ELECTRONIC CIRCUITS NAYSHIPS

SECTION 4
POWER SUPPLY CIRCUITS
PART A. ELECTRON-TUBE CIRCUITS

SINGLE-PHASE, HALF-WAVE RECTIFIER.

APPLICATION.

The single-phase, half-wave rectifier is used in al!
types of electronic equipment for applications requiring
high-voltage dec ot a low load cutrent.  The rectifier circuit
can e arranged to fumish negative or positive high-voliage
cutput to the load.

CHARACTERISTICS.
Input to circuit is ac; ouipui is pulsating de.

Uses high-vacuum or gos-filled electron-tube diode as

Soitenfl s
Tt Her

Output reguires filtering; d-c ocutput tipple frequency is
equal to primary line-voltage frequency.

Has poor requlation characteristics.

Circuit provides either positive- or negative-polarity
output voltage.

CIRCUIT ANALYSIS.

Gensral. The single-phase, half-wave rectifier is one
of the simplest types of rectifier circuits. The circuit con-~
sists of a rectifier {diode) in series with the alternating
source and the load. Since the rectifier conducts in only
one direction, electrons flow through the load and through
the rectifler once during each complets cycle of the impress-
B VUL';G;E. Sectifier conduction oocurs uull il.‘.".:"g the
interval of time the plate is positive with respect 1o the
filament (cathode). Thus, the electrons flow throuqh the
load in m.ises, one pulse for each positive half cycle of

Curcun Oporuﬂon. In the accompanying circuit sche-
matic, parts A and B illustrate an electron-tube diode, Y1,
zed i sic zingle-phase, halfewave rectifier cirenit.
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Basic Single-Phase, Half-Wove Rectifier Circuits

connected to qround {chassis); the drouit illustrated in pan
2 is commonly used asa positive high-voltage supply with
the negative terminal of the load connected to ground.

The oneration of ahnlf-wave tectifier circuit can be

erstood from the waveforms given in the accompanying
Hattotito o
In part A, the E-Ip characteristic curve for the rect-
wLen 'Im

ifier is uur’_‘u. an raltage oo is Hﬂﬂhpd ‘0 the

0 oaizh-voliege oc is

rectifier cireuit, electrons flow through the tube and the

Inzd whenaver the nlate 1= nnsitive with respect to the

filament or cathode; the amount of current is determined by

the choracteristic curve of the tube, Part A of the 1ilustra-

tion shows that for each positive half cycle of the applied
voltage, ¢ current pulse passes through the rectifier, the

eacn neqcu ve half r.ycle of Lhe appued vollage, the pm

iz nenative with respect to the filament or cathode and no
Zument pulse is obtained, Thus, the eiectrons flow through
Tre Joud clicuit in uula:,.::. sbintoduneid “”!E”'m” current

wavelorm as snowrn 10 part A Of U 1iUsTalkon.
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Waveforms for Holf-Wave Rectifier Circuit

In part B of the illustration, wltage wavelorns {or the
half-wave rectifier circuit are given. The primary winding
of transformer T1 is connected to an a-c source, Tepresented
as waveform epri. The transformer, T1, increases the pri-
mary voltage to a higher value in the secondary winding by
step~up transfommet acion., The purpose of the small
secondary winding of T1 {or T2) is to supply voltage te
the filament of rectifier tube V1. The alternations of the a-c
SOUrCe, epn, are applied to the primary of the wansformer
and induce a voltage, eaec; in the secondary winding of the
transtormer.  The waveform illustration shows o 180-degree
change In phase between the primary (epn) and secondary
{&sec) voltages because of transformer action and the fact
that the secondary-output voltage is an induced woltage.
Since the transformer is a step-up transformer, the amplitude
of the secondary voitage, esse, 15 greater than the applied
primary voltage, epri. The induced secondary voltage, aec
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is applied across the rectifier and the load. On positive
half cycles of eaee, current pusses through the rectifier

and the load resistance, producing on output voltage, eq,
actoss the load resistance. The output voltage e, has
pulsating wavelorm which rezults in m irreqularly shoped
ripple voltage; the frequency of the ripple voltage is the
same as the frequency of the a-¢ source. Becaguse the ogutput
voltage and current are not continuous, the half-wave
rectifier crcuit requires considerable filtering to smooth out
the ripple and produce a steady d~c voltage.

The half-wave rectifier utilizes ymstormer T1 during
only one half of the cycle; therefore, for a given transformer
less power con be developed in the load than could be dev-
eloped if the transformer were utilized for both halves of the
cycle. Thus, if a considerable amount of power is to be
developed in the load, the hall-wove ransformer must be
relatively large compared with a transformer in which
both halves of the cycle are utilized. This disadvantage
limits the use of the transformer-type halt-wave rectifier
circuit te applications which require a relatively small load
current. Since the d-c load current passes through the
secondary winding in anly one direction, the laminated-iron
core of the transtormer tends to become magnetized. This
effect is called d-c core saturation and reduces the effect-
ive inductance of * - transformer. The net effective in-
ductance with the «  -ore saturation effect present is
knowm as tronsformen  remental inductance, Thus, trans-
former incremental indu ..ance is reduced as the d-¢ load
current is increased, The resultant effect is to decrease the
primary countet emf to a grecter degree and thereby incregse
the Jood component of primary current.  Therefore, the
effictency of the transformer isreduced, and the requlation
of the circuit is impaired.

The half-wave rectifier, assuming half sine waves as
the waveform for the output voltage, e, (unfiltered), pro-
duces the following root-mean-~-square voltage:

Frmg = _fmax x0.707
2
where: Emax maximum instantaneous voitage.
The cotresponding average output voltage is:
Eay = 0.45 Erme

Similacly, the root-mean-square d average outpul currents
can be expressed as:
2 | mexx 0707

Irme = 5

and:  Iav = 0,45 Lims
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The peck inverse voltage of o rectifier tube is defined
as the maximum instantansous veltage in the direction
oppesite to that in which the rectifier is designed o pass
current. The peak inverse voltage ocrass the tectifier in a
half-wave rectifier drauit during the period of time that the
tube is nonvonducting is approximately 2.83 times the ms
value of the travsiomer secondary woltage. The pear in-
verse wltage con be expressed as:

Einv =2.8 Erms .
where: E;ye = transformer secondary (or applied) voltage

The output of the rectifier cirouit is connected to a suit-
able filter circuit, to smooth the pulsating direct curtent for
use in the load circuit. {Filter circuits are discussed in
nart D of Section 4.)

FAILURE AHALYSIS.

Mo Dutput, In tha holfowave rectifier

no-cutrut condition is likely © be lmited to one of thiee
poasible causes: ¢ detective rectifier tube (open filoment},
the lock of npplied oc voltage, or a shorted load circuit
(including shorted filter-circuit components).

A visual check of a glass envelope 1ectifier tube can
be made 10 determing whether the filament is lit; if the
filament s not lit, it may be open or the filament voltage
may not be applied. The tube filament should be checked
for continulty; also, the presence of correct filament volt-
age at the tube socket should be determined by measure-
ment.

The a-¢ secondary voltage, 2se¢, should be measured
at the terminals of transformer T1 1o determine whether
the woitage is present and ol cuirect value. i necessary,
measure the applied primaery voltage, epry, 10 determine

........ o With the

primery voltage removed from the circull, continuity lresis-
tance) measurements of the primary ond secondary windings
should be made to detemine whethet one of the windlngs is
spen, since an cpen {dizcontinuity) in either winding will
cause o lack of secondary voltage. Also, continuity mea-
surements should be made between each transioimer secen-
dary terminal and the comresponding tube socket or load
terminal to determine whether either one of these two leads
ig nnen,

With the primary witage removed from the crcuit, re-
sistance measurements can be made at ne output lemiinals
nf the rectifier circuit facross load) to determine whether
the load dircuit, including the Hlter, is sharted, If the

circiit, the

whethar it ie nracany ard nf tha corract unine,

filtor mirtit INANIDaratoc AR el acTTAR T COTCTIGN. i

made aCrOss the
[ S e oy 3 ~ it el
el circut may vary depan "*I‘., Spinithetesi-taqe Doty

v depand:
of the ohmmeter.

Therefore, two megsurements must be
mm&n with tha ract nr“‘lc TAueTSaen ar tne mrrajr {est [SIS3 0N 15
for one of the measurements, o dn' mine the m.rqer of the
wo [e5151ai,C8 MeGsuremients. i
is then accepted as the medsured vm‘ue. A shoil i u‘;e

componernts of the filter circutt or in the lood will cause an
euneceive laad cutrent to Hnw ?f the rartifler tube is 2

high-vacuum ty pe. the heavy load current will caquse the
plate to become heated and emit 2 reddish glow when the

clate dizsipation 12 zxcsades ma, if allowsd ip rontinue,

n PR IR Amrms =
mOy [esULL 1 DEMMANINRY Qamoga 1o the tube,

echler 15 uSed i WS CTW, G aguvy CuwiTii o Blaakie
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will likely result in damage to the tube, because gas-filled
rectifiers are more susceptible ta damage from current over-
load than are high-vacuum rectifiers,

Low Output. The rectifier tube should be checked to
determine whether the cause of low output is low filament
emission. The load current should be cnecked to make sure
that it is not excessive, because the half-wave rectifier
circuit hos reloiively poor regulation and a decreasc in osut-
put veltage can be caused by an increase in load current
{decreqse in load resistunce). Also, the a-c secondary
voltage, esec, and the primary voltage, epry, should be
measured at terminals of transformer T1 to determine whether
these voltages are present and of the correct value. Short-
ed tums in either the primary or secondary windings will
cause the secondary voltage to measure below normal.
Snomed wums cre not easily detected by resistonce mec-
surement; a voltage mensurement isa more relicble indica-
tion. If the transformer losses (due to shorted tums) are
excessive, the transiormer moy alsc became overheated.
Ancther check o determine whether the transionmer is
detective 1s to disconnect the secondary load {s) and mea-
sure the primary current with the transformer unloaded; ex-
cessive primary current is an indication of shorted tums.
Still another check is to disconnect al} primary and secon-
dary leads fram the transformer terminals and mcke mea-
surements between the individual windings andthe core,
using an chmmetet or a Megger {insulation tester}, to de-
termine whether any of the windings are shorted to the core
ot to the Faraday shield (noise-teduction shield between
primary and secondary).

SINGLE-PHASE, FULL-WAYE RECTIFIER.

APPLICATION.

The single-phase, full-wave rectifier is commonly used
in all types of electronic equipment for upplications re-
quiring high-woltage de at a relatively high load current.
The rectifier circuit con be arronged to fumish negative or
nositive high-voltage output o the load,

CHARACTERISTICS.

Input to circuit is ag; output is pulsating de.

Uses two high-vacuum or gas-filled electron-tube dicdes
as reciitiers, or one twin-diode rectifier.

Output requires filtering; d-c output ripple fraquency is
twice the primary line-woltage frequency.

ras good requiation characteristics.

Circult provides sither positive ot negsliveoiarity
ilDuat \IL)H.\.]JL‘_.

Uses power transformer with center-tapped, high-voitage
FSCONJary Winduig.

TIRCUIT ANALYSIS.

Seneral. [he singie-phase, full-wave ractifier is the
most common type of rectifier circuit used in electronic
eaulpment. The circult consists of a high-voltage trans-
fo-ner with o cente .apped secondary winding. One plate
of the rectifier mbe {s) is connecizd to ene end of the
Tansformer ae,unwu. m".d the cther p'ate is f‘onne('tm o

F ‘....w_._..,..-r-...o\.v- -v'




ELECTRONIC CIRCUITS NAYSHIPS
the secondary winding and the filament (cathode) of the
rectifiers (s). Since the secondary winding is center-tap-
ped, the voltage developed in egch half of the secondary
winding iz in series with thecther half; therefore, only one
rectifier plate is positive at any instent. As aresult,
electrons flow through one hal cf the secondary winding,
the load, ond a rectifler diode on each half cycle of the
impressed voltage, with first one dicde conducting then
the other, Thus, the electrons flow through the load in
pulses, one pulse for each hatf cycle of the impressed
voltage.

Circuit Operation, In the accompanying circuit schematic,
part A illustrates a “full-wave’! twin-diode rectifier, V1,
used in a basic single-phase, full-wave rectifier circuit.
The rectifier circuit uses a single transformer, T1, to step
up the alternating-source voltage to a high value in each
half of the secondary winding., The filament of tube V1is
operated from o low-voltage secondary winding located on
the same transiommer core with the high-voltage secondary.
The low-voltage secondary winding is center-tapped and is
the mid-point ¢f the Hilament {cathcde) circuit to which the
load is connected. The circuit given in part A is typical
of plate-volinge and hias supplies designed to mest medium
power requirements such gs those found in communication
receivers and tranamitters, audio amplifiers, radar sets, etc.

The rectifier circuit given in part B is shown with two
separate ttansformets; Tl is o stepup tansformer o obtain
high voltage in each half of the secondary winding, and T2
is a step-down transformer to obtain the corzect filament
voltage for the operation of the twe rectifiers, V1 and V2.
The ¢ircuit is fundamentally the some as that given in part
A, The separate tronsfomer arrangement permits the primary
voltage to be applied to ransiomer T2 independent of, and
prior to, the application of primary voltage to T1 so that the
rectifier Hlaments may be heated to the nosmal operating
temperature before the plate voltage is applied. Althouch
provision for a time delay in the application of plate voltage
is not too important in the case of high-vacuum rectifiers,

a time interval to pemit preheating of the filament is usually
necessary for gas-tilled rectifiers. The creuit arrmgement
given in part B is typical of high-voltage, d~ supplies de-
signed for use in radar sets and communication transmitters.

In the two circuits illustrated, either terminal of the
load moy be placed ot ground potentiat, depending upon
whether a positive or neqative d=c output is desired.

The operation of o full~wove rectifier cirwuit can be
understood from the simplified drcuit schematics (parts A
and B) ond the wavefoms {part C) given in the accompanying
illustration.

This circuit requires two rectifier diodes md a teans-
former with a center-tapped secondary winding. Each end
terminal of the secondary winding (terminals & and C) is
connected to a rectifier plate, as shown in the simplified
clrcuit schematic. Since only one half of the secondary
winding {s in use Gt any one time, the total secondary volt-
age (esec) must be twice the voltage that would be requited
for use with o half-wave rectifier circuit (previously de-
scribed).
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Basic Single-Phose, Full-Wave Rectifier Ciccuits

The part of the secondary winding between terminals A
and B, (ep1) shown in the schematic of part A, may be con-
sidered a voltage source that produces a voltage of the pol-
arity given in the illustration. This voltage {s applied in
series with the load resistance between the plate and cathode
of the rectifier, V1. During one half cycle, time interval
a (part C of the illustration ), the plate of V1 is posidve
with respect to 1ts cathode; therelore, electrons flow in the
direction indicated by the arrows on the schematic of part
A. Thus, during the time interval o, an output voitage is
developed across the load resistance. Also during this half
cycle, the wltage roduced actoss the pant of the secondary
winding between terminals B and C (ep,) is negative; there-
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iore, the plate of V2 is negative with respect 1o its cathode,
and V2 is nonconducting,

During the next half cycle, time interval b (port T of the
illustration), the polatity of the voltage is reversed. The
part of the secondary between terminals B ad © {ep2),
shown in the schematic of part B, produces a woltage of
the polarity qiven in the illustration. This voltage 15 appiied
in series with the load resistance between e pluie wid
cathode of the Iectifier, V2, Duting time interval b (part ©
of the illustration), the plate of V7 i positive with respect
to its cathode, and electrons flow in the direction indicated
by the arrows on the schematic of part B, Thas, during tme
interval b, an output voltage {8 developed ooross the load
resistance. £lsc, during his hall cycle, the voltage pro-
dusad arrass the noet of the secondaiy winding between
tertninals A and B Lepx, 18 negative and, thereiorg Ve
nonconducting. rom the waveisms qiven in pant C, it can
te seen that only one rectifier conducts at Ty instant o
times thug, on alternate hgli oycles, elecuons flow turouak
the load fesistance to produce 4 puisating Sutput voituge,
gc. This output voltoge has a pulsating waveierm which
results in an irteqularly shaped ripple voltage becouse the
output voltage ad current are not continucus; the frequency
of the ripple voltage is twice the frequency of the a-¢
source. The full-wave rectifier circult requires filtering to
smooth out the ripple ad produce o steady d-c veltage.

The full-wave rectifier circuit utilizes the tronse
former (T1) for o greater percentage of the input cycle than
the hali-wave rectifier, because there are two pulsations
of current in the output tor each ccr"pintn cycie of the upphed

altemating voltage. Therelure, thie full-wave roctll
cut is more efficient, has less nutput 1pp1e amplitude, and
HGS ‘:"r"‘u.Cl vu‘.t""‘“ "“”“]"" an them the hali-wave rectifer
Grcuit. The &< load cutrent pasges throuth each halt ot
the seoondmy winding on mtemmc natl ,,J.e:, Howing
pposne directions in each half of the winaing. Since
15 windings ate electrizally equal (mmpere wm s} 1o one
another, the current passes first in cne direction for one hnlf
of the secondary winding and then in the other direction for
the other hali; thus, there is no tendenicy for the o siommer
core to become permanently magneuzem Fi thermcre, since
little der core saturation oceur:, the etiecty
af the transformer remaing relatively high, As
ranstormer has much higher etliciency than
szed in 2 ol fwave ractifier circuit.

1 fewt Ty o

B 02
Similorly, the mot-mean-sguaie an
can be expressed as
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he ssck inversr vaivoge o
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half of the transiormer secondaty, or 1.41 times the ms
voltage across the entire secondary. The peak inverse

voltage con be expressed as:
Etav = 2.83 Erms

where: Erms = mms voltage across helt of transtormer
seconaary

of, Einv = 1.4 Eems

whetre: Erma = tms voltage across entire transformer
secondary

The output of the full-wave rectifier circult is connected
to o suitgble filter circuit to smooth the pulsating direct
current for use in the load circuit, (Filter circuits are dis-
cussed in part D of this section.)

FAILURE ANALYSIS.

No Output. In the full-wave rectifier circuit the no-
output condition is likely to be limited to ore of three
possible causes: defective rectifier tube or tubes (open
filaments}, the lack of applied ac voltage, or ¢ shorted load
circuit {including shorted filter-circuit components).

A visual check of glass-envelope rectifier tube (s) can
be made to determine whether the Blament is lit; if the
filament is not lit, the filament of the tube is likely to be
open or the filament voltage may not be applied. The tube
filament(s)} should be checked for continuity; the presence
of comect fllament voltage at the tube socket should he de
termined by megsurement.

The a-¢ secondary voltage applied to each rectifier plate
should be measured between the secondary center-tap and
each rectifier plate to detemine whether voltage is present
and of the correct value. If necessary, measure the applied
primary voltage to detemine whether it is present and of
the correct value. With the primary voltage removed fom the
circuit, continuity (resistance) measurements of the primary
winding should be made to detemmine whether the winding is
open, since an gpen (discontinuity) in the primary winding
will cause a lack of secondary voltage.

With the primasy voltage removed from the circuit, re-
sistance measurements can be made at the output terminals
of the rectifier circuit {across load) to determine whether
the load cirauit, including filter, is shorted. If the &lter
circuit incorporates an electrolytic capacitor, the resistance
measurements made qcross the output of the rectifier cir-
cuit may vary depending upon the test-lead polarity of the
ohmmeter. Therefcre, two measurements must be made,
with the test leads reversed at the circuit test points for
one of the measurements, to determine the larger of the two
resistance measurements. The larger resistance value is
then accepted as the measured value, A short in the com-
ponents cf the filter circuit or in the load will cause an ex-
cessive load current to flow; if the rectifier-tube type is a
high-vacuum type, the heavy load current will cause the
plate to become heated andemit a reddish glow when the
plate dissipation is exceeded and, if allowed to continue,
may tesult in permanent damage to the tube. [i a gas-filled
rectifier is used in thecircuit, excessive load current will
likely result in damage to the tube because qas-filled
rectifiers are more susceptible to damage from current over-
load than are high-vacuum rectifiets.

ORIGINAL
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Low Qutput. The rectifier tube(s) should be checked
to determine whether the cause of low ocutput is low filanent
emission. Alse, since the full-wave rectifier circuit nomally
supplies current 1o the load on each half cycle, failure
of either rectifier or an cpen in either halt of the secondary
winding will allow the circuit to act as a half-wave rectifier
circuit, and the cutput voltage will be reduced accordingly.
Furthermere, whenever this oceours, the ripple amplitude
will olso increase, and the ripple frequency will be that of
the a-c source (instead of twice the source frequency), In
the case of two separate rectifier tubes, if one tube is 1it
and the other is not, the trouble {s obviously associated with
the tube that is not lit.

With the primary voltage removed from the circuit, re-
sistance measurements can be made to check the continuity
between the center-tap and each rectifier plate; shis will
detemmine whether one of the windings or plate leads is
open. As an alternative, the a¢ secondary voltage applied
to each rectifier plate can be measured between the secon-
dary center-iop and each tectifier plate to determine whether
both woltages are present and are of the correct value.

The primary voltage should he measured to determine
whether it is of the correct value, since a low applied pri-
mary voltage can result in a low secondary voltage. Also,
shorted turns in either the primary or secondary windings
will cause the secondary voltage to measure below normal.
Shorted turns are not easily detected by resistance measure-
ment; o voltage mecsurement is g more reliable indication.
If the tansfomer losses (die to shorted wms) are excessive,
the umsiormer may also become overheated. Another check
to determine whether the transformer is defective is to dis-
connect the secondary load(s) and measure the primary
current with the transformer unlocded; excessive primary
cutrent is an indication of shorted tums, Still another check
is to disconnect all primary and secondary leads from the
transformer and make measurements between the individual
windings and the core, using cn ohmmeter or a Megqer (in-
sulation tester), to determine whether any of the windings
are shorted to the core or to the Faraday shield (noise-
reduction shield between primary and secondary).

The rectifier-cutput current { to the filter cirquit and to
t0 the load) should be checked to make sure that it is within
toletance md s not excessive. A low-output condition due
to 2 decrease in load resistance would cause an increase
in load current; for exemple, excessive leakage in the cap-
aciters of the filter cireuit would result in increased load cur-
rent.

SINGLE-PHASE, FULL-WAYE BRI\DGE RECTIFIER,

APPLICATION,

The single-phase, full-wave bridge reciifier is used in
electronic equipment for applications requiring hidh-voltage
dc at a high load current. The rectifier circuit can be
aranged to fumish negative or positive nigh-voltage output
to the load, although the crcuit is commonly used ¢s a
positive hign-voltage powst supnly in most applications.

4-A-6
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CHARACTERISTICS.

Input to circuit is ac; cutput is pulsating de.

