
is also tlle nlost eficic~lt  ( o v e ~  'Jb$ 
nt 5 KJV).  ,;\ceuracy is allout &I/!@ 
and is cunlpletely i~~rlepcnilcnt of th* 
applied luad. Full arcurncy  is main- 
tained ercn for l a r ~ e  overloads ~~ l l i c ' a  
iIle regul~tor  will toErl-at? f'or short 
periods uf ti ~lrnr. T l ~ c  sl>reci of response 
is inhcrrntly sluwcr f11an the siltu~- 
ablc reactor a n d  tlepcllds upon $11;: 
nagnitnrlc u f  t l ~ e  cor18cci ion rcqui~crl. 
A 17L roltnjic stcp will Ile co~. r~c ted  
within rig111 c y c l ~ s  ol' :I sisi~+-cycle 
twltnyc, \ v ~ F ~ P : ~ s ,  D I I C  W ~ O I  ICI I I I : ~ ~  he 
requirthzl to  rcbrtmect fn la  n ten pcr cent 
voltage stcp. Tl~as, r;lllalI transients 
and l a~ge ,  hnt +lowp, rlrifts \\fill bc cor- 
rected ~ r i t l ~ i ~ ~  ;I U P I V  ryclrq, l ~ i t t  a Inrre 
trnnsicnt ~ v i l l  rcqni1.c r t rnsidernb~~ 
lonrer. Re1 i j t h i  l it!. iq srood hut bccnnsc 
of tlre cleorro~~ic c.i14rnitry, it is 11et 
eqnal to tllnt af t l ~ r  sir11p1c constant- 
voltnpe transfn~?rn~r. 



E lectranie Regulator - 

The c l e ~ t l m ~ i e  line-roltngc r eg la -  
tar is similar to the satumblc rci~ctor- 
type regulntor cscept that  an AC 

error voltage is obtnineiE by compar- 
ing a portion of thc  o n t l ~ i ~ t  voltage 
against an AC rel'erencc voltare, and 
the a~~iplified ermr roltngc is fed 
baclc through a power amplifier anti n 

linear trnnsfor~ller to corrcct the  ont- 
put. The all electronic regulator con- 
tains considerahlc circuitry which 
tends to reduce reliability :~nd greatly 
increases t he  cost, but provides some 
features which cannot bc matched by 
the other types. The most important 
feature is that the speed of response 
is essentially instantaneous. Thus, not 
only are fast transients reduced, but 

also distortion is reduced to that of 
the reference voltage. The residua1 
distortion i~ about 0.3% and the ac- 
curacy is about &I%. 

This typc is most useful in small 
sizes (about 1/2 l\IV-4) where high 
speed of response and freedom from 
distortion arc marc itnportnnk than 
cost, weight, efficiency, and reliability. 

Figvrr 4. Summary of Regulator Charnctrristies. 

NOTF 
While the constant-voltage transformer i s  very re1 iable, and in small sizes quite in- 

expensive, the high-reluctance core produces a large external magnetic field and the reso- 
nant secondary causes the output to vary considerably with load power factor. A change 

of power factor from 100% to 90% ccln cause as much as o 4% change in output voltage. 
The output voltage wil l  also change us much as 1.8% for every 1% change in line frequency. 
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