Uses four high-vacuum or gas-filled el ectron-tube diodes
as rectiliers, or two dicdes and one twin-diode as rectifiers.

Qutput tequites filtering; dc output ripple frequency is
twice the primary line-veltage frequency.

Has gocd requlation cheracterisucs,

Circuit provides either positive- or nesative-polarity
sutput voltage.

Requires three sepcrate filament transformers or separate
filament windings for rectifier tubes.

Uses power transformer with single high-voltage second-
ary winding; modified circuit to supply two output voltages
simultaneously uses transformer with center-topped, high-
voltage seconcaty winding.

CIRCUIT ANALYSIS.

General. The single-phase, tull-wave briage rectitier
circuit uses two half-wave rectitier tubes 1n series on each
side of a single transformer high-voltage secondary winding
{the transformer secondary winding does not require a center
tap); @ tota of four rectifiers are used in the bridge circuit.
Duiing each half cycle of the impressed a-c veltage, two
rectifiers, one at ecch end of the secondary, conduct in
series to produce an electron flow through the load. Thus,
electrons flow through the load in pulses, one pulse for
each half cycle of the impressed voltage. Since two d-c
output pulses are therefore produced for each complete in-
put cycle, fuli-wave rectification is cbuained md e cut
put is similar to that of the conventional fuil-wave rectifier
Clrcult.

One gdvantage of the bridge rectifier circuit over a con-
venttonal full-wave rectifier is that for o given trmsformer
total-secondary voltage the Siidge circuit produces an out-
put voltage which is nearly twice that of the full-wave cir-
cuit. Another advantage is that the pedk inverse voltage
across an individuat rectifier wbe, during the period of time
the tube is nonconducting, is approximately haif the pedk in~
verse voltage across a tube in a conventional full-wave rec-
tiftar circuit designed to produce the same output voltage,

ORIGINAL
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One disadvantage of the bridge rectifier cireuit, however,

is that at least three flament transiotmers (or three sepatate
windings) are requited for the rectifiet tubes,

In many power-supply applications, 1t is desirable to
provide two voltages simultaneously — one voltage for high-
powel stages and the other voltage for low-power stages.
For these applications the single-phase, full-wave bridge
rectifiar circult oo be modified 1o qllnnlv an additional out-
put veltage which is equal 1o one half of the voltage pro-
vided by the full-wave bridge rectifier circuit.

Cireuit Operation, A single-phase, full-wave bridge
tectifier is shown in the acompanying dircuit schematic.
Four identical-type electron-tube diodes, V1, V2, V3, md
V4, are connected in a bridge circuit ccross the secondary
winding of transformer T1, Eoch tube forms one am of
the bridge oircult; the lood is connecied belwesn i juncion
points of the balmeed ams of the bridge. Transformer T1
is g step-up transformet to provide high woltage fot the
bridae rectifiers. The circuit given shows three separate
filoment tronsformers, T4, T3, and T4, A single filamem
ransformer may be used, provided that it incomorates three
separate filament secondary windings that are well insulated
from each other and from ground {chossis). Note that the
filaments of V1 and V2 are at the same potential with re-
spect to each othet, whereas the filaments of V3 ond V4
ate not. The filanents of V3 and V4 are connected to op-
posite ends of the high-voltage secondaty ond therefore
operate at the full potenticl difference that exists across
the secondary of T1; thus, if the filaments of V3 and V4
were supplied by a single transformer winding, the common
cornedtion would ploce o short armzs the hmh—mlmne
secondary winding, The filaments of V3 and V4 mus
therefore, be insulated from each other and must dso be
well insuleted from ground. In either case, whether three
separate filoment transformers or a single filoment trans-
former with multiple secondary windings is used, the filament
orimary voltage is applied independent of, and prior to,
the primary voltage to T1, This arrangement permits the
rectifier filaments to be preheated to the normal operating
temperature before the high voltage is cpplied to the bridge-
rectitier cdreuit.

4-A-7
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Basic Single-Phase, Full-Wove
Bridge Rectifier Circuit

The circuit arrangement given in the illustration permits
either temina! of the load to be placed at ground potentid,
depending upon whether o positive or negative d-c output
is desired. The circuit is typicd of high-voltage, d-c
supplies designed for use in radar sets and communication
transmitters.

The opetation of the full-wave bridge rectifier circuit
can be understood from the simplified circuit schematic
(parts A and B ) and the waveforms (part C) shown In the
accompanying illustration. The basic bridge rectifier
schematic, given ectlier in this discussion, has been
simplified and redrawn in the the form of a simple bridge
circuit; the rectifier tube reference designations used
correspond 1o those assigned in the basic bridge rectifier
schematic. The bridye circuit uses four identicai-type
rectifiers. The end terminals of the transformer high-vol-
age secondary winding are connected to opposite cathode~
plate junction points of the rectifiers comprising the arms
of the bridye circuit, as shown, The load is connected
between the remoining two cathcde-plate junction points
of the bridge circuit.

ORIGINAL

During the first half cycle, the transformer secondary
winding (terminals A and B), shown in the schematic of
part A, may be considered a voltage source that produces
a voltage of the polarity given in the illustration. During
time interval a, terminal A is positive with respect to ter-
minal B; as a result, electrons will flow in the direction
indicated by the arrows through the series circuit composed
of rectifier V4, the load, and rectifier V1. This electon
flow produces an output pulse of the polerity indicated
across the load resistance. Also, during this period {time
interval o}, V2 and V3 are nonconducting.

During the next half cycle, time interval b, o secondary
voitage is produced of the polarity given in part & of the
illustration. Terminal B is positive with respect to terminal
A; as aresult, electrons will How in the direction indicated
by the arrows through the series circuit composed of recti-
fier V3, the load, and rectifier V2. The electrons flowing in
the series c¢ircuit once again produce an output of the same
polarity as before across the load resistance. During this
period {time interval b), V1 and V4 are nonconducting.

4-A-8
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Citcnit and favefvima
ORIGINAL

900,000. 102 POWER SUPPLIES

From the waveforms given in part C, it can be seen
that two rectifiers conduct at any instant of time; thus,
on alternate half cycles, electrons flow through the load
resistance to produce a pulsating output voltage, e.. This
output voltaqe has a pulsating waveform, which results in
an irregularly shaped ripple voltage because the output
voltage cxnd current cre not continuous; the frequency of the
uppu: vuuugc isitwice the ;r""““"‘"",’ of the n-c source. The
full-wave bridge rectifier circuit requires filtering to smooth
cut the ripple and produce g steady d-c voltage.

The full-wave bridge rectiiier circuit makes continuous
use of the transformer secondary; therefore, there are two
pulsations of current in the output for each complete cycle
of the applied a-c voltage. The d-c load current passes
through the entire secondary winding, flowing in one direc-
tion for one halt cycle of the applied voltage, und in ihe
gppostte direction for the other half cycle; thus, there is
no tendency for the transformer core to become permanently
magnetized Slnce little d-c cate satu'ction occurs, rhe

efficiency, is relatively hlgh.
The full-wave bridge rectifier, assuming a series of
hall sine waves as the wavelorm for the cutput voltage,
e, (unfiltered), produces the following root-mean-square
voltage:
Erms = Emax x 3.707
whete: Emar = maximum instantaneous woltage
The corresponding average output voltage is:
Eay = 0.9 Ems
Similarly, the root-mean-square and average output currents

Lo cvnemamnd
CGn o€ CRPICHICT adl

Ima = Imax x 0,707

and: lav = 0.9 liws

The peak inverse veltage acloss an individual rectiiter
in a full-wave bridge rectifier circuit during the period ot
time the tube is ncnoonducting is approximately 1,41 times
the s voltege acress the secondary winding. The secon-
dary woltage, 2sec, is applied to two rectifier tubes in
series; therefore, since less peak inverse voltage (approxi-
mately one half) appears across each tube, the bridge cir-
cuit can be used to obtain a higher output voltage thun ol
be obtained from a conventional full-wave rectifier circuit
using equivalent rectifter tubes. The peak inverse voltage
per tube can be expressed as:
Einv {per tube) = 1.41 Ems
Eemas = ms voltaqe actoss entire seoandary

L

where

‘:JI'L'CJQE ec h{xel ,_»unucb iwice the \JJ',}L.' o
same total twansformer secondary .rolmge cn'* d-'“ o.:\tp.h
curient as does the lull-wgve tect
tclpped secondary. The output of the DI
is connecied to a suitable filter circuit to smooth the pul-
satiny direct curent for use in cireuit. (Filter
circuits are discussed in the latter part of this section.;
A variation of the full-wave bridge tectifier circuit

uses a transformer with a center-lapped secondary winding
to supply two ocutput voltages simultaneously to two separate
loads. The circuit is fundamentally the same as that qiven

n the load

mrlsamy S 4l ™ ac =
QOhiisr; of i3 I2eson theioze "‘"‘p”"}.’".' !
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transformers and associoted filomert circuitty. The reterence
designations previcusly assigned remain unchanged.

T
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Simplified Full-Wave Conter-Tap and Full-Wave
Bridge Rectifier Circuit

One adventage of the circuit is that two veltages may
be supplied from the same set of rectifiers, One ouput
voltage (E ) is obtained from the output of the bridae

dreuit; the second cutput voltage (_2_E“), whichisequd to

one half of the bridge output veltage, is obtained by using
two rectifiers, V3 end V4 of the bridge, and the center tap
of the secondary winding as a conventional full-wave
rectifier circuit. (The operation of the full-wave rectifier
elrcult was previously described in this section.) Although
this circuit variation can supply mwo gutput veltages simul-
taneously to two separate loads, there is a limitation on
the total curtent which can be camied by the rectifiers, V3
and V4.

FAILURE ANALYSIS.

No Outper. In the full-wave bridge rectifier circuit,
the no-output condition is likely to be limited to one of
several possible couses: an open filament supply circuit,
defective rectifier tubes, the lack of applied o-c voltage,
or a shorted load circuit {including shorted filter-circuit
components),

A visual check of glass-envelope rectifier tubes can
be made to determine whether the filaments qre lit, If the
filaments are not all lit, the primary voltage may not be
opplied to the filament transiormers (T2, T3, and T4).

If enly the filaments of V1 and V2 are not lit, there will
be no d-c gutput from the rectifier ¢ireuit, and transformer

ORIGINAL
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T2 or both tubes may be defective. The tube filaments
should be checked for continuity; the presence of cotrect
filament voltage at the tube sockets (V1 ad V2) should be
determined by measurement. [ necessay, the primary and
secondary voltages snould be checked gt the terminals of
transiormer T2 to determine whether the transiormer is
defective,

The a-¢ secondary voltage, esec, shouid be megsured
at the terminals of transformer Tl to determine whether the
voltage is present and of correct vahie. If necessary,
measure the applied primary voltage, epqy, t¢ determine
whetner it is present and of the carrect value. With the
primary voltage removed from the circuit, continuity measure-
ments of the primary and secondaty windings should be made
to determine whether one of the windings is open, since an
cpen (discontinuity) in either winding will cause a lack of
secondary voltage.

#¥ith the orimary veltoge revoved from the circuit, re-
sistance meagsurements Zan be made at the ocutput termi-
nals of the rectifier circuit (across load) to determine
whether the load circuit, including filter, is shorted. A
shott in the companents of the {ilter citcuit or in the load
will cause an excessive load current to flow. If the recti-
fiers are of the hign-vacuum type, the heavy load current
will couse the plates of the rectifiers to become heated agnd
emit  reddish glow when the plate dissipation is exceeded
and, if allowed to continue, may result in permanent damage
to the tubes. The high-voltage bridge circuit normally
employs gas-filled rectifiers; an excessive load current will
very likely result in permanent damage to the tubes becaquse
they are susceptible to damaye from current overload. There-
fore, once the difficulty in the lcad circuit has been located
und cortected, the gos-iilled rectitiers may require reploce~
ment ds a result of the overload condition,

Lew Dutput. The rectifier tubes should be checked to
determine whether the filaments ae lit; one o1 mote defect-
ive rectifiers in the bridge con cause the low-output con-
dition. Also, failure of only one rectifier in the bridge
will allow the circuit to act as a half-wave rectifier with
current supplied to the load on dlternete half cycles only,
and the output voltage will be reduced accerdingly. If
rectifier tube V1 or V2 is not lit, the trouble is obviously
associated with the tube that is not lit; however, if ¥3 or
V4 is not lit, then the trouble may be either the tube (V3 or
V4) or its associated filament tronsformer (T3 ot T4), The
tube filament should be checked for continuity; the presence
of correct {{lanent voltage at the tube socket should be
determined by measurement, If necessary, the primary and
secondary voltages shiculd be checked at the terminals of
the filament transtormer (T3 or T4) to determine whether
the transicrmer is delective.

The load current should be checked to moke sure that
it is not excessive, because ¢ decrease in output voltaye can
be caused by an increase in logd curtent {decrease in lood
resistance}; for example, excessive leakage in the capacitors
of the filter cirouit would result in increosed load current.
Alsc, the o= sacondary voliane, eass. and the primary
voltage, 2pe:, cnoild be measired ut e termingls of trans-
former Tl to determine whether these voitages ae of the
zorrect value. Shorted turns in either the primary or secon-
dary windings will couse the secondary woltage to measute
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below normal. Shorted turns are not easily detected by re~
sistance measurement; g voltage meosurement is a more
teliable indication. If the transformer losses (dus to shorted
turns) are excessive, the transformer may alsc become over-
heated. Another check to determine whether the transformer
is defective is to disconnect the secondaty load (s} and
measure the primary current with the transformer unloaded;
excessive primary current is an indication of shorted turns.
Still another check is to disconnect all ptimary and secondary
leads from the transformer and make mecsurements between
the individugl windings and the core, using an chmmeter or

a Megger {insulation tester), to determine whether any of

the windings are shorted to the core or to the Faraday shield
(noise-reduction shield between primary and secondary).

THREE-PHASE, HALF-WAYE (THREE-PHASE STAR)
RECTIFIER.

APPLICATION.

The three-phase, half-wave star or wye-connected
rectifier is used in electronic equipment for gpplications
where the primary a-c source is three-phase and the d-¢
power requirements exceed 1 kilowatt. The rectifier circuit
ean be arranged to furnish negative or pesitive high~voltage
output to the load.

900, 000. 102 POWER SUPPLIES
CHARACTERISTICS.

Input to cireuit is three-phase ac; output is do with
amplitude of ripple voltage less than that for a single-phase
rectifier,

Uses three high~vacuum or gas-filled electron~tube
diodes as rectifiers.

Output is relatively easy to filter; d-c output ripple
frequency is equal to three times the primary line-voltage
frequency.

Hos good requlation characteristics.

Circuit provides either positive- or negative-polarity
output voltage.

Uses multiphase power transformer with star- or
wye-connected secondary windings; primary windinygs may
be either delto- or wye-connected.

CIRCUIT ANALYSIS.

General, The three-phase, hatf-wave (three-phase star)
rectifier is the simplest type of three-p hase rectifier
circuit. The term three-phase refets to the primary g-c
source, which is the equivalent of three single-phase
sources, each source supplying a sine-wave voltage 120
degrees out of phase with the others. Fundamentally,
this rectifier circuit resembles three single-phase, hali-
wave ractifier circuits, each rectifier circuit operating from
one phase of g three-phase source and sharing a common
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load, The voltages induced in the wransfomer secondary
windings differ in phase by 120 degrees; thus, each half-
wave rectifier conducts for 120 degrees of the complete
input cycle and contributes onre third of the d-c current sup-
plied to the load. Electrens flow through the load in pulses,
one puise for each positive half cycle of the impressed
voltage in each of the three phases; thersfore, the output
valtage has a ripple frequency which is three times the
frequency of the a-c source.

Cireuit Operation. A basic three-phase, half-wave rect-
ifier is illustrated in the circuit schematic on page 4-A-11.
The circuit uses g three-phase transiormer, T1, to step up
the alternating source voltage to a high value in the star~ or
wye-connected secondaries. The primary windings of
transformer T1 are shown delta-connected, aithough in some
instances the primary windinys may be wye-connected
(as for a three- or four-wire system). The plate of each rec-
tifier tube, V1, ¥2, and V3, is connected to g high-voltage
secandary winding. One filoment tansiormer, T2, is nsed
to supply the filament voltage to all three rectifiers since
the filaments of the rectifiers are dl at the same potential.
The primary of transformer T2 is connected to one phase
of the three-phase source. The load is connected between
the junction point of the wye—connected secondary windings
and the filament circuit of the tectifier tubes,

In the circuit illustrated, either terminal of the load
may be placed at ground potential, depending upon whether
a positive or negative d-c output is desired.

The operation of the three-phase, half-wave rectifier
circuit ¢an be understood from the circuit schematic pre-
viously given and from the waveforms shown in the accom-
panying illustration.

Each phase of the three-phase secondary voltage is
applied across a rectifier and the common load. The se-
condary voltage of phase No.1 (esecl) is opplied to recti-
fier V1, the secondary voltage of phase No.2 (€aec?) is
applied to rectifler V2, and the secondary voltage of phase
No.3 (esec3) is applied to rectifier V3. The waveform
given in the accompanying illustration as esec shows each
of the three secondary voltages dispioced 120 degrees from
each other. Cn positive half cycles of esecl, electrons
flow through the lcad and rectifier V1; the pulse of plate
current for rectifier V1 is identified in the illustration gs
the waveform, V1ip. On positive half cycles of esec2,
electrons flow through the logd and rectifier V2; the pulse
of plate current for V2 is identified as V2 i,. On positive
half oycles of eaec3, slecirons flow through the load end
rectifier V3; the pulse of plate current for V3 is identified
as V3i,. From the three individual piate-current waveforms
it can be seen that the stort of o conduction petiod for any
rectifier occurs 120 electrical deqgrees from the start of «
conduction peticd for another rectifier in the circuit. The
output voltage, e., actoss the load resistmce is determined
by the instanteaneous cutrents flowing through the load:
therefore, the output voltage has a pulsating waveform
which never drops to zero because of the nature of the
rectifier conduction periods.

If it were not {or the overlapping of applied three-phase
secondary voltages, the rectifiers would each conduct for
180 degrees of the cycle; however, during the first 30 de-
grees of a hdlf cycle, the plate of the rectifier is negative

ORIGINAL
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Three-Phese, Hall-Wave Ractitier Waveforms

with respect to its positive filanent {cathode), and it will
not conduct until the positive voltage applied to the plate
exceeds the d-c output voltage pulsations present across
the logd and at the filament circuit. Also, during the last
X degrees of a half cycle, the plate is again negative with
respect to the filament, and rectifier conduction ceases
because the rectifier of qnother phase has started to conduct
and produce a positive voltage across the load. In cther
words, each rectifier tube conducts for only one-third cycle,
and this results in a series of d-c output voltage pulsetions
with an irregularly shaped ripple voltage; the frequency

of the ripple voltage is equal 1o three times the frequency
of the a-c source. Because the ripple frequency is higher
than that of a single-phase rectifier circuit, the three-phase,
half-wave rectifier circuit requires less filtering to smooth
out the ripple ond produce a steady d-c voltage.

In order to keep d-c core saturation to a minimum
(becauee of curmrent flowing in one direction only in the
secondary windings) and to keep the efficiency relatively
high, it {s necessary to use q single three-phase transform-
er In this ciruit, rather than three separate single-phose
transformers.

4-A-12
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The three—phase, hali-wave rectifier produces across
the load ¢ pulsating {unfiltered) d-c output voltoge, Eav,
as follows:

Eav =1.17E;ms
Ems = Ims voltege acrass cne secondary
winding of three-phase transformer

The peck inverse voltage across an individudl rectifier
in the three-phase, halt-wave rectitier circuit during the
period of time the tube is nonconducting is approximately
2.45 times the rms voltage actoss the secondary winding
of one phase. Seme pulsating d-c voltage is always present
across the load, and this voltage is in series with the a-C
voltage applied to the plate; therefore, the sum of the in-
stantaneous value of pulsating d-¢ voltoye gcross the load
and the instantaneous oeak voltaue across the secondary
Tepresent the value of peak inverse voitage across the
tectifier tube. The peak invarse vcoliage per whbe can be ox-
pressed as: Eynv [per tube) = 2.45 Erms
where: Fras = ms voltnge across one secondary

winding of the three-phase transormer

The cutput of the three-phase, half-wave rectitier cir-
cuit is connected to a suitable filter circuit to smocth the
pulsating direct current for use in the load circuit. (Filter
circuits are discussed in part D of this section.)

where:

FAILURE ANALYSIS.

No Output. In the three-phase, half-wave rectitier
circuit, the no-output condition is likely to be limited to
cne of several possible causes: the lack of a-c filament
supply, the lack of applied a-c high veltage, or a sherted
ioad circurt (inciuding sherted fiiter componenisj.

A visual check of the glass-envelope rectitier tubes

-an DGS‘A]” he made to determ

e whather oll filgments are

iit; if they are not lit, the filament voltage should be mec-
sured at the secondary terminals ot wranstormer TZ, If
necessaty, measure the appiied primary voliage to deter-
mine whether it is present md of the correct value, With
the primary voltage removed from the circuit, continuity
{resistance) measurements of the primary and secondary
windings should be made to determine whether one winding
is open. since an open winding (primary or secondary) will
couse a lack of \‘Hnmenf \mhnﬂn

With the primary voltage ‘emaved from the circuit,
continuity {resistance) megsurements should be made of
the g emnnf]nrv and primary umf‘mﬂq tn Aatermina whether
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to the icad circuit, i necessary, the o-c secondary voltage
applied to the rectifier plates may be meuasuwred between

the common terminal of the wye-connected secondaries

and the nlg[e nf one or more rectjfiars 1n Astarming whether
voltage is present and of the correct value, Also, i neces-
sary, measure the appiied thiee-phase prinary vollage o
determine whether 17 is present and of the cortect vaiue,

‘Nith the primary voltege removed from the zircuit,

ragicionss maasurements oon be made at the outnut ter-

minals of the rectifier circuit {across load) to Jetermine
whether the load circuit, inciuding filter, ig shored. A

short in the compaonents of the filter circuit orin the ioad

.......... fpp Tmad seemnr v

circuil will cquse an excesaive load curren
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load current will cause the plate of the rectifiers to become
negted and emit a reddish glow when the plate dissipation
is exceeded and, if allowed to continue, may result in per~
manent damage to the tubes. [f gas-filled rectifiers are
used in the circuit, excessive load current will result in
permanent damage to the tubes becquse yas-filled rectifiers
are very susceptible to damage from current overloed.
Therefcre, once the diffrculty 1n the load circuit has been
located and comectad, the yas-filled rectifiers will require
replacement as a result of the overload condition.

Low Qutput. 1f only one or two phases of the three-
phase, half-wave rectifier circuit are opercting normally
the output voltage will be lower than normal. For example,
if only one secondary winding and asscciated rectifier is in
opetation, the effect is the same as though it were o single-
phase, hali-wave rectifier circuit und, as o result, the
output yoltaae is much lower than normal,  When two phases
are aperating, the cutput voltage is somewhat higher and,
whren all three phases are opereting, the output is normal.
Thus, the low-output condition can be due to the fact that
one or more secondaty-phase circuits are not functioning
normally.

The rectifier tubes should be checked first to determine
whether a1l filaments cre [it. All rectifier filaments are in
parallel; therefare, if one filament is not lit, the trouble
is obviously associcted with this particular tube. The
tube filament should be checked for continuity; the presence
of carrect filament voltage at the tube socket should be
determined by measurement,

With the three-phase primery voltage removed from
the circull, conunuily measuiementis stouid be made of the
secondary and primary windings, to determine whether one
{ar more) of the \mnr{mn: is onen. if necessary, the a-c

secondary veltage gpplied to each rectifior plate may be
measured between the common terming} of the secondary
wye connection and the plate of each rectifier, to detemmine
whether voltoge is cresent and of the correct value, Also,
if necessary, medsure the applied three—phase primary
Volicge @t each of the phases, o determine whether each
voltage is present mnd of the correct value, since u low
applied primary voltage can result in a jow secondary vol-
age.

Shorted turns in either the primary or secendary wind-
inas will cause the secondary voltage to measure below
normal. T sonnnact rtH secondary PGdS from the tronsformer,
r.“.ary jeibiag=] ."A isoanondication of :nor{ea tums.

Wi AT arinin
MInding
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voltage indication; oll leads should be disconnected from
e rrmatarmer Sna menSirament s mane petween fre inorvie
dua! windings and the core, using an ohmmeter of a Megoer
(insulation lester), & determing whethor my &1 the windings
are shorted to the core.

The rectifier-output current {to the filter cirouit and to
tha laad) chaild be cherkad to make sure that it is within
iclerance and is not excessive. A low-oulpul condition
due to o decrease in locd resistaice would couse @ 1crease
ingd current: ior exarpie, excessive ieakage in ine cupa-

mitore ct th.’: h Hnr r-lrr'nﬂ' a7

nid result m inerensed ioad

Luiiint.
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Basic Three-Phase, Full-Wave (Single “‘Y"’ Secendary)
Rectifier Circuit

THREE-PHASE, FULL-WAVE (SINGLE "Y'* SECONDARY)
RECTIFIER.

APPLICATION.

The three-phase, full-wave rectifier with single-wye
secondary is used in electronic equipment for applications
where the primary g-c source is three-phase and the d-¢
output power requirements are relatively high. The rectifier
circuit can be arranged to furnish either negative or positive
high-voltage output to the load.

CHARACTERISTICS.

Input to circuit is three-phase ac; output is dc with
amplitude of ripple voliage less than that for a single-
phase rectifier.

Uses six high-vacuum ar gas-filled electron-tube dicdes
as rectifiers,

Output requires very little filtering; d-c output
ripple frequency is equal to six times the primary line-
voltage frequency.

Has good regulation characteristics,

Circuit provides either positive- or negative-polarity
output voltage,

ORIGINAL

Requires separate filament transformers or separate
filament windings for rectitier tubes,

Uses multiphase power transformer with wye-connected
secondary windings; primary windings may be either
delta- or wye-connected.

CIRCUIT ANALYSIS.

General, The three-phase, full-wave (single-wye-
connected secondary) rectifier is extensively used where a
large amount of power is required by the load, such as for
large shipboard or shore electronic installations, The
term theee-phase refers to the primary a-¢ source, which is
the equivalent of three single-phase sources, each source
supplying 4 sine-wave voliage 120 degrees out of phase
with the others. Because of the three-phase transtormer
secondary configuration, the circuit is sometimes referred
to as o bridge or six-phasze rectifier circuit.

In many power-supply applications, it is desirable to
provide two voltages simultaneously—one voltage for high-
power stages and the other voltage for low-power stages.
For these applications the three-phase, full-wave rectifier
circuit can be modified to supply an additional cutput
voltage, which is equal to one half of the voltage provided
by the full-wave rectifier circuit.
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Circuit Operation. The basic three-phase, full-wave
rectifier circuit is illustrated in the accompanying circuit
schematic. The circuit uses a conventional three-phase
power transformer, T1, to step up the altemating source
voltage to o high value in the wye-connected secondaries,
The primary windings of transtormer T1 are shown delta-
connected, although in some instances the primary windings
may be wye-connecied (a5 for @ thise- or four-wire systen).
The plate of rectifier V1 and the filament (cathcie) of
rectifier V6 are connected to secondary terminal No. 1 of
transformer T1: the plate of rectifier V2 and the filament of
rectifier V4 are connected to secondary terminal No. 2; the
plate of rectifier V3 and the filament of rectifier V5 are
connected to secondary terminal No. 3.

One filament transtormer, T2, is used to supply the
filament voltoge to rectifiers V1, V2, ad V3, since the
filements of these rectifiers are all at the same potential.
However, since the filaments of rectifiers V4, V5, and VB
have a high potential difference existing between them,
three separate filament transiormers (T3, T4, and TS are
used. A single filament transiormer may be used for this
purpose, provided that it incorporates three separate fila-
ment windings that are well insulated from each other and
ground (chassis). The primary windings of filament trans-
formers T3, T4, and TS are connected to different phases
of the three-phase source. The a-c voltage for the primaries
of the filament transformers is applied independent of, and
prior to, the primary voltage to the three-phase power
transformer, T1. A time-delay arrangement, either manu-
ally operated or automatic, normally permits the rectifier
filamenis ivbe prehevied 1o the nofngl OpeiGiing lempsi-
ature before the high-voltage ac can be applied to the
rectifier circuit.

The circult arrangement given in the illustration
permits either termina! cf the load to be placed at ground
potenitial, depending upon whether a positive or negative
d-c output is desired; however, the clircuit is commonly
crranged for a positive d-c output, with the negative
output terminal at ground {chassis). The circuit is typical
of high-voltage d- supplies designed for use in radar sets,
communication transmitters, or other equipment for which
the d-c power requirement is several kilowatts or more.

The operation of the three-phase, full-wave rectifier
circuit can be understood from the simplified circuit
schematics {parts A through F) and the waveforms given in
the accompanying illustration. The basic three-phase,
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full-wave rectifier schematic, given earlier in this
discussion, has been simplified to show the circuit action
throughout the electrical éycle; the reference designations
used correspond to those assigned in the basic circuit
schematic.

The voitages developed across the secondary windings
of transformer T1 are 120 degrees out of phase with
ielation 1o woch oiher and are constantly changing in
polarity. The polarities indicated for the secondary wind-
ings in the simplified circuit schematics (parts A through
F) of the accompanying iliustration represent the
instantaneous polarity of the induced voltages in the sec-
ondary. The arrows on the schematics are used to indicate
the directions of electron flow in the circuit.

The plates of rectifiers V1, V2, ond V3 are connected to
secondary windings No, 1, No. £, and No. 3, respectively;
the filaments (cathode) of rectifiers V6, V4, and V5, are
connected to secondary windings No. 1, No. 2, and Ne. 3,
respectively. When the plates of V1, V2, and V3 e
positive with respect to their filaments, the tubes wili
conduct; when the filaments of V4, ¥5, and V6 are negative
with respect to their plates, these tubes will conduct. At
any given instant of time in the three-phase, full-wave
rectifier circult, a rectifier, the load, and a second recti-
fier are In serles across two of the wye-connected truns-
former secondaries and, therefore, two rectiflers are con-
ducting, Each of the six rectifiers conducts for 120
degrees of an electrical cycle; however, there {s an over-
lap of conduction perlods, and the rectifiers conduct in @
sequence which is determined by the phasing of the
Inthe circuit described, two rectifiers are conducting at
@y Instant of time, with rectifier conduction occurring (n
the following order: V1 ond V4, V1 and V5, V2 and V5,
V2 and V6, V3 and V6, V3 and V4, Vi and V4, etc.

Refer to the secondary-voltage waveform, esee, shown
in the accompanying illustration. Assume that the o-c volt-
age induced in secondary No, 1 (between 30 and 90
electrical degrees, phase No, 1) is approaching its max-
imum positive velue (at 90 degrees); also, the voltage
induced in secondary No. 2 has reached its maximum neg-
ative value (at 30 degrees) and is decreasing. (Secondary
No. 3, although positive at 30 degrees, is decreasing to
zero,) This condition is shown by the simplified schematic
of part A in the accompanying {llustration. The plate of
rectifier V1 becomes positive with respect to its filament
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(cathode), ond the filament of rectifier V4 is negative with
respect o its plate; therefore, both tubes conduct, and the
electrons flow through V4, the load, and V1 for 60 degrees
of the electrical cycle.

In part B, the a¢ voltage induced in secondary No. 1
reaches its maximum positive value (at 90 degrees) and
starts to decredase during the next 60 deqrees of the
cycle; the voltage induced in secondary No. 3 1s appreach-
ing its maximum negative value. The plate of V1 remains
positive with respect to its filament, and the flament of
V5 becomes neqative with respect to its plate; therefore,
V1 continues to conduct and V5 takes cver conduction from
V4, with V1 and V5 conducting in series withthe load.
Electrons flow through V5, the load, and V1 for another
Al dearees of the cycle.

In part C, the a-¢ voltage induced in secondary No. 3
reaches its maximum negative value and the positive volt-
oge in secondary Ne. 2 is increasing. The filament of V5
Temains neqative with respect to its plate, and the plate of
V2 becomes positive with respect to its filament; there-
ivre, V5 continues to conduct and V2 takes over conduction
frem V1, with V2 and V5 condueting in seties with the load.
Electrons fiow through V5, the load, and V2 for another 60
deqrees of the cycle.

In part B, the a< voltage induced in secondary Na. 2
reaches its maximum positive value and starts to decrease;
the voltage induced in secondary No. 1 is approaching its
maximum negative value. The plate of V2 remains positive
with respect to its filament, and the filament of V6 becomes
neqative with respect to its plate; therefore, V2 continues
1o conduct and Y6 takes over conduction from VD, with V2
and V6 conducting in series with the load, Electrons flow
through V8, the load, and V2 for oncther 80 degrees of the
cycla.

In part E, the a- voltage induced in secondary No. 3
is approaching its maximum positive value, and the
negative veltage in secandary No. 1 is decreasing. The
filement of V& remacins negative with respect to its plate,
and the plate of V3 becomes positive with respect tc its
filament: therefore, V6 continues to conduct and V3 takes
over conduction from V2, with V3 and V6 conducting in
series with the load. Electrons How through V6, the load,
amd V3 for anather 80 deqrees of the cycle.

In part F, the a-¢ voltage induced in secondary No. 2 is
uppioaching its maximum negative value, and the positive
voliage in secondary Mo, 3 is decreasing, The plate of V3
remains positive with respect to its filament, and the
filament of V4 becomes negative with respect to itsplate;
therefore, ¥3 continues to conduct and ¥4 takes over
conduction from VB, with V3 and V4 conducting in serles
«ith the load. Electrons flow through V4, the load, and V3
for another 60 degrees of the cycle.

The cycle of operation is repeated, as shown in pait A,
when the a-c veltage induced in secondary No. £ reaches
its maximum negative value and the positive voltage in
secondary No, | s increcsing. The filament nf V4 remains
neqative with respect 1o its plate, and the plate of Vi
becomes positlve with respect to its filament; therefore, V4
continues to conduct and V1 tekes over conduction from

vem ST I i (N N | i
V3, with V1 and V4 conducting in serics with the logd,
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Electrons flow through V4, the load, and V1, to initiate
ancther complete cycle.

Thus, from the action described above, it can be seen
that each positive and negative pedk in each of the three
phases produces a current pulse in the load. Becouse of
the nature of the tectifier conduction periods, each rectifier
tube conducts for 12C deqgrees of the cycle and carries one
third of the total load current. The output voitage, €s, pPro-
duced across the load resistance s determined by the
instantaneouys currents flowing through the load; therefore,
the output voltege has a pulsating wavetorm, which results
in an irrequlerly shaped ripple voltage, because the output
current and voltage are not continuous. The frequency of
the ripple voltage is six times the frequency of the a—
ermrre  Since this ripnle frequency is higher than the
ripple frequency of d single-phase, full-wave rectifier cir-
cuit of a three-phase, half-wave rectifier circuit, relatively
little filtering is required 1o smocth out the ripple and pro-
duce g steady d-¢ voltage.

The three-phase, full-wave rectifier circuit makes
continuous use of the transicrmer secondaries, with the
d-c load current passing through a secondary winding first
in one direction and then in the other; thus, there is rio tend-
ency for the transformer core to become permanently mag-
netized. Since little d-c core saturation ccours, the effec-
tive inductance of the tronsformer, and therefore the effici-
ency, is relatively high.

The three-phase, full-wave rectifier produces across the
load a pulscting (unfiltered) d-c cutput voltage, Eqy, as
follows:

Eovsd 3 B
where: Eems = tms volloge across one secondary
winding of three-phase transformer

The peak inverse voltoge ccross an individual rectifier
in the three-phaose, full-wave rectifier circuit during the
period of time the tube is nonconducting is approximately
2.45 times the rms voltage across the secondary winding
of one phase, Some pulsating d-c voltage is always present
actoss the load, and this voltage is in series with the
applied o< seconcary voliage; therefore, the sum of the
instantanecus pulscting d-c load voltage and the instantan-
eous peak secondary voltoge represents the peak inverse
voltage across the rectifier tube, The pedk inverse voltage
per tube Can be expressed as:

Einv (per tube) = 2.45 Epms
whete: Erma = ms voltage across one secondary
winding of the three-phase transformer

The cutput of the thiee-phase, full-wave rectifier cir-
cuit is connected to a suitable filter circuit to smooth the
puisuling direct cuttent for use in the load circuit. (Filter
circuits are discussed in part D of this section.)

A variotion of the three-phase, full-wave rectifier cir-
cuit uses the common terminal of the wye-connected sec-
ondaries and rectifiers V4, V5, end VB to form a three-
phase, half-wave rectifier citcuit, The circuit is funda-
mentally the same as that given earlier; for this redson
the aocompanying circuit schematic has been simplified
and redrawn to eliminate the filament ransformers and
associnted filoment circuitry., The tefetence designations

PIEvIOUSLY Uoaiyhitu LM Ui RIYG G,
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Simplified Three-Phase, Hol#-Wave and Three-Phase,
Full-Wave Rectifier Circwit

One advantage of the circuit is that two voltages may be
supplied from the some transformer and rectifier combina-

tion. ‘One output voltage (Eqw) is obtained fram the full-
wave circuit; the other voltage Egy, which is equal to

one half of the full-wave output voltage, is obtained by
using rectifiers V4, V5, and V6 end the common terminal
of the wye-connected secondaries as a conventional three-
phase, half-wave rectifier circuit. {The operation of the
three-phase, half-wave rectifier circuit was previcusly
described in this section.) Although this circuit variation
ctn supply two output voitages simultaneously to two sep-
arate loads, there is a limitation on the total current which
can be catried by the rectifiers (V4, V5, ond V6).

ORIGINAL
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FAILURE ANALYSIS.

Ne Output. In the three-phase, full-wave rectifier
circuit, the no-output condition is likely to be limited to
the following possible causes: the lack of o filament or
filoment-transformer primary supply voltage, the lack of
applied a- high voltage, or a sherted load circuit (inchud-
ing shorted filter components).

A visual check of the glass-envelope rectifier tubes can
easily be made to determine whether all filaments are lit.
The filaments of V1, V2, and V3 should be observed first,
because if these rectiliers are not lit there can be no d—
output. If the filaments of V1, V2, and V3 are not lit, the
filament voltage should be measured ¢t the secondary of
trensformer T2 to determine whether it is present; if nec-
essary, check the primary voltage of T2 to determine
whether it |5 present and of the cortect value. 1f none of the
rectifier filaments are lit, the primary voltage source for
the operation of tremsformers T2, T3, T4, and T5 should be
checked for the presence of voltage.

With the primary voltage removed from the circuit,
continuity (resistance) measurements should be made of the
secondary and primary windings to determine whether one
or more windings are open. If necessary, the a secondary
voltage at each of the three high-veltage secondaries may
be measured between the common terminal of the wye-
connected secondaries and the individual secondary ter-
minal or the corresponding rectifier plate, to determine
whether voltage is present and of the comect value. Also,
if necessary, measure the gpplied three-phase primary volt-
age to determine whether it is present and of the correct
value,

With primary voltage removed from the rectifier circult,
resistance measurements ¢an be made at the output ter-
minals of the rectifier circuit {across load) to determine
whether the loed circuit, including the filter, is shorted.

A short in the components of the filter circuit or in the load
circuit will cause an excessive load current to flow. If
the rectifier tubes are of the high-vacuum type, the heavy
load current will cause the plate of the rectifiers to be-
come heated and emit a reddish glow when the plate
dissipation is exceeded and, if allowed 1o continue, may
result in permanent damage to the tubes. If gas-filled
rectifiers are used in the circuit, excessive load current
will result in permunent damage to the tubes because gas-
filled rectifiers are very susceptible to damage from cur-
rent overload. Therefore, once the difficulty in the load
circuit has been located and corrected, the gas-filled
rectifiers will require replacement as a result of the over-
load condition.

Low Output. The rectifier tubes should be checked to
determine whether the filaments are lit. Because of the
normal overlap in rectifier conduction periods and the
conduction of tubes in series to obtain full-wave output, one
or more defective rectifiers in the three-phase, full-wave
rectifier circuit con cause the low-output condition. Fail-
ure of only one rectifier in the circuit will cause a loss of
rectifier conduction and no delivery of curtent to the load
for approximately 120 degrees of the electrical cycle, and
the output voltage will be reduced accordingly. If rectifier
tube V1, V2, or V3 is not lit, the trouble is obviously
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associated with the tube that is not lit since the filaments
of these tubes are in parallel; however, if V4, V5, or V6
is not lit, then the trouble may be either the tube or its
associated filament supply (T3, T4, or TS}, The tube file-
ment should be checked for continuity; the presence of cor-
rect filament voltage at the tube socket should be deter-
mined by measurement. If necessory, the primary and
secondary voltages should be checked at the terminals of
the filament transformer {T3, T4, or TS} to determine
whether the transformer isdefective.

With the three-phase primary voltage removed from the
circuit, continuity megsurements should be made of the
primary {and secondary) windings, to determine whether
one {or more) of the windings is open. [f necessary, the
"o waltmae of park sscondary winding may be meosured
between the common termingl of the wye connection und the
individuai ‘ECOﬂuCIFy termina! of the correspen
plote, to determine whether valtage is present and of the
correct valye. Also {f necessary, measure the applied
three-phase primary voltage at each oithe phases, to deter-
mine whether each voltage is present and of the correct
vaiue, since a low applied primary voltage can result in a
low secondary voltage,

Shorted tumns in either the primary or secondary wind-
ings will cause the secondary voltage to measure below
normal. Cisconnect all secondary leads from the trans-
former, T1, ond measure the current in each leg of the three-
phase primary with the transformer unloaded; excessive
primary current is an indication of shorted tumns. A sec-
ondary winding which is shorted to the core can cause o
low output voltage indication; to determine whether @ wind-
ing is shorted to the core, all leeds should be disconnected
from the trunsformet and o messurement made botween sach
individual winding and the core, using an chmeter or @
Megger (insulation tester].

Since a decrease in icad resistance can cause an
incregse in iowd current and possibly result in o low-
output condition, the rectifier-cutput current {to the fiiter
circuit and to the load) shouid be checked o muke sure
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Uses six high-vacuum or gos-iilled electron-tube diodes
as rectifiers.

Cutput requires very little filiering; d-c cutput ripple
frequency is equal to six times the primary line-voltage
frequency.

Heos good requlation characteristics.

Circuit provides either positive- or negative-polarity
Qutput voltage,

Requites sepacate filament transformers or separate
filament windings for rectifier tubes.

Uses multiphase power transiormer with delta-connected
secondary windings; primary windings may be either delto-
of wye-connected,

CIRCUIT ANALYSIS.

Ganeral. The thice-phase, full-wave [delt
secondary} rectificr is a variation of the three-phase,
full-wave (single-wye-connected secondary) rectifier,
Drevmusiy described in this section. The full-wave recti-

fier with ceita secondary 15 usad where o 1arge amount of
power is required by the load, such as for large ship-
baard or shore electronic installations. The term three-
phase refers to Lhe primary G-¢ source, which is the equi-
valent of three single-phase scurces, each source supply-
ing a sine—wove volmqe 120 degrees out of phase with the
others,

Circult Operation. The three-phase, full-wave (delta
secondary) rectifier circuit is illustrated in the accompany-
ing clecuit schematic. The circuit uses a three-phase
power transformer, T1, to step up the clternating source
veilage to < ugh volug in the delro-connecied secondarl
Each secondary winding 1s connected to the other in proper
phase relationship so that the currents through the wind-
irgs are beleneed. Damage can result to the transformer
windings if impropetly connected; for this reason, the
windings are usually connected intemally in the proper
phaze to prevent the possibility of making wrong connec-
tions, and only the three secondary terminals aic brought
aut of the case.

‘The primary windings of transformer 71 are shown deita-
comnected, although in some instances they may be wye-
rormected (as for o three- or four-wire system).

The clate of rectitier V1 and the filament (cathode) of
rectifier ¥4 are connected 10 secondary terminai No. 1 of
rremabarmer T1: the plate of rectifier V2 and the filament of
rectifier VS are connected to secondary terminal No, 21

her W3 and the Tiinment of recti{jer VB

o-Connoctod

159
the plate of recn

uCl\hﬂ{]ru rﬁr—mr\c[l Nﬁ j\_

are nonnertedito
Cre hiloment tangtormer, T2, is used 10 2uopiy the tiia-
ment voltage 1o rectifiers VI, VZ, ond V3, since the fiia-
ments nf these rectitiers are aij at the same fotentidi.
However, since the {ilaments of rectifiers V4, V5, and V&
hiave o high potential difference existing between
three qepamtp filament transformers (13, T4, and TS} are
used, A single filoment transformer may be used for this
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purpose, provided that it incorporates three separate filo- mally permits the rectifier filaments to be preheated to the
ment windings that are well insulated from each other and notmal operating temperature before the high-voltage ac con
ground {chassis). The primary windings of filament trans- be applied to the tectifler circuit,

tormers T3, T4, and T5 are connected to different phases of The circuit arrangement given in the illustration permits
the three-phase source and may be considered to be delta- either terminal of the load to be placed at ground potential,
connected although they are three separate transformers. depending upon whether a positive or negative d-¢ output
The o~ voltage for the primaries of the filament transformers is desired; however, the circuit is commonly arranged for a
is applied independent of and prior to, the primary voltage positive d-c cutput, with the negative output terminal at

to the three-phase power transformer, T1. A time-delay ground (chassis). The circuit istypical of high-voltage d<
arrangement, either manually operated or automatic, nor- supplies designed for use in radar sets, communication
ORIGINAL 4-A-20
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transmitters, or other equipment for which the d-¢ power
requirement is several kilowatts or more.

The operation of the three-phase, full-wave rectifier
circuit can be understood from the simplified circuit
schematics (parts A through F) and the wavelorms given in
the accompanying illustration, The basic three-phase,
tull-wave rectifier schematic, given earlier in this dis-
cussion, has been simplified to show the cireuit action
throughout the electrical cycle; the reference designations
used correspond to those assigned in the basic circuit
schematic.

The operation of the delta-secondary rectifier circuit
is similar to that of the wye-secondury rectifier circuit
{previcusly described); however, the a-c voltage across
an irdividual delta-connected secondary winding is 0.742
Eav, whereas the voltage across an individual wye-
connected secondary winding is 0.428 Eqy (Eqv is the
uniiltered d-c output across the loed). The voltages
developed across the secondary windings of transiormer T1
are 120 degrees cut of phase with relation to each other and
are constantly changing in polarity. In the delta-connected
secondary, at any given instant the voltage in one phase
is equal to the vector sum of the voliages in the other two
phases. The polarities indicated for the secondary wind-
ings in the simplified citcuit schematics {parts A through
F) of the cccompanying illustration represent the inston-
taneous polarity of theinduced voltages in the secondary.
Although the instantonecus pelatity shown in the schematic
is given for only one secondary winding, the sum of the
instantaneous voltages in the cther two windings is equal
to the voltage of the first winding. The attaws on the
schematics are used to indicate the directions of electron
flow in the clrcuit.

The plates of rectifiers V1, V2, and V3 are connected
to secondary terminals No. 1, No. 2, and No. 3, respec-
tively; the filaments {cathode) of rectifiers V4, V5, and
V6 @re connected to secondary terminals No. 1, No. 2, and
No. 3, respectively. When the plates of V1, V2, and V3 are
positive with respect ta their filoments, the tubes will
conduct; when the filaments of V4, V5, and V6 are negative
with respect to their piates, these tubes will conduct.

At any given instant of time in the three-phase, full-
wave rectifier circuit , a rectifier, the load, and ¢ second
rectilier are in series across two terminals of the delta-
connected secondaries and, therefore, two rectifiers are
conducting. Each of the six rectifiers conducts for 120
degrees of an electrical cycle; however, thete is an overlap
of conduction periods, and the rectifiers conduct in a se-
quence which is determined by the phasing of the instantan-
eous secondary voltages of the power transformer. In the
circuit described, twe rectifiers are conducting ot any in-
stant of time, with the rectifier conduction pericds oeccurring
in the following ordes: V1and V6, VO ond V2, V2 and V4,
V4 and V3, V3 and V3, V5 and VI, V1 ond V8, etz,

Refer to the secondary-voltage waveform, egec, Shown in
the accompanying illustration, Assume that the o-c voltage
induced in secondary Ne. 1, transformer terminals No. 1 and
No. 2, is approaching its maximum positive value {at 90
deqgrees); also, the voltage induced in secondary No. 2,
transtormer secondary terminals No. 2 and No. 3, has
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teached its maximum negative value (at 30 degrees) and is
decreasing. {The voltage induced in secondary No. 3,
terminals No. 1 and No. 3, is passing through zerc.) This
condition is shown by the simplified schematic of part A in
the accompanying illustration. The plate of rectifier V1 is
positive with respect to its tilament {cathode}, and the
filament of rectifier V5 is negative with tespect tg its plate;
therefore, both tubes conduct, and electrons flow through
V3, the load, and V1 for 60 degrees of the electrical cycle.

In part B, the ac voltage induced in secondary No. |
has reached its maximum positive value (at 30 degrees)
and starts to decrease during the next 80 degrees of the
cycle; the voltage induced in secondary No. 3 is approach-
ing its moximum negative value. The plate of V1 remains
positive with respect to its filament, and the filament of
V6 becomes negative with respect to its plate; therefore,
V1 continues to conduct and V6 takes over conduction from
V5, with VI and V6 conducting in series with the load.
Electrens flow through V6, theload, and V1 for another 6C
deqrees of the cycle,

In part C, the a-c voltage induced in secondary No. 3
has reached its maximum negative value and starts to de-
crease; the voltage induced in secondary No. 2 is approach-
ing its maximum positive value. The filament of V6 re-
mains negative with respect to its plate, and the plate of
V2 becomes pasitive with respect to its {iloment; therefore,
VB continues to conduct and V2 takes over conduction from
V1, with V2 and VB conducting in series with the load.
Electrens flow through V8, the load, and ¥2 for onother 60
degrees of the cycle.

In part D, the a-c voltage induced in secondary No. 2
has reached its maximum positive value and starts to de-
crease; the voltage induced in secondary No. 1 is approach-
ing its maximum negative value. The plate of V2 remains
positive with respect to its filament, and the filament of
V4 becomes negative with respect to its plate; therefore,
V2 continues to conduct and V4 tokes over conduction from
V6, with V2 and V4 conducting in series with the load.
Electrons tlow through V4, the load, and V2 for another 60
deqrees of the cycle.

In part E, the o-c veltage induced in secondary No, 3
approaches its maximum positive value, and the negative
vcltage in secondary No. 1 is decreasing. The filoment
of V4 remains negative with respect to its plate, and the
plate of V3 becomes positive with respect to its filament;
therefore, V4 continues to conduct and V3 takes over con-
duction from VZ with V3 and V4 conducting in series with
the load. Electrons fiow through V4, the load, and V3 for
ancther 60 degrees of the cycle.

In part F, the a-c voltage induced in secondary No. 2
approaches its maximum negative volue, and the positive
voltage in secondary No. 3 is decreasing. The plate of
V3 remains positive with respect to its filament, and the
filament of V3 becomes negative with respect to its plote;
therefore, V3 continues to conduct and V5 takes over con-
duction trom V4, with V3 and V5 conducting in series with
the load. Electrons flow through V5, the load, and V3 for
another 60 degrees of the cycle,

The cycle of cperation is repeated, as shown in part
A, when the o-¢ voltage induced in secondary No. 2 has
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reached its maximum negative value and the positive voltage
in secondary No. 1 is incregsing. The filoment of V5 re-
mains negative with respect to its plate, and the plate of

V1 becomes positive with respect to its filament; therefore,
V5 continues to conduct and V1 takes over conduction from
V3, with V1 and V5 conducting in seties with the load.

Electrons flow through V5, the lcad, and Y1, to initiate
another complete cycle.

Thus, from the action described above, it con be seen
that each positive and negative peck in each of the three
phases produces & current pulse in the logd. Because of
the nature of the rectifier conduction petiods, ecch rectifier
tube conducts for 120 degrees of the cycle and carties one
third of the total load current. The output voltage, &q, pro-
duced across the logd resistance ic determined by the in-
stantaneous current flowing through the iocd; therefore, the
output voltage has a pulsating waveform, which results in
an iregularly shaped tipple voltage, because the output

current and voltoge are not continuous. The frequency of

the ripple voltoge is six times the frequeney of the ac source.

Since this ripple frequency is higher than the ripple frequency
of o single-phase, full-wave rectifier circuit or g three-phase,
holf-wave rectifier circuit, relatively littie filtering is
required to smooth cut the ripple and produce a steady d-c
voltage.

The threephase, full-wave rectifier circuit makes con-
tinwous use of the trahsformer secondaries, with the d¢
load current passing through the delta-connected secondary
windings first in one direction and then in the other; thus,
there is no tendency lor the transformer core to become
permanently magnetized. Since little d-c core saturation
occurs, the effective inductance of the transformer, ond there-
fore the efficlency, is relatively high
The three-phase, full-wave rectifier with deltaconnected
secondaries produces gcross the load a pulsating {unfiltered)
d-c output voltage, Eqv, as follows:
Eav = L35 E s
Erms = ms voltage across one secondary

winding of three-phase delta-connected
transformer

The pedk Inverss voltage across an individuat rectifier
in the three-phase, full-wave circuit during the periad of
time the tube is nonconducting is cpproxxmately 1.42 times
the rms voltc:ge actoss the secondary winding of one phase.
Some pul sating d-¢ voltage is ':fiwmrc present across the

where;

r-f the ingtomtagnoona
culsating 4 load wltage ard the instantmescus peak
peak secondary voltage represents the peak in
across the rectifier tube. The peak inverse vo}tac_se per fube
=an he oxpresced o
Einv tper tube) = 142 Ems
Erms = m3a voitage acioss ong seconday
winding of three-phase deite-connecied
transformer
The cutput of the threephase full-wave rectifier cir-
cuit is connected to a suitable filter circuit, to smooth
the pulsating direct curtent for use in the ioad circuit. {Tilk-

L CiICuits are

where:

B e 5
discysaed in part U of this section.)
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FAILURE ANALYS]S.

Mo Output. In the three—phase, full-wave {delta secon-
dary) rectifier circuit, the no-cutput condition is likely to
be limited to the following possible causes: the lack of a<c
filoment or filament-transformer primary supply voltage, the
lack of applied o-c high voitage, or o shorted lead circuit
{including shorted fiiter components).

Checks for rectifien iube and filument tmslbmer cpere
tion and for ¢ shorted load circuit ore the some as those
given for the three-phase, full-wave (single ''Y"" secondary}
rectifier circuit, previously described in this section.

With the primary voltoge removed from the cifcuit, con-
tinuity (resistance) measurements shouid be made of the
secondary and primary windings to determine whether one
or more windings are open. Since the three windings of the
delta-secondary circuit me sometimes connected internally
and only three terminals are brought out of the case, vo[taqe
and resl stance megsurements are made between the terminals
of the delta~connected secondaries. ¥hen making measure-
ments {voltage or resistance) ot the secondary citcuit, it
shouid be temembered that the windings form a delta con-
figuration, with two windings in series and this combing-
tion in parallel with the winding under measurement. In other
instances, the secondary windings @e connected to six
individual terminals, and these terminals are connected to-
gether to form a delta configuration. Thus, in this in~
stance, the termingl connections may be removed to enable
measurements to be made on individual secondaty windings
independent of other windings, f necessary, the oc second-
ary voltage at each of the three high-voltage secondaries
may be meusursc betwes th s of the deltocon-
nected secondaries, to determine whether voltoge is present
and of the corrent value, Also, if necessary, measure the
applied three-phase primary voltage to determine whether
i1 is present and of the corrert value,

Low Output. Except for the voliage ond resistance
measurements of the delto-secondary circuit, the checks for
low-cutput condition are the same as those given for the
three-phase, full-wave (single ''Y"" secondary) rectifier
circuit, previously discussed in this section. Also, refer
to the paragraph above for information conceming procedures
to be used when making voltcge and resistonce measurements
on delta-connected secondaty windings.

THREE-PHASE, HALF-WAVE (DOUBLE "'Y" SECONDARY)
RECTIFIER.

» itk Li
wave reclitig :bu,...CLN""

secom_.cuy and Lﬁ'ﬁelpﬁuse Teatior is used in electronic

it oo ba arranged o fimish

airsuil

CHARACTERISTICS.
Input to circuit is three-phase ag; output is de with am-

itude of ripple voltage leas than that for 2 singlephase
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Uses six high-vacuum or gas-filled electton-tube diodes
gs rectifiers.

Qutput requires very little filtering; d-c output ripple
frequency s equal to six times the primary line-voltage fre-
quency.

Has good requlation characteristics.

Cireuit provides either positive- or negative-polarity
output voltage.

Requires only one filanent-voltage supply.

Uses multiphase power transformer with two parallel sets
of wye-connected secondaries operating 180 degress out of
phase with each other. The center points of the wye-con-
nected secondartes are connected through an interphase
reactor ot balance coil to the load. The primary windings
are generally delta-connected.

CIRCUIT ANALYSIS.

General. Fundamentally, this rectifier circuit resembles
two half-wave (three-phase star) rectifiers in parallel, each
rectifier circuit operating from a common delte-connected
primary, and sharing o common load through an interphase
reactor ot balance coil. (The three-phase, half-wave
rectifier circuit wos previously desctibed in this section.)
The three-phase, half-wave (double-wye secondary) tecti-
fler circuit uses a power transformer with two sets of wye-
connected secondaries, the windings of one set being con-
nected 130 degrees out of phase with respect to the cor-
tesponding windings of the other set. For this reason, the
cireuit is sometimes referred to as a six-phase rectifier,
The junction point of each wye-connected secondary is, in
tum, connected to a center-tapped inductance, called an
Interphase renctar or balence cofl. The center tap of the
interphase reactor is the common negative terminal for the
load.

ORIGINAL
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Circuit Operation. The three-phase, half-wave (double-
wye secondary) rectifier circuit is illustrated in the qccom-
panying circuit schematic. The circuit used a three-phase
power transformer, T1, to step up the altemating source
voltage to a high value in the wye-connected secondaries,
The primary windings of trensformer T1 are shown delta-
connected; the delta primary is common to both wye-con-
nected secondaries. The plates of rectifiers V1, V2, and
V3 are connected to one set of secondary {*’A") windings
at terminals 1A, 2A, ad 3A, respectively. The plates of
rectifiers V4, V5, and V6 are connected to the other set of
secondary (''B") windings ot temninals 3B, 1B, and 2B,
respectively.

One filanent wransformer, TZ, is used to supply the filg-
ment wltage to all rectifiers, since the filament of the rec-
tifiers are all at the same potential. Although a single
filament transformer is shown on the schematic, as mmy
as three identical filament transformers are sometimes
used as the Hiloment supply, with each filament transformer
supplying two (or more) rectifier tubes; in thiscase the
primary of each single-phase filament transformer is con-
nected to a different phase of the three-phase source,
Voltage s applied to the primaries ofthe filanent trans-
formers before it is applied to the primary of the three-
phase power transformer T1. A time-delay arrangement,
either manually operated or automatic, normally permits the
rectifier filaments to be preheated to the nomal operating
temperature before the high-voltage ac can be applied to the
tectifier cireuit.

The center-tapped inductance, L1, is an interphase
reactor or balance coil. The common terminadl of each wye-
connected secondary is connected to ane end of L1; the
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Basic Three-Phate, Halt-Wave (Double "Y'’ Secondary)
Rectitier Circuit

center tap of the interphase reactor i5 Connecied 10 He loed,
Thus, the output-load current of each three-phase, hali-wave
rectifier circuit pasees through one hdlf of the interphase
regctor, md these two currents ae then combined in the lcad.
Tor satisfactory operation, interchase reactor [l must have
sufficient inductance to maintain continuous current flow
through each half of the coil. In eftect, this reactor con-
stitutes a choke-input filter artangement, and exhibits the
requlation characteristics of such a filter.

The circuit arrangement given in the illustration permits
either terminal of the load to be placed at ground 7siental,
depending upor: whether a positive or negative d-¢ output
is desired; however, the circuit is commonly arranged for ¢
positive d output, with the negative cutput teminal at
arund {rhassis). The drcuit is typico! of high-voltage &

ORIGIRAL

suppiies destgned for use in large communication transmit-
ters or other equipment for which the d-c power requirement
is several kilowatts or more.

The operation of the thiee-phase, half-wave (double-wye
secondary) rectifier circuit can be understood by reference
to the clrcudt schematic and the wavetorms given in the oc-
companying illustration. The operation of each individual
half-wave rectifier is the sume as thatgiven for the three-
phase, half-wave (three-phase star) rectifier circuit
previously described in this sectlon. Although the voltages
induced in the three srancformer secondary windings ditfer
in phase by 120 degrees, the woltages induced in correspond-
ing windings of the two sets of wye-connected secondaries
(A% and YBY are 180 degrees out of phase with respect
2 each other.
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The output resulting from the conduction of rectitiers
V1, V2, and V3 in conjunction with secondary ‘A" is shown
on the occompanying illustration; the output resulting from
the conduction of rectifiers V4, VS, and V6 in conjunction
with secondary "B/, the tesulting combined d- output
voltage, €, and the corresponding rectifier conduction
periods are also given.

At any instont of time, two rectifier tubes are conducting
to deliver current to the load, but their currents e not in
phase and an overlap in conduction periods of thesix recti~
tiers occurs, Each rectifier conducts for 120 degrees of the
input cycle amd contributues one sixth of the total d-¢ current
supplied to the load. In the circuit described, two rectifiers
are conducting at any instant of time, with the rectifier con-
duction periods occurring in the following order: V6 and V1,
Viond V4, V4 and V2, V2 and V5, V5 and V3, V3 and V6,
V6 and V1, etc.

L

PR A AW AW AT AN L AN T WA
> X ARG
COMBINED T ATRTAVAVAVAY: v/ (FRVEAVIY e
RECTIFIER PVl V2 ofu Y3 s | e Y2 3 o
CONDUCTION
PERIODS - VE-+te V4 o 5 b G aba Vg —afe Y B -ada VG o]

Wavelorms for Three-Phase, Hali-Wave
(Dovble “Y"’ Secondary)
Rectifier Cirewit

‘The main component of the ripple frequency present
across the interphase reactor is three times the frequency
of the a-c source. Electrons flew through the load in pulses,
one pulse for each positive half cycle of the impressed volt-
age in each of the three phases of thetwo sets of second-
aries. As mentioned previously, the secondaries are 180
deqrees out of phase with tespect to sach other! therefore,
the cutput veltage has a ripple frequsncy which issix times
the frequency of the c-c source. Since this ripple frequency
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is higher than that of a single-phase, full-wave rectifier
circuit or g single three-phase, half-wave rectifier circuit,
relatively little filtering ts required to smooth out the ripple
and produce a steady d-c voltage.

In order to keep d-c core saturation to @ minimum {be-
cause of cutrent flowing in one direction only in each
secondary winding) andto keep the efficiency relatively
high, it is necessary to use a single threephase trans-
former with multiple secondaries, rather than six individual
single-phase transformers.

The three-phase, half-wave (double-wye secondary)
rectifier circuit produces across the load a pul sating (un-
filtered) d-c output voltage, Eqv, as follows:

Eav = 1-17 Eﬂna
Erms = ms voltage across one secondary
winding of the three-phase transformer

The pedk inverse woltage across an individual rectifier
in the three-phase, half-wave rectifier circuit during the
period of time the tube is nonconducting is approximately
2.45 times the rms voltage across the secondary winding of
one phase, The peak inverse voltage per rube can be ex-
pressed as:

where:

Einv (per tube) = 2.45 Ems
Erms = ms wltage across one secondary
winding of the three~phase transformer

The output of the three-phase, half-wave (double-wye
secondary) rectifier circuit is connected to a suitable filter
circuit, to smooth the pul sating direct current for use in the
load circult, (Filter cireuits are discussed in the latter
part of this section.)

A variation of the three-phase, half-wave {double-wye
secondary) rectifier circuit omits the use of an intetphase
reactor or balance cotl. If the interphase reactor (L1} is
not used in the clreuit and the common terminal of each wye-
connected secondary is connected to the negative terminal
of the load, the circuit is classified as g six-phase star.
However, the six-phase star, half-wave rectifier circuit is
wonsidered less desirable than the three-phase, half-wave
(double-wye secondary) rectifier circuit, becmse it requires
the use of tubes with higher pedk current tatings and a
transformer with a higher kva rating to obtain an equivalent
d— output. Therefore, the circuit is seldom used.

where:

FAILURE ANALYSIS,

No Output. In the three-phase, half-wave (double-wye
secondary) rectifier cireuit, the no-cutput condition is
likely 1o be limited to the following possible causes: the
lack of a-¢ filgment or filament-ransformer primary supply
voltage, the lack of applied a-c high voltage, or a shorted
load circuit {including sherted filter components).

A visual check of the gless-envelope rectifier tubes
can easily be made to determine whether the filuments cre
lit; if they are not lit, there can be no dc output. The
filament voltage should be measured at the secondary term-
inals of wansformer T2 1o determine whether it is present;
if necessary, check the primary voltage to T2 to determine
whether it is present and of the correct value. When the
circuit employs more than one filament transformer (for
example, three transformers each: operating from one phase
of the three-phase source), if none of the rectifier filaments
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are lit the primary volioge sowece for the filoment trans-
formers should be checked for the presence of voltage.

With the primary voltage removed from the circuit,
continuity (resistance} measurements should be made of the
secondary and primary windings, to determine whether one
or more windings are open and whether the common term-
inals of the wye-connected secondaries are connected to
the load circuit through the interphase reactor or baiance
coil. If necessary, the secondary voltage moy be measured
at one (or more) of the high-voltage secondaries between
the common terminal of the wye-connected secondaries and
 secondary terminal or corresponding rectifier plate,
to determine whether voltage is present and of the correct
value. Also, if necessary, megsure the applied three-phase
primary ‘,'”1’"g=- te determine whether it is oresent and of
the correct value.

With primary voltage removed from the rectifier circuit
remstance megsurements can be made ot the cutput term-
inals of the roctifier circuit {ocross load) to determine
whather the load circuit, including the filter, is shorted.
A short in the components of the filtet citcuit or in the load
circuit will cause an excessive load current to fHow, and
the full cutput voltage will be develcped across each halt
of the interphase reactor, L1, If the rectifier tubes are of
the high-vacuum type, the heavy load current will cause the
plates of the rectifiers to become heated and emit a reddish
glow when the plate dissipction is exceeded and, if allow-
ed to continue, may result in permanent damage to the tubes.
If gas-illed rectifiers are used in the circuit, excessive
load current will result in permanent damage to the tubes
because gas-filled rectifiers are very susceptibie Lo damage
from current overload. Therefore ance the difficulty in the
load circuit has keen locoted and cotrected, the qasilled
rectifiers will require replacement as a result of the over-
load condition.

Low Output. The rectifier tubes should be checked
o determine whether all filaments are lit; however, becouse
of the nermal overlap in rectifier conduction periods, the
failure of one or two rectifiers in the circuit will not
greatly affect the cutput voltage hut may increqse the ripple
amplitude. If only one rectifier is not lit, the tube filament
should be checked for continuity. If the circuit employs
more than one filament transformer and one or mare tubes
are not lit, the comrespeonding filament transformer (s)
shouid be checked. Measure the secondary veltage 10
determing whether the correct filament ‘.’CL age is Dresent:
the Drlmary voltage should be measured at the traneiormer
tarminals, to determine whether voltage is apolied and of
the correct value, [f necessary, continuity measwements of
the transformer windinas should be made to determine
whether the transiorrer is defective.

The continuity of each half of the interphase reacter,
L1, should be measured to determine whether one halt of
the winding is open. An open circuit in one haif of this
reactor will disconnect its associated threephase, wye
connected secondury; the dutput voltage will decrease as
result, and the rectifier circuit will continue to operote as a
three-phase, half-wave rectifier with single-wye secondary.

With the threeshose orimary voltage removed from the
fodbi o) ccnzmuixy measulenents should be made of the
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simary {(and secondary) windings, to determine whether
one {or more} of the windings is open. If necessary, the
a-c veltage of each secondary winding in each set of
secondaries may be measured between the common term-
inal of the wye connection and the individual secondary
terminal or the corresponding rectifier plate, to determine
whether voltage is present and of the correct value. Also,
if necessay, measire the cpphed three-phase nfimrxry
voltage at each phose, to determine whether voltage §
present and of the cortect value, since o low appli ed
primary voltage can result in a low secondary voltage.

Shorted turns in either the primary or secondary
windings will cause the secondary voltage to measure below
normal., Disconnect all secondary leeds from the trans-
former, and measure the current in each leg of the three-
phidse primary with the transtormer uniocaded; excessive
primary current is an indication of shorted tumns. A secon-
dary winding which 1s shorted to the core can also eguse ¢
iow output voltage indication; 1o determine whether a winding
is shertedto the core, all leads should be disconnected
from the transiormer and ¢ measurzment made between each
winding and the core, using an chmmeter or a Megger {in-
sulation tester).

Since a decreagse in lood resistance can cause an
increase in load current and possibly result in o low-output
condition, the rectifier-output current (to the filter circuit
and to the load) should be checked, to muke sure that it is
within tolerance and is not excessive.

HALF-WAYE YOLTAGE DOUBLER.

APPLICATION.

The half-wave voltage-doubler circuit is used to pro-
duce d higher d~ ocutput voltage than can be cbtained
from a conventional half-wove rectifier circuit. This velt-
age doubler is normally used in transformerless’ circuits
where the load curtent 1s small and voltage requlation is not
critical. The circuit is frequently employed as the power
supply in small portable receivers and audio amplifiers
and, in scme transmitter applications, as a bias supply.

CHARACTERISTICS.

Input to circuit is ac; output is pulsating de.

D¢ cutput voltage is approximately twice that chicined
from equivalent half-wove rectifier circuit; output current
is relatively small.

Cutput requires filtening; d— cutpui ripole lrequency 13
equal to a-c source fegquency.

fias pour cegqulation chargetezistics; output yoltage

available is a function of Louu current,

Depending upen wiicuit 2 may he usad with

or without g power 1soiclicn iransionmer.
Usey indirectly heated ccthode—.ype rectifiers.

CIRCUIT ANALYSIS

General. The half-wave voltage-doubler circuit is used
with or without ¢ transformer to obtain @ d voltage frum
an a-C source. As the term veltage doubler "mphes the
out pLI voltage is Gpproxm“mely iwice the mput ~' itage.

Them b if vmra v i
The haif-wave """qﬂ doeubled 4eiivas 113 nome from the
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fact that the output charging capacitor {C2) across the load
receives a charge once for each complete cycle of the
applied voltage. The half-wave voltage doubler is sorme-
times called a cascade voltage doubler. The voltage requ-
lation of the circuit is poor and, thereiore, its use is
generally restricted te applications in which the load
current is small and relatively constant.

Circuit Operatien. In the acoompanying circuit sche- T
matics, parts &, B, and C illustrate basic holf-weve ]
voltage-doubler circuits. The circuit shown in part A A-c
uses a transformer, T1, which can be either a step-up INPUT

transformer to obtain a high value of voltage in the secon-

dary circuit, or an isolation transformer to permit either

d-c outpiit terminal to placed at ground {chassis) potential. A
The cirevits shown in parts B and € do not use a trons-
former, and opercte directly from the a¢ scuwrce. In the
circuit illustrated in part A, eithet output terminal may be
placed at ground (chassis) potential. The circuit illustrated
Jn part B daces one zide of the o source ot 2 negotive

d-c potenticl, and thus restricts the circuit to use as a
positive d—- supply. A variction of this circuit is illustrated
in part C; this variation provides a neqative output volt-

age

The rectifiers, V1 and V2, are of the indirectly heated
cathode type, and are identical-type diodes. Although the
cireuit schematic illustrates two separate rectifiers, a
twin-dlode is generally used in the cireut. Typical twin-
diode electron tubes designed specifically for use in
voitage-doubler circuits are: 2526, 50Y6, and 11776 As
indicated by the tube-type numbers, these tubes require
nominal filament-supply voltoges of 25, %0, and 117 voits,
respectively, Because there are several possible circuit
combinations, the actual filament circuits for V1 and V2
are not shown on the circuit schematics. The filament
voltage for the rectifiers is usually chtained directly from
the a-c source if the filament is rated at the source volt-
aae, by use of a voltage-dsopping resistance in series

with the rectifier filament {s} to reduce the a-c source volt-
age to the carrect value, or from ¢ tronsformer secondary
winding of the correct value. In some equipments, the fila-

ments of other tubes within the equipment cre connected Basic Holf-Wave Yoltage-Devbler Circuits

in series {or series-parallel), and this combination is then

placed in series with the rectifier filament (s) across the In the three circuits illustrated, the functions of recti-
a-c source; when this is done, a voltoge-dropping resistor ifiers V1 and V2, and of charging capacitors C1 and C2,
may be required. are the same for each of the circuits.

The cperation of a half-wave voltage-doubler circuit can
be understood from the simplified circuits, parts A and B,
and the waveforms, part C, shown in the accompanying
illustration.

Assume that the a-c input to the voltage doubler during
the initial halicycle is of the polarity indicated in part A
of the illustration. Electrons flow in the direction indico-
ted by the smail arrows from the positive plate of charging
capacitor C1, through rectifier tube V1 {cathode to plate},
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Typical Half-Wave Yoltage-Doubler Circuit
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and to the a-¢ source. The left-hand (neqative} plate of
capacitor Cl now has a swpius of elecucns, while he
tight-hand (positive) plate lacks electrons. Thus, during
initiol half-cycle, capacitor Cl assumes o charge (Ec o)
of the polarity indicated, which is equel te apmoximately
the peak valye of the applied a-¢ voltage.

During the next half-cycle 1 2 polarity of the applied
a-c input to the voltoge doubler is as indicated inpart B
of the illustration. The charge (Ec)) existing across
capacitor Cl is in series with the applied a¢ and will
therefore add its potential to the peak valug of the input
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voltage. Electrons flow in the direction indicated by the
small arrows from the positive plate of capacitor C2,
through rectifier tube V2 (cathode to plate), and to the
positive plate of capacitor Cl, Thus, during the second
half<ycle capacitor C2 assumes a charge (Ecz) of the
polarity indicated which is equal tothe peak value of the
applied o voltage plus the value of the charge (Ecy)
exisiing across charging capaciter Cl. Thus the value of
the voltage {Ec3) acress copaciter C2 is equdl to approxi-
mately twice the peak voltage of the applied ac, provided
that charging capacitor C1 does not lose any initial charge.
in a practical circuit, the value of capacitors C1 and
C2 is at least 16 uf; therefore, with such o large value of
capacitance in the circuit and because there is always
some resistance (rectifier-tube plate resistance and a<¢
source impedonce] InThe Circuii, sucl CIpGCitor may not
immediately attain its maximum charge wntil several input
cycles have occurred. Capacitor C2 is charged enly on
alternate half-cycles of the applied a-¢ voltage, ond is
always attempting to discharge through the lood resistance:
therefore, the resulting waveform of the output voltage, eo
(or Ecz), varies as shown ir part C of the 1lustration,
The output waveform contains some ripple voltage;
therefore, additional filtering is required to obtain a
steady d-c voltage. The frequency of the main component
of the ripple voltage is the scme as the frequency of the
a~c source, because capacitor C2 is charged only once
for each complete input cycle. The requlation of the
voltage-doubler cireuit is relatively poor; the value of
output voitage obtained is determined largely by the
tagistance of the load and the resulting load current, since
the lood (and the filter circuit, if used) is in paralle! with
capacitar C2.

FAILURE ANALYSIS.

No Output. In the half-wave voltage-doubler circuit,
the no-output condition is likely to be limited to one of
several possible causes: the lack of filament voltage or
an open {iloment in the rectifier {s), the lack of applied
a=¢ voltage, a shorted load cireuit (including capacitor £2
and fiiter circuit compenents), or a3 open zapacitor C1,

A visual check of a glass-envelope rectifier tube can
be made to determine whether the filoment (s) is lit; if the
filament is rot lit, it may be open or the filament voltage
may not be applied. The tube filument sheuld be checked
for continuity; also, the presence of voliuge at the tube
socket shouid be determined by mecsuremert,

The a- supply valtage should be measured Gt the
input of the circuit to determine whether the voltage is
present and isthe cotrect value. If thecircuit uses a step-
up o isolation tronsformer (T11 measure the voltage at
the seconday terminals to determine whether it is presemt
and iz the correct value. With the primary veltoge removed
from the transformer, continuity mecsurements of the
primary and secondary windings should be made to
determine whether one of the windings is open, since an
open circuit in either winding will couse ¢ lack of sac-
ondary voltage.

With the o< supply voltage removed from the input 10
the circuit and with the lood disconnected from capacitor

k2%
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C2, resistance measurements can be made across the tet-
minals of capaciter C2 and ot the output terminals of the
circuit {coress load). These megsurements will determine
whether the capacitor {C2) or the load circuit (including
filter components) is shorted. Because copacitor C2 and
ke filtercircuit capacitors are usually electrelytic cap-
acitors, the resistance measurements may vary, depending
upon the test-lead polarity of the ochmmeter. Thetefore, two
measurements must be made, with the test leads reversed
at the circuit test points for cne of the measurements, to
determine the larger of the two resistance measurements.
The larger resistance value is then accepted as the
measured value. Capaciter Cl may be checked in a similar
manner,

A quick method which can be used to determine whether
capacitor Cl or C2 is the source of trouble is to substitute
a known good capacitor in the circuit for the suspected
capacitor and measwre the resulling cutput voltage,

Low Qutpur. The rectifiers {V1 and V2) should be
checked to determine whether the cause of low output is
low cathode emission. The load current should be
checked to make sure that it is not excessive, because the
voltage-doubler circuit has peor requlation and an increase
in load current (decrease in lood resistance) can cause a
decrease in output voltage.

One terminal of each capaciter, Cl and C2, should be
disconnected from the circuit and each capacitor checked,
using @ capacitance gnalyzer, to determine the effective
capacilance and ledkage resistance of each capaciter. A
decrease in effective capacitance or losses within either
capacitor can cause the output of the voltage-doubler
circuit to be below normal, since the defective capacitor
will not charge to its normal operating value. If a suitabie
capacitance analyzer is net available, an indication of
leakage resistance can be obtained by using an chmmeter;
the measurements are mode with one terminal of the cap-
acitor disconnected from the circuit and, using the
ohmmeter procedure outlined in the previous paragraph,
two measurements are made (with the test leads reversed
at the capacitor terminals for one of the measurements).
The larger of the two measurements should be greater than
1 megohm for a satisfactory capacitor.

A procedwre which can be used 1o quickly determine
whether the capacitors are the cause of low output is to
substitute known goad capacitors in the circuit ond meg-
sure the resulting output voltage,

FULL-WAVE YOLTAGE DOUBLER.

APPLICATION,

The fullswave voltage-doubler circuit is used to pro-
duce a higher d-¢ cutput voltage than can be obtained from
a conventional rectifier circuit wtilizing the same input
voltage. This voltage doubler is normally used where the
load current is small and voltage regulation is not too
critical; however, the regulation of the tull-wave voltege
doubler is better than that of the halt-wave voltage doubler.
The circuit is frequently employed as the power supply in
small portable receivers and audio amplitfiers and, in some
transmitter applications, as o bias supply.

ORIGINAL
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CHARACTERISTICS.

Input to circuit is ac; eutput is pulsating de.

D output voltage is approximately twice that cbtained
from halt-wave rectifier circuit utilizing the same input
voltage; output cuttent is telatively small.

Cutput requires filtering; d< output ripple frequency is
equal to twice the a-¢ soutce frequency.

Has relatively poor regulation characteristics; output
voltage available is a function of load curtent.

Depending upen circuit application, may be used with
or without a power or isolation transformer.

Uses indirectly heated cathode-type rectifiers.

CIRCUIT ANALYSIS.

General. The full-wave voltage-doubler circuit is
used either with or without o transformer to obtain a d¢
voltage from an a¢ source. As the term voltage doubler
implies, the output voltage is approximately twice the
input voltage. The tull-wave voltage deubler derives its
name from the fact that the charging capacitors (C1 and C2}
are in series across the load, and each capacitor receives
a charge on alternate half<ycles of the applied voltage;
therefore, 1wo pulses are present in the load circuit for
each complete cycle of the applied voltage. Although the
voltage requlation of the full-wave voltage deoubler is
better than that of the half-wave voltage doubler, it is
nevertheless considered poor as compared with conventional
rectifier circuits. Therefore, use of the circuit is generally
restricted to applications in which the load current is
small and relatively constant.

Cirewit Operation. A bosic full-wave voltage-doubler
circuit is shown in the accompanying circuit schematic.
Fundamentally, the circuit consists of two half-wave
rectifiers, V1 and V2, and two charging capacitors, Cl
and C2, arranged so thet eoch capucitor receives a charge
on alterrate half-cycles of the applied voltage. The volt-
age developed across one capacitor is inseries with the

Basic Full-Wave Yoltage-Doubler Circvit
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voltage developed across the other; thus, the ocutput
voltage developed across the loac resistance is approx-
imately twice the applied voltage.
The rectifiers, V1 and V2, are of the indirectly heated

cathode type, and are identiccl-type diodes. Althougn the
circuit schematic illustrates two seperate rectifiers
twin<diode is qenemdy used in the clrcuiz. Typmu
twindiode slectron tubes designad specifically for use in
voltage-doubler circuits aret 25285, 50Y6, and 11776, As
indicated by the tube-type numbers, these tubes ragquire
nomina! filament-supply voltages of 25, 50, and 117 volts,
respectively, Because there are several pcssib':e filoment
circuit combinations, the cctual filament circul

Y2 is not shown on the circuit =chematic, ""'
T

s weenE sk
leEna mensdlegh

the filament is rated at the source voitage, by use of
voltaqe-dlcppmg resistance in seties with b tectifier
filament {s) to reduce the o scutee Jouioye & theis
value, or fram ¢ trarsiorrer gerondary winding of the anr-
rect value. In some equipments, toe iilaments of otner
tubes within the equipment are connected in series {or
series-parallel}, and this combination 1a then pizced in
series with the rectifier filament {s) across the o soutce;
when this is done, a voliage<dropping resiston nay b2
required.

The charging capacitors, C1 wd 22, WC ol sjudl
capacitence value and are usualiy celatively iage (10 to
16 uf). Equalizing resistors Rl and R2, are comnected
across charging capacitors Cl and 2, respective}y; they
are of equal value and are yenerally «reater than 2 meyohms,
Hesistors Al and RBZ are not necessary for circull operailc;
however when included in the ciroudt. they have o dual
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the charging capacitors o :
to discharye the associated capaciiors when e clicuid is
de-energized. When capacitors U1 cmd CZ are large, the
peak charge curtent, dutlng tho pericd of tims the rectifier
conducts, may be excessive. To limit the charge cureni
and offer protection w© the rectifiers, v proteciive surge'’
resistor is placed in series with the a-c source. The value
of the surye resistor is relatively small. generally ) to
1000 chma,

One discdvantaue of the full-wave veltage-deubler
circuit is that neither d-¢ output terminal can be dlrsclly
cannacted to arannAd ar th ane side ot the 9-0 30UTOE hnw-
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electrons. Thus, during the initial half cycle, capacitor C1
assumes a charge {Ec1) of the palarity indicated, which is
squal to approximataly the peak value of the applied a-c
voltage. The voltage (Ec)) developed across charging
capacitor Cl does not remaln constant, as shown by wave-
form E¢,, but tends to vary somewhat because of a small
discharge current flowing through the parallel equalizing
Tesistor (RY) and because there is g tendency to discharyge
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YOLTAGE TRIPLER.

APPLICATION.

The voltage-tripler clreult is used to produce a higher
d-c cutput voltage than can be obtained from a conventional
tectifier circuit utilizing the same input voltage. It s nor-
mgl]u |_|59rj in ”[rgannmprlpqa circuits where the load

1 A ie +
egulation iz not critical.

CHARACTERISTICS.

Input to cireuit is ae; output is pulsating de.

D-c output voltage is approximately three times the volt-
age obtained from a hali-wave rectifier circuit utilizing the
same input voltaqe' output current is relmivnlv small.

Cuivul reguites Dliciing d-C cutput tipple freguoncy ic
either twice or equal to a-c source frequency, depending
upen tripler circuit arrangement.

'Hlas poor regulation characteristics; output voltage

3 )
hPA IRt s Ve AT a a] l’\ \r\"r\ IMF 1
uru»-duic 13 O IURCHIOR O 1000 Lurrent,

Depending upen sircuit applicgtion, may be used with or
without a power or iselation transformer.
Uses indirectly heated cathode-type rectifiers.

CIRCUIT ANALYSIS.

Genarai. The voltage-tripler circuit is used with or
without a transformer 6 obtein a d- voltage from an a-c
source. As the term veltage tripler implies, the output valt-
age {s approximately three times the input voltage. The
voltage requlaticn of the voltage tripler s relatively poor
ns somnared with the requlation of eithet the halt-wave or
the full-wave veltage doubler cireutt, Assuming that o
given voltage-multiplier (doubler, tripler, or quadrupler)
circull uses the same vaiue of capacitors in each irsiunce,
the greater the voltage-muitiplication factor of the circuit,
the poorer is the requlation characteristics. However, the
regulation charactetistics can be 1mprov;ed somewhat by
increasing the value of the individual capecitors used in
the voltage-multiplier circuit. Because of the regulation
characteristics of the voltage tripler, the use of the circuit
is generally restricted to applications in which the lood
current is small and relatively constant.

Cirewit Operation. A basic voltage-tripler circult is
shown in the gooompanying circuit schematic, Fundamentai-
ly, this circmt consists of a half-wave volmge-doubler cir-
cuit and G HG!PWCWE IE(.llIIEI cipouil u.“uug:u ¢ that unc

e in apries with the oot
wny-n nuluq\. Gignsiciigur st
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{the aperation of tne VO woe-doub‘er circult was previously
described in this section). Hectifier V3, charging capagiior
3, and resistor R2 form a simple half-wave rectifier cir-
cuit. Rectifiers V1, V2, and V3 are dll identical-type
diodes with indhecily heated cathiodes, Because there are
several possible filament circuit arrangements, the actual
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Ecz

Basic Yoltage-Tripler Circuit

cathode breakdown voltage limitations imposed by the
rectifier tubes themselves.

Charging capacitors Cl, CZ, and C3 are of equal capa-
citance value and are usually rather large (10 to 20 uf)
for 50- to 60-cycle o input. Resistors R1 and R2 are con-
nected across charqing capacitors U2 and U3, respect-
ively; they are generally greater than 2 megohms. Resistors
D.l and P2 are not noeesssary for circuit operation: however,

hen included in the circuit, they act s bleeder resistors
to discharge the associated capacitors when the circuit is
de-enetgized.

One disadvantage of the basiz voltage-teinler circuit
illustrated is that neither d-¢ output terming! can be direct-
ly connected to ground or to one side of the a-c source;
however, when a step-up ot isolgtion trensformer s used to
supply the input to the voltage tripler, either output terminal
may be connected to ground or to the chassis.

The operation of the basic veltage-tripler circuit con be
understood frem the simplified circuits, parts A, B, and C,
ard the wauelforme, nert 1 shown in the accompanying illus-

benblnn
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Typical Yoltage-Tripler Circuit Operation and Waveforms

ORIGINAL

900,000,102 POWER SUPPLIES

Assume that the a-¢ input to the voltage-tripler circuit
(during the initial half-cycle) has the polarity indicated by
the signs adjacent to the input terminals in part A of the
illustration, Electrons flow in the direction indicated by
the arrows from the right-hand {positive) plate of charging
capacitor Cl1, through rectifier tube V2 {(cathode to plate),
through the a-¢ source, and to the left-hand {neqative)
plate of charging capacitor Cl. (The positive plate of capo-
citor Cl lacks electrons, while the negative plate has a
surplus of electrons.)

While the action described above for the simplified cir-
cuit of part A is taking place, a similar action eccurs (dur-
ing the nitlal halt-cycle) for the simplified half-wave cit-
cuit given in part B. (Note thot in part B, the a= input has
the polarity indicated by the signs adjacent to the input
terminals, and, since these two circuits operate simultane-
ously, the input polarity is the same as that shown in part
A.) Electrons flow in the direction indicated by the arrows
from the upper (positive} plate of charging capaciter C3,
through the a-c source, through rectifier tube V3 (cathode
to plate}, and to the lower (neqative) plate of charging
capacitor C3. Thus, during the initial half-cycle, charging
capacitor Cl assumes g charge (Eci) of the polarity in-
dicated in part A, and this voltage is equal to epproximate-
ly the peak value of e applied a-c voltage; alse, chatging
capacitor C3 assume . ¢harge (Eqa) of the polarity in-
dicoted in pant B, anw. 3 voltage is equal to approximate-
ly the peak value of the _pplied a-c voltage.

During the next half-cycle, the applied a-¢ input to
the voltage triplet has the polarity indiceted by the signs
adjacent to the input terminals in part C of the illustration.
The charge {Ec1) existing across charging capacitor Cl is
in series with the applied ac and will therefore add its
potential to the peak value of the input voltage. Electrons
flow in the direction indicated by the atrows from the upper
(positive) plate of capaeitor C2, through rectifier tube V1
(cathode to plate), through charging capacitor C1 and the
a-~c source in series, and to the lower {negative) plate of
charging capacitor C2. Thus, during the second hali-cycle,
cherging capacitor C2 assumes a charge (Ec2) of the poler-
ity indicated which is equal to the peak value of the applied
a-c voltage plus the value of the charge (E¢ ) existing
across charging capaciter C1. As a result, the value of the
voltage (Ec2) across capacitor C2 is equal to approximate-
ly twice the peak voltoge of the applied ac, provided that
charging cepacitor Cl does not lose any of its initlal charge.

Charging capacitors C2 and C3 are connected in series
across the load resistance; therelore, the d voltage
delivered to the load is the sum of the voltoges (Eez + Ega)
developed across charging capacitors C2 and C3. The
value of the d-c cutput voltage, eq, is approximately three
times the peak voltage applied to the input of the voltage-
tripler circuit.

The output waveform, ., contains a tipple component;
therefore, filtering is required to obtain o steady d— volt-
oge. The frequency of the main component of the ripple
voltage is equal to twice the frequency of the g~ source
because charging capacitors C2 and C3 receive charges on
alternate half-cycles of the applied voltage. The value of
the output voltage obtained from the voltage tripler is de-
termined largely by the resistance of the load end the result-
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ing load current. Assuming the same value for each of the
charging capaciters in either rectifier circuit, the regulation
of the voltage-tripler circuit is poor as compared with that
of a typical voltage-doubler citcuit.

Two possible arrangements for a moditied voltage-
tripler circuit are given in the accempanying illustration;
part A shows o modified tilpler circult ananged for pocitive
output with the negative output terminal common to one
side of the a-c source, and part B shows the circuit arranged
for negative output with the positive output terminal common
to one side of the a-¢ source.
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Modified Yoltage-Tripler Circuits

In these two ciront vaniarions, the bosic haib-wave
. oo s p mwn o lme
fectiiier Cilcuii, -\:pc::::um:- o G e S Mo
doubler circuit connected 1o it in such a manner that the

full cutput voltage is developed across chatrging capacitor
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C2. The cperation of either tripler circuit (part A or part
B) is briefly described in the following paragraph.
During the initicl haif-cycle of the applied voltage,
rncti‘ier V3 conducts to charge cepacitor C3. During the
xt half-cycle, the voltage gcross capacitor C3 is in series
wlth the applied voltage, and rectifier VZ conducts to
rharge eapaciter (1 to approximately twice the value of
the peak input voltage. Cn the next half-cycle, rectifiat
V3 again conducts to charge capacitor C3; at the same
time, since the voltage across capagitor Cl is in series
with the cpplied voltage, rectifier V1 alse condusts to
charge capacitor C2 to approximately thiee times the peak
value of the input voltage. Thus, the voltage developed
across capacitor C2 is the d—c output delivered to the load.
The vutpul of e luy&cs CifCuits .”'JS:"::Cd i parts &
and B requires {iltering to obtain 1 steady d-c voltage.
The frequency of the rippie voltage for either circuit arrange-
ment is equal to the frequency of the o source because

W i =
7% anly onee for cach

7 31
e P e e -
shimging copesiter U receives g

complete cycle of the anplied voltage. For this reason,
the requlation is not as good as the regulation of the basic
voltage-tripler circuit described earlier.

FAILURE ANALYSIS.

Mo Outpet. In the basic voliage-tripler circuit, the no-
cutput condition is likely to be limited tc one of the follow-
ing possible causes: the lack of filament voltage to all
rectifiers, the lack of applied a-c voltage, or a shorted load
circuit {including filter circuit components),

& visual check of the nlnss-envelope recti{ier tubes can
be made 1o determine whether the filaments are lit; if the
filaments are not lit, the presence of voltage should he
determined by measurement.

The a-c supply voltage shouid be measured at the in-
put to the circuit to determine whether the voltage is pre-
sent and is the cotrect value. If the circuit uses a step-up
or isolation transformer, measure the voitage af the second-
ary terminals to determine whether it is present and is the
correct value. If necessary, the primary voltage should be
removed [rom the transformer und conlinuity megsuiements
of the primary and secondary windings made to determine
whether one of the windings 1S open, since an 2pen circuit
in exther winding will cause a lack of secondary veltage.

With the g-c supply voltage removed from the input to
the circuit and with the load (including filter circuit) dis-

cennected trom the terminal of capositor D2,

stanme
measurements con be made across the Inad 1o detetmine
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measurements, to determine the larger of the two resistance
measurements, The larger resistance value is then ac-
cepted as the measured value.

Low Output. The rectifiers (V1, V2, and V3} should be
checked to determine whether the cause of low output is
low cathode emission. The logd cwrrent should be checked
to make sure that it is not excessive, because the voltage-
tripler circuit has poor tegulation and an increase in load
current {decrease in load resistance) can cause a decrease
in output voltage.

One terminal of each charging capacitor (C1, C2, and
C3) should be disconnected from the circuit and each capa-
citor checked, using ¢ capacitance analyzer, to determine
its effective capacitance and leckage resistance. A de-
crease in effective capacitance or losses within the capo-
citor can cause the output of the voltage-tripler circuit
to be below notmeal, since the defective capacitor will not
charge to its normal operating value. If a suitable capo-
citance aonalyzer is not available, an indication of leakage
resistance can be obtained by using an ohmmeter, First,
disconnect one termingl of the ¢apacitor from the eircuit;
then, using the chmmeter procedure outlined for the no-out-
put condition, make two measurements (reverse the test
leads at the capacitor tesminals for one of the measure-
ments). The larger of the two measurements should be
greater than 1 megohm for a satisfectory capacitor.

A procedure which can be used to quickly determine
whether the capacitors are the cause of low cutput is to
substitute known good capacitors of the same velue in the
voltage-tripler circuit and mecsure the resulting output
voltage.

YOLTAGE QUADRUPLER.

APPLICATION.

The voltage-quadrupler circuit is used to produce a
higher d-c output voltage than can be cbtained from a con-
ventional rectilier clrcult utilizing the same input voltage.
It is normally used in “'transformerless’’ circuits where the
load current is small and voltege requlation is not critical.

CHARACTERISTICS.

Input to cireuit is a¢; cutput is pulsating de.

D-c cutput voltage is approximately four times the volt-
age obtained from a half-wave rectifier circuit utilizing the
same input voltage; output curtent is relatively small.

Output requires filtering; d-¢ output ripple frequency is
either equal 10 or twice the a-¢ source frequency, depending
upor: quadrupler circuit afrangement,

Has poor requlation characteristics; output voltage
available is a function of logd curtent.

Depending upon circult application, may be used with
ot without o power of isolation tansformer.

Uses indirectly heated cathode-type rectifiers.

CiRCUIT ANALYSIS.

General. The voltage-quadrupler circuit is used with
ot without a transformer to obtein a d-¢ voltage from an o~
source. As the term veltage quodrupler implies, the output
voltage is approximately four times the input voltage, The
voitage requlation of the voltoge quadrupler is very poor das
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compared with the regulation of either the holf-wave of the
full-wave voltage doubler circuit. Assuming that a given
voltage-multiplier {doubler, tripler, or quadrupler) circuit
uses the same velue of capacitors in each instance, the
greater the voltage-multiplication factor of the circuit, the
poorer will be the requlation charecteristics, Begause of
the poor requlcation characteristics of the voltage quadrupler,
the use of the circuit is generally restricted to applications
in which the load current is small and relatively constant.

Circult Operation. Two besic voltage-quadrupler cir-
cuits are shown in the accompanying circuit schematic.
Each circuit {part A or part B of the illustration) consists
of two half-wave voltage doublers mrranged so that the
cutput of one doubler circuit is in series with the output of
the othet; thus, the total output voltage developed across
the load resistance Is approximately four times the applied
voltage,

Rectitiers V3 and V4 and charging copacitors Cl and
C4 form a conventional half-wave voltage-doubler circuit
{the opetatian of the voltage-doubler circuit wes previously
described in this section). Rectifiers V1 and V2 and charg-
ing capacitors C2 and C3 form ¢ second half-wave voltoge-
doubler circuit; however, this voltage-doubler circuit oper-
ates in cascade with the first voltage-doubler circuit and
obtains its input from the voltage available across the seties
combination of charging capacitor C1, the applied a-¢ input
voltage, ond charging copacitor C4.

Rectifiers V1, V2, V3, and V4 are identical-type diodes
with indirectly heated cathodes. Because there are several
possible filament circuit arrangements, the actual filament
circuits are not shown on the schematic, It is necessary
to isolate the rectifier filament clicuits from each other be-
cause of the heater-to-cathede breckdown voltage limitation
imposed by the rectitier tubes themselves; therefore, q fila-
ment transformer with separate well-insulated secondary
windings, or a single transformer for each rectifier tube, is
required. This requirement for an independem filament
{heater) voltage source for each rectifier tube places g
practical limitation on the use of electron tubes in voltage-
multiplier circuits; for this reason, the voltage-quadrupler
circuit and other voltage-multiplier circuits generally employ
semiconductor diodes as rectifiers in lieu of electron-tube
diodes.

Charging copaciters Cl, C2, C3, and C4 are of equal
capacitance and are usually telatively large {10 to 20 pf}
for 50~ to B0-cycle o input; however, for some high-volt-
age, low-current applications, such as in the high-voltage
supply for cathode-tay tube indicators, the charging cape-
citors may be relatively small (0.01 to 0.1 uf), especially
if the cc input frequency is much higher than the normal
50~ to 60-cycle input frequency.

Resistors Rl and R2 are equalizing reststors for charg-
ing capacitors C3 end (4, respectively; they are of equal
value and cre generally grecter thon 2 megohms. Resistors
R1 and R2 are not necessary for circuit operation; however,
when included in the circuit, they have a dual purpose—~
they tend to equalize the voltages across charging capo-
citors C3 and C4, and they also act as bleeder resistors
to dischatge the capacitars when the circuit is de-energized.

The operation of the basic voltage-quadrupler circuit
can be understood from the simplified circuits, parts A, B,
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C, and D, given in the cccompanying illustration. These
simplified circuits are based upen the basic voltage-quad-
rupler circuit schematic (part A} given earlier in this dis-
cussion. The operation of a typical half-wave veltage-
doubler circuit was described earlier in this section of the
handbook; therefore, the discussion which follows will only
briefly describe the circuit operation when two voltage-
dowbler circwis ae arranged in cascede to obtain voltage-

quadrupier action.
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by the signs adjacent to the input termindis in part Aof the
accompanying illustration. Hectifier V4 conducts to charge
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voltage and thereby discharge capacitor Cl. In part C of
the illusteation, the applied voltage has the polarity in-
dicated and is in series with the charge on capacitor C4
(Eca4) which causes rectifier V2 to conduct. This gction
charges capacitor C2 to twice the peak value of the input
voltage, capaciter Cl to the peak value of the input veltage,
and discharges capacitor C4 to zero. In part [ of the illus-
tration, the applied voltage has the polarity indicated and
is in series with the charge on capacitor C1 (Ec)) and
capacitor C2 (Ecz). At this time rectifier V1 conducts
charging capacitors C3 and C4. Capecitors C3 and C4 are
equal value capacitors and each wil] charge to twice the
peak value of the applied voltage {(a-c input plus EC; and
EC2.) Since C3 and C4 e in series, the d-c voltage de-
livered to the load resistance is the sum of the voltage
(EC3 plus EC) developed aerass capacitors C3 and C4.
Because the voltage across each of these capacitors is
equal to twice the applied voltage, the value of the d-c out-
put voltage is approximately four times the peck voltage of
the a-c input to the voltage-quadrupler circuit.

The d-c output contains a ripple component; therefore,
filtering is required to obtain a steady d-c voltage, The
frequency of the main componant of the ripple voltage is
equal to the frequency of the a-c source becquse capa-
citors C3 end C4 simultaneously teceive a charge, once
for each complete cycle of the applied voitage. The velue
of the output voltage obtained from the voltage quadrupler
is determined largely by the resistance of the loed and the
resulting load current.  The regulation of the circuit is very
poor; for this reason, if the output voltage is to be main-
tained at a high level, the load current must be kept small.

The voltage-quadrupler circuit given in the accompany-
ing circuit schematic is o variation of the basic cascade
voltage-quadrupler circuits given earlier.

In this circuit, two bosic half-wave voltage-doubler
circuits are arranged back-to-back; sgch doubler-circuit in-
put is connected to the common a-c source, and the two out-
put voltages, Eca and Ecs, are in series to produce the
total output voltage, ec. Rectifiers V1 and V7 and charging
capacitors Cl and C3 form one doubler circuit; rectifiers
V3 and V4 and charging capacitors C2 and C4 form the
other doubler circuit. Each doubler cireuit operates to
charge its associated cutput capaciter {C3 or C4) 10 ¢ value
which is twice the peak value of the applied input voltage;
as a result, the voltage produced across capacitors C3 and
(4, in series, is four times the value of the applied input
voltage. Because charging capacitors C3 and C4 receive
a charge on alternate half-cycles of the applied input volt-
age, the ripple frequency for this quadrupler circuit is equal
to twice the frequency of the a-c source.
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Two Half-Wave Yoltoge-Daublers Connected Back-to-Back
To Form o Yeltage-Quadrupler Circuit

Once it is recognized that this quadrupler circuit con-
sists of two complete half-wave voltage-doublers connected
back-to-back sharing ¢ common input souwtce and that meas-
urements on each deubler circuit may be made as though
they were two independent circuits, then failure analysis
becomes relatively simple. The circuit operation and fail-
ure analysis for each doubler circuit is identical to that
given for the basic half-wave voltage-doubler circuit des-
cribed earlier in this section of the handbook and, therefore,
will not be discussed here.

FAILURE ANALYSIS.

Ne Outpur. In the voltage~quadrupler circuit, the no-
output condition is likely to be limited 10 one of the follow-
ing possible causes: the lack of filament voltage or an
open filament in two or mere rectifiers, the lack of applied
a-c voltage, a shorted load circuit {including filter circuit
components), ot an open in one or hoth of the charging capa-
citors, Cl and C2.

The failure anclysis procedures for the no-output cond-
Ition are esentiglly the same as those given for the volt-
age-tripler and half-wave voltage-doubler circuits described
previously in this section of the handbock.

bow Output. The failure analysis for the low-output
condition is esentially the same as that qgiven for the volt-
age-tripler circuit described previcusly and is somewhat
similar to that given for the half-wave voltage-doubler cir-
cuit deseribed earlier in this section of the handbook., The
procedure for substituting known go0d capacitors of the
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same value in the voltage-quadrupler circuit and medsuring
the resulting output voltage may be used to guickly deter-
mine whether the charging capacitors are the cause of low
output.

HIGH-YOLTAGE (CRT) SUPPLY, AUDIO-OSCILLATOR
TYPE.

APPLICATION.

The audic-oscillator type hizh-veltage supply is used in
electronic equipment for applications tequiring extremely
high-voltage de at a small load current.  The output circuit
can be arranged to fumish negative or positive high voltage
to the load. The supply is commonly used to provide the
hizh unltage for necelerating and final anodes. ultar, and
other similar electrodes of catnode-ray wbes used in in-
dicators, It is sometimes usad a5 o keep-clive voltage

source in radar equipment.

CHARACTERISTICS.

Uses a self-excited oscillatar circuit combined with a
rectifier circuit.

Typical operating frequency is between 400 1o 3000
cycles.

Qutput is high-voltage do ot low cumrent.

Requlation is fair; may be improved by regulating oscil-
lator d-c supply voltage.

The rectifier circuit can be arranged to provide either
positive- or negative-polarity output voltage.

CIRCUIT ANALYSIS.

Generol, The oudio-oscillator type high-voltage supply
is o self-excited oscillator opergting in the andis-fremquency
range. The oscillator gererates 3 voltage which is either
sinusoidal or square wave in form, depending upon the cir-
cuit design. The rectifier circuit used in conjunction with
the oscitlater circuit is commenly o half-wave rectifier or 2
full-wave voltage-doubler circuit and uses either electron
tubes ¢r semiconductor dicdes as rectifiers. The d-c out-
put filter component values are determined by the desired
output impedance of the high-voltage supply and by the freg-
vency of the applied o< generated by the csciliator circuit.
In most cases, the output impedance {s given first consider-
ation in the design of the &lter circuit, rathet than the re-
n of the ricnle-fremiency ~omnonent

bt mn aw Aliedo e
UL L WL Sl liaiia,

g given load, such as th ered by o cathode-ray tube
circuit, can be maindined nearly ¢s constant gs the a-¢
source supplving the oscillator circuit. For this reason. it
15 Jesirable 5 provide the ongillator cirmut wirh 4 requiaten
supply voltage which approaches :! petcent se that the
output voitage can be maintained reasonably constamt fof 2
given load current.

Circutt Operatlon. The accompanying circuit schematio
tllustiates a push-pull, solf-excited cenillator circuit nsed
1n conjunction with a full-wove voltage-doubler circuit to
obtain high-voltage outout. The aperation of the self-

axcited, push-nuil nanillator (5 czsentially the some as
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that descrined unger GO0 LA Lo w. 10 wsetion ¥ ot this

nandbook; the Dpergrion of 4 ypical ju-wave voilage-
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sitage Supply, Audie-Oscillator Tyse Using Twin-

Triode Tube

doubler circuit has already been described in this section
of the handbock. For these reasons, the discussion which
fcllows will be somewhat limited because the circuit is a

combination of two baslc citcuits discussed elsewhere in

this handbook.

Etectron tube V1 is a twin-triode, such as the type 5670
or 5J6; if desired, two identical-type triode tubes may be
used in this circult in lieu of the single twin-triode. Elec-
tron tubes V2 and V3 are identical dlodes using directly-
heated cathodes, such as the type 1B3, 1V2, or 1X2, and
are specifically designed for high-veltage applications,
The parallel combination of resistor Rl and capacitor C1
{5 used 1o obtain operating (grid-leak) bias for the self-
excited oscillator circuit. Transformer Tl is the osciliotor
and high-voltage transformer; in the schematic the dots

o

dicate similar winding polarities. Windings L1 and L4 are
the push~puil oscillator gid windings, and windings L2 ond
L3 are plate windings, Capacitor C2 forms < resonant cir-
cuft with the inductance of windings 1.2 and L3 to deter
mine the frequency of oscillation. Transformer windings
L5 and L8 supply the filament current to the diodes, V2 and
V3, respectively. Although windings L5 and L& are shown
as part of transformer T1, ¢ separate filament transformer
with independent, well-insulated windings is sometimes
used as the filament supgly. A tilament supply {5 not nec-
esgary when semiconductor diodes are used in the rectifier
Sl til, GG WEGLAGY Lo ane. e BR cmteia Y T,

. . o Tt 4 i -~ e e ¥ i
iormer winding L7 is the Righ-voltage (step-up) winding and
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is the & source for the rectifier circuit, Depending upon
the design of the transformer and the circuit constants used,
the oscillator circujt generates a sinusoidal waveform at
the high-voltage winding, or, if the circuit operates in a
switching mede, it generates a square wave.

Capacitor C3 and variable resistor R? form o decoupling
filter 1o prevent interaction between the oscillator circuit
and the d-c supply. Resister R? is also used to vary the
d-c potential applied to the oscillator circuit. A change in
the applied voltage affects the amplitude of the voliage ac-
ross winding L7 which is applied to the rectifier circuit;
therefere, the setting of resistor BZ determines the high-
voltage output within certain limits and may be adjusted to
obtain a predetermined output voltage.

Capacitors C4 and C5 are the charging capuacitors of the
voltage-doubler circuit. Since the frequency of the applied
voltage is in the audio range and the load current is small,
the value of these capacitors is relatively small. Resistors
R3, R4, and RS in series form a bleeder and voltage-di-
vider resistance for the output of the doubler cireuit, The
tap at the junctior: of resistors R3 and R4 enables q lower
voltage to be supplied to a low-current load, such as the
lower-voltage electrodes of a cathode-ray tube. In actual
practice, resistors R3 and R4 are made up of a number of
resistors in series to obtain the desired value of total resis-
tance for each portion of the bleeder {R3 and Rd). To pre-
vent failure, the voltage drop ceross each resistor must be
less than the maximum terminal-voltage rating of the resis-
tor.

Resistor RS is used for test metering purposes, to per-
mit measurement of the high-voltage d-c output without the
requirement for ¢ special voltmeter or high-voltage probe.

A precaleulated voltage drop across B5, when read with ¢
high-resistance voltmeter, will indicate the presence of
the correct value of high voltage.

In general, the cutput-voltage requlation of this supply
is sufficient for most cathode-ray-tube circuit applications
since the stability of the output voltage con be held to 2 1
Percent by regulating the d-c supply voltage applied to the
oscillator eircuit.

The escillater eircuit using a twin-triode tube offers
several advantages; its efficiency is relatively high and it
requires fewer parts thar does a comparable circuit which
uses a single pentode. Furthermore, the reliability of the
twin-triode oscillator circuit is better than that of a compar-
able pentode circuit, becguse it has the ability to oscil-
late even after failure of one triode section of the tube. {f
a failure of this nature should occur at a time when con-
tinued operation is vita) to the mission, sufficient valtage
will normally be available to sustain emergency operation
with reduced efficiency until corrective maintenance can be
performed.

The accompanying circuit schematic illustrates a single
pentode used in o self-excited oscillator circuit to produce
o sinuscidal voltage. The oscillator is fundamentally a
serles-fed Hartley oscillator with grid stabilizaticn; the
operation of this circuit is similar to that of the convention-
al Hertley oscillator described elsewhere in this handbook.
The rectifier circuit commonly used with the pentode oscil-
lator Is o full-wave voltage doubler and employs either elec-
tron tubes or semiconductor dicdes as rectifiers; however,
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the schematic does not show the associated rectifier cir-
cuit because it can be the same as that illustrated for the
twin-triode oscillator given earlier in this discussion.

L2

QUTPUT
TO

RECTIFIER

CIRCUIT

High-Yoltage Supply, Audio-Oscillator Type Using
Pentode Tube

Electron tube V1 is a pentode such as the type 5763,
The parallel combination of resister R] and capacitor C1
is used to obtain operating bias for the self-excited oscll-
lator circuit. Transformer T1 is the oscillator and high-
voltage transformer. In this transformer, winding L1 is tap-
ped for the series-fed oscillator circuit and is in paralle!
with capacitor C4 to determine the rescnant frequency of
the oscillator. Winding L2 is the high-voltage winding and
is the a-c source for the rectifier citcuit, (The pentode
oscillator circuit generates a sinusoidel waveform.} Al-
though not 'shown, if electron-tube diodes are used in the
rectifier circuit, additional windings may be required to sup-
ply the rectifier filament current. Capacltor C3 couples the
grid of V1 to the grid-winding portion of L1 and also acts
as a d- blocking capecitor. Cepacitor C2 is the screen
bypass, and resistor R2 is the screen-dropping resistor.
Capacitor C5 and resistor B3 form decoupling filter; cape-
citer C5 also returns the tap of winding L.} to signal
greund {cathede) potential,

The pentode oscillater circuit found in various equip-
ments may differ somewhat from the circuit given in the ac-
companying schematic, Several typical variations are as
foilows: A small capacitor may be connected between the
control grid and the plate of V1 1o increase the grid-to-plate
capacitance and thus provide additional feedback to sus-
tain oscillation; a resistance may be placed in series with
capacitor C3 to help stabilize the circuit and limit the amp-
litude of escillations: and a variable resistor may be placed
in series with either screen~dropping resistor RZ or decoup-
ling resister A3 to permit adjustment of the sereen voltage
of both the plate and screen voltages. A change in the ap-
plied oscilletor voltage(s) wiil cffect the output amplitude
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of the oscillator and will therefore affect the high-valtage
output of the supply.

FAILURE ANALYSIS

General, The audio-oscillater type high-voltoge supply
consists of two basic circults—an cscillator and a rectifier,
It must be determined initially whether the escillator or the
rectifier portion of the power-supply circuit 1s at fauit.
Tests must be made to determine whether the oscillator is
performing satisfactorily; if it is, the trouble is then assum-
ed to be located within the associated rectifier circuit.

The failure analysis outlined in the following paragraphs is
somewhet brief because the subject of electron-tube oscil-
lators is discussed in another section of this handbook;
furtharmnre. the particular high-voltaqe rectifier circuit may
be the same as one of the rectifier circuiis desciibed agi-
lier in this secticn. Since the mdio-oscillater type hnqh-
voltage supply is a combination of tweo basic circuits, infor-
mation concerning failice analvsis for either portion of the
high-voltage supply can be obtuined by reference to the ap-
plicable basic circuit given elsewheare in this handbook,

Ne Output. When the oscillater is in o nonoscillating
condition, negative grid voltage will not be developed
across RiCl, and the megsured plate (ad screen} voltage
of oscillator tube V1 will be below nomal. The applied
filament and plate {ond screen} voltages should be meas-
ured to determine whether these voltages are present and
of the correct value. The oscillator be, V1, may be te-
placed with one known to be good to determine whether it
is defective. Excessive losses in the L-C resonant circuit
formed by the transformer and its associaled capacitor will
prevent susl.cuned oscillation; the transformer windings
should be checkad for continuity, and the associnted cape-
citor should be checked to determine whether it is open of
shorted. Shorted capacitor in the circuit will prevent oscil-
lation; therefore, all capacitors should be checked with a
suitable copacitance analyzar tc determine whether they
are satisfactery. An open transformer winding would nar-
mally prevent sustained oscilictions, however, in the twin
trinde oscillator circuit, there is a possibility that one coil
could resonate with stray capacity and oscillate (at a high-
er frequency) and produce a low output.

If the oscillator circuit is found to be functioning nor-
mally, then it must be assumed that the trouble is associated
with the rectifier circuit or its Inad, and o chack of the

rectifier circuit

st be made in 'V‘M"‘fmm with the pro-

cedures gutlined egrlier in this
rectifier circuit.

Low Output. A relative indicutizn of oscilletor outpint
can be obtained by measuting the cmount of bias voltage
developed across RICL. A value of nias whicn 1s beiow
normal is an {ndication of low oscillator output. Alsg, if
the applied plate {and screen} voltage is below normal, 2
reduction in output will occur, The applied filament and
plme (clso screen) veltages should be measured to deter-
ming whother they ore within wlermmee; o i(-percent varia-
tion in applied filament voltage will not apprecicbly affect
the output of the supply, but a small change in cpplied plate
valtage will produce 4 noticeable change in output.

in the twin-triode oscillater circult, 'muble 1 one 1rinde

section (such gs low Catnode BMISSION, iuw Ldsuuiiuot-

erdinn for 1o,
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gnce, or on opben tube element} or an open winding in trans-
former T1 will cause a reduction in output. The tube may
be replaced with one known to be good and the checks re-
peated; continuity measurements of the windings of trans-
former T1 can be made to determine whether any of the
windings ate open. in the pentode oscillator eircuit, a
lecky screen bypass {C2) will form a voltage divider with
ihe screen-diopping reaistor (F2) and result ing ﬁmmqm
screen voltage; thus, the output of the bupply will be low,
1f the oscillater is found to be operating nomally, o
defect within the rectifier circuit or associated load must
be suspected as the cause of low output. For example, be-
cause of the relatively high-impedance rectifier and filter
circuits, an excessive load current can cause the cutput
voltage to be low. Failure analysis p'ocedures for typical
rectifiar circvits used in migh-vphtage surpliss are oullined

earlier in this section.

HIGH-VOLTAGE {CRT) SUPPLY, R-F OSCILLATOR

APPLICATION.

The r-f oscillater type high-voltage supply is used in
electronic equipment for applications requiring extremely
high-voltage de at a small load current. The output ¢ircuit
can be arronged to furnish negative or positive high veltage
to the load. The supply is commonly used 10 provide the
high voltage for the accelerating and final anodes, the ultor,
and other similar electrodes of cathode-ray tubes used in
video indicators.

CHARACTERISTICS.

Uses a self-excited -t oscillator circuit combined with
g rectifier circuit.

Typical operating fraguency is hetween 40 and 600 kile-

cycles.

Output is high-voltoge de at low current.

BHegulaticn is peor; may be impraved considerably by
additional sircuitry to contsol the oscillator output.

The rectifier circuit can be arranged to provide either
positive~ or negative-polarity cutput vollage.

Circuit may require shislding to prevent undesirabie
radiation from interfering with other equipments.

CIRCUIT ANALYSIS.
Gemml The r-f osc111utor type mqh-vollaqe supply 15

™ 11 .. o,
The osciliator go

.requer;Ly TG,
PUT whicn 18 COuPied tTough The dhi-Uh siep ul
to the high-voltage recm er Qircuit. Sometimes two

\JS\,Alaulul tibes Lie <

I s o LT
LB oh il §

uL.u’re'm outp_t Lapamlu, of the supply vver 'T'G(
g L

conjunciion w ey
wave rectifier or g voltaqe—doums-r circuit. Tne rectifier

circuit may employ etther electron-tubes or semiconductot
dicdes gs rectifi
cigtes tiler

The - outpur

cilleter high-voltage sup-
: .i:mon with o change in

oly is subject to const
4

> rwDer resan
o peur

TS,

fro

oh
loud caifent, and, th

1 .
nenatty g




ELECTRONIC CIRCUITS NAYSHIPS
applications where the load is constant. Although the re-
qulation characteristics of the supply can be improved con-
siderably by the addition of regulator circuits to control the
oscillator output, the additional circuitry tequired in some
cases makes it impracticable to do so because of the added
space, weight, number of components, etc.

Circuit Operation. The accompanying circuit schematic
illustrates a self-excited pentode power oscillator used in
conjunction with a full-wave voltage-doubler circuit to oh-
tain high-voltage dc output. The oscillatot is fundamental-
ly a series-fed tuned-plate, untuned-grid (tickler) oscil-
lator circuit. The operation of the oscillator {s essentially
the same as that described, under OSCILLATORS, in
Section 7 of this handbock, for the Tuned-Plate Armstrong
Oscillater eircuit; the operation of a typical full-wave volt-
age-doubler circuit has already been described in this sec-
tion {Section 4) of the handbock. For these reasons, the
discugsion which follows will be somewhat limited.

Electron 1ube V1 is a pentode tube, such 4s type 6V6
or 6Y6. Electron tubes V2 and V3 are identical directiy-
heated diodes, such as type 1B3, 1VZ, ot 1X2. The paral-
lel combination of resistor B! and capacitor C1 is used to
obtain operating {(grid-leak) bias for the self-excited oscil-
lator circuit, The air-core transformer, T1, is the oscil-
lator tank circuit and high-voltage transformer.  Winding
L1 is the primary winding of the transformer, and is reson-
ated by tuning capacitor C4 to determine the frequency of
oscillation. Winding [.2 is the untuned-qrid (tickler) coil,
which supplies the necessary feedback to the grid of V] to
sustain oscitlations. (The ratio of the relative reactances
of L1 and L2 determines the exciting voltage for the oscil-
lator grid.) Windings L3 and L4 supply the filament current
to the rectifier diodes, V2 cnd V3, respectively. Winding

nl ™ —

+Epp =0

High-Yoltage Supply, R-F Oscitlator Type
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LS is the hizh-voltage {step-up) winding, and is the a-c
source for the rectifier circuit,

Capacitor C2 is the screen bynass cepacitor, and resis-
tor B2 is the screen dropping resister. Byposs capacitor
C3 returns the series-fed primary winding, L1, to 1-f ground
petentinl, and the r-f choke {RFC) prevents any radio-freg-
uency currents from entering the plate-voitage source, Epp.

Capaciters C5 and C6 are the charging capacitors of
the volioge-doubler circuit. Since the frequency of the ap-
piied voltage is between 40 and 600 kilocycles, and the
load current is a low value, the value of these capacitors
1s relatively small, qenerally ahew 1000 puf, Furthermore,
because the ripple-frequency component is also in the radio-
frequency range, there is little need for large-value filter
componenis. Resistors R3, R4, and RS in series form a
bleeder and voltage-divider resistance for the output of the
doubler circuit.

As previously mentioned, primary winding L1 is tuned
to resonence by capacitor C4. The resonant frequency of
the high-voltage winding, LS, is determined primarily by the
shunting capocitances of rectifier V3 and capacitor C6 in
series, as well as stray circuit capacitance resulting from
wirlng and the physicel placement of athet circuit compon-
ents. The r-f oacillator pewer supply is normally designed
so that the maximum output voltege obtainable is greater
than the output voltage required to be delivered to the load.
Maximum output voltage is developed when the oscillator
frequency is equal to the notural resonont frequency of L5
in paraliel with its shunting capacitance; therefore, the
desired value of output voltage is obtained by adjusting
tuning capacitor C4 to set the oscillator frequency near the
natural resonant frequency of L5 and its shunting capacit-
ance. The voltage produced across winding LS is applied
to the voltage-doubler circuit, and, since the d-c output
voltage contains a ripple-frequency component which is
twice the frequency of the applied a-c voltage, the output
requires very little filiering.

The use of grid-leck bias (R1C1) tends to make the
oscillator selfsequlating with respect to its power output,
because the oscillator opetates as d Class C stage, the
efficiency is falrly high. The requlation of the supply is
considered adequate for most cethode-ray-tube circuit ap-
plications where the load current is always constant; how-
ever, amy change in the voltages applied to the oscillator
cireuit, a change in the oscillator frequency, or a change in
the load current will affect the output voltage and thus
cause poot tequlation, Therefote, if good requlation is te-
qulred, a voltage requlator circult must be added. Another
disadvantage of the r-f oscillator power supply is that it
must be well shielded te prevent the oscillator fundamental
frequency or its harmonics from being radiated as on un-
desired signal, cousing intetfetence within the associated
equipment or perhavs affecting nearby electronic equipments.

FAILURE ANALYSIS,

General, The 1-f nacillator type high-voltage supply
consists of two bosic clrcuits—an ascillator and a rectifier.
It must be determined initially whether the oscillator or the
rectiffer portion of the power-supply circuit is ot fault,
Tests must be made to determine whether the oscillator is
performing satisfoctorily; if it is, the trouble is then as-
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sumed to be located within the asscciated rectifier circuit
or its load circuit. The failure analysis outlined in the
following paragraphs is somewhat brief because the subject
of electron-tube oscillators is discussed in another section
of this handbook; furthermore, the particular high-veltage-
rectifier circuit may be the same as one of the rectifier
circuits described earlier in this section. Since the r-f
oscillator high-voltage supply is a combination of two basic
citcuits, information concerning failure analysis for either
partion of the high-voltage supply can be cbtained by refes-
ence to the applicable basic circuit given elsewhere in this
hondbock,

Me Output. When the oscillator is in g nonoscillating
condition, negative grid voltage will not he developed
acrnas R101. and the measured plate and screen voltoges
of oscillator tube Vi will be below normal. The appliad
filament, plate, and screen veltages should be measured to
determine whether these voltages are present and are of the
correct value, To determine whether the oscillator tube,
V1, is defective, it may be replaced with a tube known to be
good.

Excessive losses in the air-core tiansformer, Tl, or
shorted capacitor Cl, C2, C3, or C4 will prevent the oscil-
lator trom operating, Alse, defective components in the
rectifier circuit associated with the high-voltage winding,
LS, may introduce losses into the oscillater circuit which
will prevent oscillator operation. With all voltages removed
from the circuit, disconnect one lead from winding LS, or
remove rectifiers V2 and V3 from their sockets; then re-
apply the voltages and again perform tests on the oscil-
lator to determine whether the oscillator will operate under
no-load conditions.

1t the oooillator cireuit iz found to h

e functioning nor-
mally, it must be assumed that the trouble is associcted
with the rectifier circuit ot its load, and a check of the
rectifier circuit must be made in accordance with the pro-
cedures outlined in this section for the applicable rectifier
circuit.

Low Outpur. A relative indication of oscillator cutput

an be ohtained by measuring the amount of bias voltage
eveloped across RICL. A value of bias which is below
o"ncl is an indication of low oscillator output. Also, if

he applied plate and screen voltages are below normal, o
reduction in output will occur. A ledky screen bypass capa-
citar, C2, will form 2 veltoge divider with screen dropping
R" and reault in o decreased screen voltage; this,
Le cutput of the supply will be low,

Tc determine whether the osciilator tube, Vi, is the
cause of low cutput, it may be replaced with a tube known
o he good. Where the oscillator eircuit employs two tubes
in parallel, one or hoth tabes mAav he sispected as Cousing
low cutput.

It 1s possible that the low cutput condition may be
caused by a change in oscillator frequency away from the
resonant {requency of the high-voltage winding L5, {A
change in the cocillator frequency toward the resonant freq-
uency of L5 will ordinarily couse o higher than normal out-
put.} An adjustment of tuning capaciter C4 can be made in

this case in an attempt Lo obtain the normal output voltage,

ORIGINAL

$00,000.102 POWER SUPPLIES
If the oscillator is found to be opetating nomally, a de-
fect within the rectifier circuit or the associated load must
be suspected as the cause of low output. For example, be-
cause of the relatively high~-impedance tectifier and filter
circuits and the genetally poor requlation cheracteristics
of this type of supply, an excessive load current can cause
the output voltage to be low. Failure analysis procedures
for 1ypical rectifier circuits used in highewoltage supplies
are outlined eariiet in this section.
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PART B. SEMICONDUCTCR CIRCUITS

SEMICONDUCTOR RECTIFIERS.
Geaeral. The cpplication of semiconductor rectifiets
e design of power supplies for electronic squipment is

increasing. The characteristics which have caused this

& oray mpirsgnieene fortilamannloathads) powet,

immediate operation without need for warm-up ume, low in-
ternal voltage drop substantially independent of load cur
rent, low operating temperature, and generally small phys-
ical size.

Formerly, metallic or dry-dmu rectifiers, such us coppel-
oxide, copper-sul Yide, ond s remitiers, were useq
primarily in low-voliage ap | were limited in

use 1o the lower fraguencies 140 0 oW rvnles:. Addinionai
design mprovements have allowed t“ese rectmers tc be
uzad with higher inpot voltzoes, and today they e wi

W
used as power rectifisrs, I’he newet s.nwn—:-,",)e rectifi
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The smait yu'-f'SiCJA 5i5¢ of semi-
conducter rectifiers, especially the silicon types, makes

it practical to nlace these units in series to handle the
kigher inpui voitages.

The semiconductor recuifier is utlized as a diode in
power-supply cirouits in much the scme manner os the elec-
tron-tube dices. A semiconducto rectifier can be substi-
tuted for ecch electron-tube diode ir aimost every basic
power supply circuit given in Part A of this handbook sec-
.mn; ‘un"xermore, many power supply circuits w‘hlch wete
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comes practicable when semiconduziortype
used because the need for an independent filament-vcliage
source for each stage (to operate directiv-heated diodes)
is aliminated.
Semiconductor recti
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Ine terminal of the semiconducter diode (CR1j, shown
in part B, which comresponds 16 the cathede (or filament) of
the electron-tube diode (V1), shown in part A, is usually
identified by a colored det ot band, or by < plus (+) sign,
the letter *'K*, the schematic symbol, or other similar
means of identification stencilled on the rectifier itself.
The power supply circuits described in this section of the
handbook and their associated schematics will use the
semiconductor-diode symbol in the same manner as shown
in the circuit (part B) above.

Rccﬂfhr Rnnngs. The use of one or a combmanon of

given circuil is based upon the voitage and cun'ent requitre-
ments of the circuit,  All semiconductor rectifiers are sub-
12Ct 10 centain voltage breakdown and current limitations:
for these reasens the rectifier is usually rated in gecord-
enee with its ability to withstand a given peak-inverse voit-
gae, iis ability to conduct in terms of @ maximum d-c load
current, or its working rms {applied a-¢ input) voltage.

The semiconductor rectifier has an extremely low forward
resistance, and precautions are generally taken in the cir-
cuit design to ensure that the peqk-current rating of the
ieclitier 1o not exceeded, especm ily if the rectifier is used

wilh @ capacitance-input filter. For this reason, a smail
voiae resistorn, coied o surge resistor, is irequently placed
in senies with the rectifier to Limit the peak current through
the rectitier; howevet, if there is suffxczem resistance in

L1 LALBIOTE, #inding (OF ul&

- buuu.cf. the b&ul:S resis-
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An idea!l rectmer wowld have no (zefo) resistance in the

’OTWGYG direction and infinite resistance in the reverse dir-
(The elestron tube approaches an ideal disde.) In
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=eﬂ1.cc-nductcr rectitiers, the for-

i
i

:otange 1s very small and J!nos' constant, but the
reversoresicionse s not eggrcatesithat of aniclection:
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generally 50 much greater than the associated load resist-
ance. Undet normal operating conditions, as long as the
rectifier is not subjected to severe overload or otherwise
abused, the rectifying action is very stable. The only ef-
fect of long use is a gradual increase fn the forward resist-
ance with oge and, depending upon the rectifter type, a
gradual increase in the amount of heat developed. An in-
dividual rectifier cell {or element) can withstand only a
glven pedk-inverse voltage without breakdown or rupture of
the cell; therefore, if higher pedk-inverse voltages are to
be sustained, o number of cells must be connected in serles.
Thetefore, it 1s common practice to place many individual
cells in seties, or to "'stack’’ several complete rectifier
units, to obtain the desired characteristics and ratings
necessary to withstand the peak-inverse voltage of the cir-
cult without breakdown.

When rectifiers are placed In series (or stacked) to meet
the voltage requirements of the circuit, the total forward
resistance s increased accordingly. It is nomal for this
forward reaistance to develop some heat; for this reason,
many types of rectifiers are equipped with cooling fins or
are mounted on ‘‘heat sinks'’ to dissipate the heat. These
rectifiers are cooled by convection air currents or by forced-
air. In some special applications, a large number of recti-
tiers may be incased in an oil-filled container to help dis-
sipate heat. Simflarly, just as rectifiers are placed in
series to meet certaln voltage requirements, they may also
be placed in parallel to meet power {current) requirements;
however, when rectifiers are cperated in parallel to provide
for an increased curtent output, precautions are usually
taken to ensure that the patallel rectifiers have reasonably
similar electrical choractetistics.

Semlconducter Rectifler Cirevit Analysis. As mentioned
before, the rectifying action of o semiconductor dicde is the
same as that of an electron-tube diode; for this reason, the
various power-supply circuits in this part of the handbook
are described only briefly, especially where the hasic cir-
cuit is the countetpart of the electron-tube clrcuit. Since
many of the power-supply ¢ircuits are similar, much of the
detailed theory of circuit operation can be omitted for the
semiconductor version, becouse the rectifier action is ident-
ical with that given for the corresponding electron-tube
circuit described in Part A of this section.

Semiconductor Rectifier Failure Aralysis. Depending
upon the semiconductot type, materlals, and construction, a
visual check of rectifier appearance may or may not re-
veal a defective rectifier. Since rectifier failure is not
always accompanied by a change in physical appearance,
an ohmmeter check or an electrical test may be necessary
to determine whethet the rectifier is damaged or defective.
Improper rectifter operation may result from a change in the
rectifier characteristics; that is, the rectifier can be open
or shorted, its forward res{stance can increase, or its re-
verse Tesistance can decrease.

An ohmmeter can be used to make a quick, relative
check of rectifier condition. To mcke this check, discon-
nect one of the rectifler terminals from the circuit wiring,
ond make resistance measurements across the terminals
of the rectiffer. The resistance measurements obtained
depend upon the test-lead polarity of the ohmmeter; there-
fore, two measurements must be made, with the test leads
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reversed at the rectifier terminals for one of the megsure-
ments. The larger resistance value s assumed to be the
reverse resistunce of the rectifier, and the smaller resist-
ance value is assumed to be the forward resistance. ‘Meas-
urements can be made for comparison purposes using an-
other {dentical-type rectifier, known to be good, as a
stondard. Two high-value resistance measurements In-
dicate that the rectifier is open or has a high forward resis-
tance; twe low-value resistance measurements indicate

that the rectifier is shorted or haos a low reverse reststance.
An apparently normal set of measurements, with one high
value and one low value, does not necessarily indicate
satisfoctory or efficient rectifier operation, but merely shows
that the rectifier Is copable of rectification. The rectifier
efficlency is determined by how low the forward resist-
ance is as compared with the teverse resistance; that is,

it is desirable to have as great a ratio as possible between
the teverse and forward resistance measurements. However,
the only valid check of rectifier condition is a dynamic
electrical test which determines the rectifier forward cur-
rent {resistance) and reverse curtent (resistance) paro-
meters.

SINGLE-PHASE, HALF-WAYE RECTIFIER.

APPLICATION,

The single-phase, half-wave rectifier is sometimes used
in electronic equipment for applications requiring a d-¢ out-
put voltoge from an a-c source. It is frequently used in
"teansformerless” circuits where the load current is small
and voltage regulation is not critical and also where small
space, light weight, high efficiency, ruggedness, and long
life are important considerations. The circuit is often
employed as the power supply in small receivers and cudie
omplifiers. It is also used in low-voltage battery chargers
and in some equipment applications, as a bias supply. The
rectifier circuit can be arranged to furnish either neqative
or positive d-c output to the load.

CHARACTERISTICS.

Input to circult is ac; output is pulsating de.

Uses semiconductor diode as rectifier.

Output requires filtering; d-¢ output ripple frequency is
equal to ac source frequency.

Has relatively poor requlation characteristics.

Depending upon circuit application, may be used with
or without a powet or isolation transformer.

Circult provides either positive- or negative-polarity
output voltage.

CIRCUIT ANALYSIS.

Generel. The single-phase, half-wave rectifier is the
simplest type of rectifier circuit. [t consists of a semicon-
ductor rectifier (diode) in series with the alternating source
and the load. Since the rectifier conducts in only one dir-
ection, electrons flew through the load and through the
rectifier once during each complete cycle of the impressed
voltage. Thus, the electrons flow through the load in pulses,
one pulse for every other half cycle of the impressed volt-
dge.
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Circuit Operation. In the accompanying cifcuit sche-
matic, parts A and B {llustrate a semiconductor dicde, CR1,

used in two variations of a basic single-phase, half

wave rectifier circult. These two circuit variations use a
transformes, T1, as an isclation transformer or to step up
the alternating-source voltage to a higher value in the
secondary. The use of a transformer in this circuit permits
either d- output terminal to be placed at ground (chassis}
potential. The two circuit variations shown in patis C and
D do not use a transformer, but operate directly from the
a-¢ source. Both circuits shown in parts C and D place
one side of the o source at a d-¢ potential, and thus re-
stricts the output of the supply to sither a positive d-c po-
tential {part C) o a neqative d-¢ potential {part D}.

Basic Half-Wave Rectifier Circwits

In the four circults illustrated, the function of semicon-
ductor diode CRI is the same for each clrcuit. However,
because of the manner in which the diode is placed in the
circuit, electrons flow through the Joad in the direction in-
dicated by the @row adjacent to the load resistance. The
d-¢ output polarity for each clicult {5 [ndicated by the signs
associsted with the load resistonee The triangle d
graphic symbol for divde TRi points ia he divection of cur-
rent flow according to conventional {positive-to-negative}
current theory; etectron flow is in the opposite direction.
The letter "/K'! assigned to one terminal of the qrephic
symbo! for CRI indicates that this terminal comresponds
to the cathode {filament) of a electron-tube diode. There-
tfore, the terminal represented by tne snilg-arrow portion of
the graphic symbo! cerresponds to the plate of an electron-
tube dicde.
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a-c voltage, the resistance of the load circuit, the filter-
circujt input capacitance, and the peak current rating of the
semiconductor diode. If there is sufficient resistance in
the secondary winding of transformer T1 (shown in parts A
and B) ot in the a< source {pmts C and D), the resistor
may he omitted; also, if the load clrcuit of the supply in-

cludes a choke-inmyt filter, the resistor mey be omitted.

The cperction of the half-wave rectifier circult can be
understood from the simplified circuits, parts A and B, and
the waveforms, part C, shown in the accompanying illus-
tration. ?

Assume that the o¢ woltage applied to the input term-
inals of the rectifler eircuit Auring the initial half-cycle has
the polarity indicated in nart A of the illustration. Elections
flow in ihe direction indicateq by the small arrows from the
lower (negative) input terminal, through the lood, through
tectiffer CR, and to the upper (positive) input tetminal.
Thus, during she inidal halfcyele, rectifisr CR passes
maximum current in the forward direction, and an output
waltage is developed across the load resistance. In other
words, when the rectifier conducts, electrons pass through
the load to develop a comesponding output-voltage pulse,
as shown in part C of the illustiotion.

During the next half-cycle, the polarity of the applied
a=¢ input is as indicated in part B of the illustration. Ex-
cept for possibily a very small value of reverse current, the
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rectifier does not conduct, the reverse resistance remains
high, and the small curtent which flows can be neqlected.
(Normally, the reverse resistance of the rectifier is extreme-
ly high as compared with the circuit load resistance.) Thus,
during the second half-cycle, no voltage is developed acress
the load resistance. In other words, because the rectifier
is nonconducting and no electrons pass through the load,
there is no output from the circuit.

The waveforms given in part C show that, on positive
half cycles of the applied voltage, current passes through
the rectifier and the load resistence, producing an output
voltage across the load resistance. The output voltage has
a pulsating waveform, which results in en irreqularly shop-
ed ripple voltage; the frequency of the ripple voltage is the
same as the frequency of the a— source. Since the sutput
voltage and current are not cantinuous, the half-wave recti-
fier circuit requires considerable filtering to smooth out
the ripple and produce a steady d-¢ veltage.

The peak inverse veitage of the semiconductor rectifier
is defined as the maximum instantaneous voltage in the
direction opposite to that in which the rectifier is designed
to pass curtent. Assuming the output of the supply to be
filtered, the pegk inverse voltage across the rectifier in a
half-wave rectifier circuit during the period of time the
rectifier is nonconducting is approximately 2.83 times the
rms value of the applied (or transformer secondary) voltage.

The output of the half-wave rectifier circuit is connect-
ed to a suitable filter circuit, to smooth the pulsating dir-
ect current for use in the load circuit. {Filter circuits are
discussed in Part D of this section of the handbook.) Be-
cause of the very low forward resistance of the semicon-
ductor rectiffer and its associated low internal-voliage
drop which is practically independent of load current, the
half-wave power supply {including filter and load) using a
semiconductor diode will have somewhat better requlation
charccteristics than the equivalent electron-tube circuit;
however, the regulation is still considered to be relatively
poor.

FAILURE ANALYSIS.

Ne Output. In the half-wave rectifier circuit, the no-out-
put condition is likely to be limited to one of several pos-
sible causes: the lack of applied o-¢ voltage (including the
possibility of an open series resistor Bs ot a defective
transformer), a defective rectifier, or ¢ shorted load circuit
(including shorted filter-circuit components).

The a-¢ supply v-:ltage should be measured ot the input
of the circuit to Z.i=maine whether the voltage is present
and is the correct value. If the circuit uses a step~up (7.
isolation) transformer, measure the voltage at the secondary
terminals to determine whether it is present and is the cor-
tect value. If necessary, the primary voltage should be
removed from the transformer and continuity medsurements
of the primary and secondary windings made to determine
whether one of the windings is open, since cn open Circuit
in either winding will cause a lack of secondary voltage.

11 the circuit includes a series resistor {Hs), a rasist-
ance measurement can be made to detemmine whether the
resistor is open. However, if the resistor is found to be
open, the rectifier and load circuit should be checked fur-
ther to determine whether excessive load current or a de-

ORIGINAL

900,000,102 POWER SUPPLIES
fective rectifier has caused the resistor to act as ¢ fuse
and to open.

With the e supply voltage removed from the input of
the circuit and with the load disconnected from the rectifier,
resistance measurements can be made across the load to
determine whether the load circuit (including filter compon -
ents) is shorted.

Although physical appearance is not a positive indica-
tion of condition, the rectifier may be given a visual check
for a change in physical appearance which can indicate
rectifier failure. A relative check of the rectifier condition
can be made using on ohmmeter, as outlined in a previous
patagraph of this section. Howevert, failure of the rectifier
may be the result of other causes; therefore, udditional
tests of the filter and load circuit are necessary. Once the
Hlter components and load circuit have been determined to
be satisfactory, a procedure which can be used to quickly
determine whether the rectifier is defective is to substitute
a known good rectifier in the circuit and measure the cutput
voltage.

Low Output. The rectifier should be checked to deter-
mine whether the low output is due to normal rectifier aging.
A relative check of the rectifier condition cen be made us-
ing an ohmmeter, as outlined in a previous paragraph of this
section. If the forward resistance of the rectifier in-
creases, the output voltage will decrease. Also, if the
reverse resistance decreases, the cutput voltage will de-
crease, and the amplitude of the ripple voltage will become
excessive.

The load current should be checked to make sure that
it is not excessive, because the circuit has relatively poor
tequlation and an appreciable increase in load current {de-
crease in lead resistance) can cause a decrease in output
voltage, Also, the filter circuit components should be sus-
pected as a possible cause of low output. Once the load
circuit and filter components have been determined to be
satisfactory, o procedure which canbe used to quickly
determine whether the rectifier is at fault is to substitute
a known qgood rectifier in the circuit and measure the output
voltage under normal load conditions.

SINGLE-PHASE, FULL-WAYE RECTIFIER.

APPLICATION.

The single-phase, full-wave rectifier is commonly used
in all types of electronic equipment for applications requir-
ing high- or low-voltage de at a relatively high load current,
The rectifier circuit can be arranged to furnish negative or
positive output to the load.

CHARACTERISTICS.

Input to circuit is ac; output is de.

Uses twe semiconductor rectifiers.

Qutput requires filtering; d-¢ output ripple frequency is
twice the primary line-voltage frequency.

Has gocd regulation characteristics.

Clrcuit provides either positive- or negative-polarity out-
put voltage.

Uses power transformer with center-tepped secondary
winding.
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CIRCUIT ANALYSIS.

General, The single-phase, full-wave rectifier is one of
the most common types of rectifier circuits used in elec-
tronic equipment. It may be used as a low-voltoge d-¢ sup-
ply for operation of relays, motors, electron-tube filaments,
telephone and teletype circuits, and semiconductor eircuits,
or as a high-voltage d-c supply for operation of electron-
tube circuits. The full-wave rectifier circuit consists of
a transformer with a center-tapped secondary winding. At
least two semiconductor diodes are used in the circuit; one
diode is connected to one end of the transformer secondary,
and the other diode is connected to the other end. The load
is connected between the center tap of the secondary wind-
ing and the commen junction of the two semiconductor diodes.
Sinve e secundury winding is cenis-upped, e voliuges
developed in the two halves of the secondary winding are in
series with each other; therefore, only one rectifier is con-
ducting at any instant. As a result, electrons flow through
one half of the secondary winding, the load, and u rectifier
on each half cycle of the impressed voltage, with first one
diode conducting and then the other. Thus, the electrons
tlow through the load in pulses, one pulse for each half
cycle of the impressed voltage.

Circuit Operation. In parts A and B of the accompany-
ing circuit schematic, two semiconductor diodes, CR1 and
CH2, are used in a basic single-phase, full-wave rectifier
circuit. Although the schematic shows only two diodes in

Basic Single-Phase, Full-Wave Rectifier Circuits
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the circuit, in some instances for high-valtage operation
each diode symbol represents two or more diodes in series
to obtain the necessary peak-inverse charactetistics.

The circuit uses ¢ single transformer, T1, either to
step up the alternating-source veltage to g higher value in
each haif of the secondary winding or to step down the volt-
nqge to a lower value, The circuit application and the values

{ the input and output voltages determine whether o step-
up or step-down transformer is used.

The series, or surge, resistor (B,) Ls generally requir-
ed only in high-voltage supplies. Its function is to limit
the peak current that can flow through the semiconductor
rectifiers. When power is applied to the circuit, the input
capaciter (in the filter circuit) is in a discherged condition.
A very heavy current flows initially 10 establish the charge
on this capacitor. The limiting action of R, prevents any
damage to the rectifiers, which would otherwise ccecur from
the large surge of charging current. For 380-volt (peck in-
verse) rectifiers, the value of Ha is between 1 and 30 ohms,
depending on the peck current rating of the unit. The resis-
tor is common to both rectifiers since it is placed in the
circuit between the transformer center tap and the load. A
vatiation of this design practice uses two resistors, one
resistor in series with each rectifier.

The circuit arrangement given in part A is typical of
many plate- and low-veoltage (positive) supplies. The clr-
cuit given in part B is typical fot bics supply applications
requiring a negative voltage. In the basic circults illus-
trated, elther termind! of the load may be placed at ground
notential, denending unon whather & nositive or nacative
d-c output {s desired. When the d< output terminal associ-
ated with the transformer center tap is grounded, the second-
ary-to-core insulation need not be as great as it would be
if the secondary winding were above ground by the amount
of the d-c output voltage. For this reason, the two circults
shown in parts A and B are the commonly used circults,
and do not require that special design consideration be
given to the secondary-winding insulation.

In parts A and Bof the accompanying illustration, the
voltage induced in each half of the secondary of trunsformer
T1 causes each diode to conduct on altemate half-cycles
of the input voitage. Two d-c pulses are thus produced
during each complete cycle of s input voltage. Hence,
the output has a frequency which is twice the input fre-
quency. Because of this, the tull-wave circuit is more et~
ficient, has betler voltage regulation, und has an output
which is easier to filter (with o higher average value than
that of the half-wave circuit).

As an exomple of the peak and average voltages obtain-

ad from the full-wove rectifier circult assume that trans-
eg Irom the fullewove rectilier clroull, assume that frans

»
L

tormet 11 in part A of the ulustration has & step-up ratio
of 1to 6. Then, with an applied input voltage of 115 yolts,
690 volts will appear ocross the secondary winding, and
345 volts will be applied to each dlode. Since only one-
half of the secondary is used at a time, the pedk voltage is
found by using haif of the voitage across the winding, ot
345 volts. From the peak voltage formula:
Epaak = 1-4‘1‘-‘1 X Erm.

Aba oo DA
P R ]

P

k%)

B

This is the pedk value of the output voltage for half-wave
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{single-pulse) rectification. Since two pulses are produced
for every cycle of a— input voltage in full-wave rectification,
the average value of the d-¢ output voltage will be greater
than that for helf-wave rectiiication; thus:

Eav=EpeukXW'2—

~BBx__2
i1

= 310 volts (approx)

In a full-wave rectifier circuit designed to furnish high-
voltage dc to the load, the peak-inverse voltage rating of
the semiconductor rectifier i< 3n important consideration.

The pedk-inverse voltage across a semiconducter recti-
fier In a full-wave circuit during the period of time it is
nonconducting is approximately 2.83 times the ms valtoge
across half of the transformer secondary (eaac}, or ap-

proximately 1.41 times the rms voltage across the entire
secondary (esec). For high-voltage applications, several
identical-type rectifiers may be placed in series or stacked
to withstand the peak-inverse voltage and avoid the possi-
bility of rectifier breakdown. Generally, whenever a single
tectifler unit is used in the full-wave circuit, it is chosen
10 have o peak-inverse voltage rating which is conservative
and thus provide a safety foctor.

Because of the very low forward resistance of the semi-
conductor rectifier and its low intemal-voltage drop which
is practically independent of load current, the full-wave
power supply using semiconductor disdes has requlation
characteristics which approach or equal those of the equi-
valent electron-tube circwt usiug mercury-vapor rectifiers.
Hence, its requlation characteristics are somewhat better
than those of the electron-tube circuit which uses high-
vacuum rectifiers.

FAILURE ANALYSIS.

No Output. In the full-wave rectifier circult, the no-out-
put condition is likely to be limited to one of several pos-
sible causes: the lack of applied a-¢ voltage (including the
poasibllity of a defective transformes), defective rectifiers,
or a shorted load circult (inciuding shorted flter-circult
components}.

The a< voltage applied to each rectifier should be
measured between the secondary center tap and each recti-
fier to determine whether voltage is present and of the cor-
rect value. If the circuit includes o series resistor {Rs),
an additional measurement should be made between the
load connection at the resistor and the rectifler to determine
whether the resistor is open. (With primary voltage removed
from the input, c resistance megsurement con be made to
determine whether the resistor is open.)

If necessary, measure the applied primery voltage to
determine whether it is present and of the cortect value.
With the primary veltage temoved from the circuit, a contin-
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uity measurement of the primary winding should be made to
determine whether the winding is open, since an open wind-
ing will cause lock of secondary veltage.

If the circuit includes a series {surge) resistor common
to both rectifiers and the resistor is found to be open, each
rectifier and the load circuit should be checked further to
determine whether excessive load cument or a defective
rectifier(s) has caused the resistor to act as a fuse and to
open. With the a-¢ supply voltage removed from the input
of the circuit and with the load disconnected from the
rectifiers, resistance measurements can be made across the
load to determine whether the load circuit (including filter
components) is shorted.

Although physical appearance is not a positive indica-
tion of condition, the rectifier may be given a visual check
for a change in physical appearance which can indicate
rectifier failure. A relative check of the rectifier condition
can be made using an ochmmeter, as cutlined in a previous
paragreph of this section. However, failure of the recti-
tier{s) may be the result of other causes; therefare, addi-
tional tests of the filter and load circuit are necessary.
Once the filter components and load circuit have been de-
termined to be satisfactory, a procedute which can be used
to quickly determine whethet the rectifiers are defective is
to substitute known good rectifiers in the circuit and meas-
ure the output voltage.

Low Output, Each rectifier should be checked to deter-
mine whether the low output is due to normal rectifier ag-
ing or to one or more defective rectifiers. A relotive check
of rectifier condition can be made using an ohmmeter, as
outlined in a previous paragraph of this section. (A com-
parison can be made by checking one rectifier against the
other to determine whether they have similar charecteris-
tics.) If the forward resistance of the rectifier increases,
the output voltage will decrease. Also, if the reverse
resistance decreases, the output voltage will decrease, and
the amplitude of the ripple voltage will become excessive.

Since the full-wave rectifier circuit normally supplies
current to the load on each half cycle, failure of either
rectifler {or associated series resistot, if used) or an open
In efther half of the secondary winding will allow the cis-
cuit to act as o half-wave rectifier circult, and the output
voltage will be reduced acecordingly, Furthermore, whenever
this occurs, the ripple amplitude will also increase, and the
tipple frequency will be that of the a-c source (instead of
twice the source frequency). If one rectifier of the full-
wave circult is found to be defective, rather than replace
the defective rectifier only, it Is good practice to teplace
both rectifiers at the same time and to mcke certain that the
replacement rectifiers have like, or matched, characteris-
tics.

With the primary voltage removed from the circult, re-
sistance measurements can be made to check the contin-
uity between the center tap and each rectifier terminal;
this will determine whether one of the windings is open.

As an alternative, the a-¢ secondary voltage applied to
each rectifier can be measured between the center tap and
each rectifier to determine whether both voltages are pre-
sent and are of the correct value.

The primary voltage should be measured to determine
whether it is of the correct value, since a low applied pri-
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maty voltage con result in a low secondary voltage. Alsc,
shorted turns in either the primary or secondary windings
will cause the secondary voltage to measure below normal.
{A check for shorted turns was outlined in the failure
analysis described for the electron-tube full-wave rectifier
circuit given earlier in this section of the handbook).

The load curierit { (o) thefiieraitaill endtnthe luﬁd,‘u
should be checked to make sure that it is within tolerance
and is not excessive. A low-output condition due to a de-
crease in load resistance would cause an increase in load
cutrent; for example, excessive leakoge in the capacitors
of the filter circuit would result in increased load current.
Once the load circuit and filter components have been deter-
mined to be satisfactory, o procedure which can be used to
quickly determine whether the rectitiers ore at fauit 1s to
substitute known good rectifiers in the circuit and measure
the output voltage under nomal load conditions.

SIRGLE-PHASE, FULL-WAYE BRIDGE RECTIFIER.

APPLICATION.

The single-phase, full-wave bridge rectifier is used in
electronic equipment for applications requiring high- ar low-
voltage dc at a relatively high load current. The circuit can
be arranged to furnish negative or positive voltage to the
load. A variation of the basic bridge circuit can supply two
output voltages simultaneously to separate loads.

CHARACTERISTICS.
Trmnf to olrouit is ag; outnut is r_\r_l_lsgfl_p_q dr
Uses fowr semiconducior rectifiers {single, multiple, or

stacked units).

Qutput requires filtering; d-c output ripple frequency is
twice the primary line-voltage frequency.

Has good regulation characteristics.

Clreuit provides either positive- or negative-polarity
output voltage.

Uses power transiormer with single secondary winding;
modified circuft to supply two output voltcges simultane-
uubxy uses ansfoimer with center iﬁyyw sec:ﬁnd:r,' wind
ing.

CIRCUIT ANALYSIS.

Gensral. The singlephase, full-wave bridge rectifier
clrout uses two semxconaucr.or recuiiers in series vn eaul
side of a bnlust tiansiormer :.—-\.,C..uuf'. v Eh
ary winding does not require a center lap): 1our tecuifiers
used in the bridye cirouit, one in each arm of the bridge.
During each halt cycle of the impressed a-c voltage, tweo
ru—hfmn: one m each end of the secondary. conduct in

series to produce an slectren fow through the loads Thus,
slecirans flow through the load in pulses, one pulse for
each half cycle of the impressed voltage. Since two d-c
output pulses are produced for each complete input cycle,
full-wave rectification is obtained, and the output 15 similar
to ihat of ihe conventional full-wuve eciillen Chicult.

One advqntcge of the bridge rect:iler c1rcu1t over a
conventional full-wave rectifiar isthat for z

fnrmer total-senondors ue
womer W$o SeConanr

ana Inu hnr‘lnn o3

an output \rnltnnn wni ig nanr! Y Twics TN

wave clrcuit.  Ancther advantage is that the peak-mverse
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voltage across an individual rectifier, during the period of
time it is nonconducting, is approximately half the peak-
inverse voltage across a rectifier in a conventional fuli-
wave circuit designed to produce the same output voltage.

in many power-supply applications, it is desitable to
provide two voltages simultanecusly—one voltage for high-
puwer siuges and the other {or low-power sieges. Tor
these applications the singie-phase, fuii-wave bridqe recti-
fier ctrcuit can be modified to supply an additicnal output
voltage which is equal to one half of the voltage provided
by the full-wave bridge rectifier circuit.

Circuit Oparation, A single-phase, full-wave bridge
rectifler using semiconductor diodes is shown in the ge-
companying circuit schematic. Four identical-type semi-
monductor rectitiers, R OURA CHI and UN4, are connect-
ed in a bridge clrcuit across the secondary winding of
transformer T1. Each ractifier forms one arm of the bridge
clicuit; the load is connected between the junction points
of ihe balanced urms of the bridge. The circull uses a
single iransforiner, T1, cither 1o siep up the alternating-
source voltage to a higher vclue in the secondary winding
or to step down the voltage to a lowervalue. The circult
application and the values of the input and output voitages
determine whether a step-up or step-down transformer is
used. The series, or surge, resistor (Rs) is generally used
only in high-voltage supplies and is not normally re-
quired in low-voltoge supplies. The resistor is common to
all rectifiers since it is placed in series with the load and
filter circuit,

hoa et arrAanmamant Aitzan
IRETEE S Ot A ERHE - o Tert MR L L)

n the illictration narmite
either terminal of the load 16 be ,,.cced at ground potential,

depending upon whether a positive or negative d-c output
is desired.
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Basic Singie-Phase, Tuil-Wove Bnidge Recrifier Circuir

The anergtion of the full-wave bridge rectifior Airouit
can be understood from the simplified circuit schematic
{parts A and B} and the waveforms {part T} shown in the
accompanying 1iiustration and by reference 10 the explana-
tion given for the equivelent electron-tuhe bridge circutt
found in por A of this handbook section. The basic bridge
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rectifier reference designations used correspond to those
assigned in the bastc bridge schematic.

During the first half-cycle the transformer secendary
winding may be considered as a voltage source of the polar-
ity given in part A of the illustration. As g result, elec-
trons flow, in the direction indicated by the arrows, through
the series circuit composed of rectifier CR2, resistor Rs,
the load, and rectifier CR3. This electron flow produces
an output pulse of the polarity indicated ccross the load
resistance. Also, during this period, rectifiers CR1 and
CR4 are nonconducting.

During the next hali-cycle, a secondary voltage is pro-
duced of the polarity given in part B of the illustration.

As q result, electrons flow, In the direction indicated by
the arrows, through the series circuit composed of rectifier
CRI, resistor Rs, the load, and rectifier CR4. The elec-
trons flowing in the series circuit once again produce an
output of the same polarity gs before across the load resist-
ance. During this period, rectifiers CR2 and CBE3 are non-
conducting.

ORIGINAL
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From the waveforms given in part C, it can be seen that
two rectifiers in series conduct at any instant of time; thus,
on alternate half-cycles, elactrons flow through the load
resistance to produce a pulsating output voltage, es. This
pulsating waveform results in an irreqularly shaped ripple
voltage because the output voltage and current are not con-
tinuous; the frequency of the ripple voltage is twice the
frequency of the a-c source. The output of the full-wave
bridge rectifier circuit requires filtering to smooth out the
tipple and produce a steady d-c voltage.

The full-wave bridge rectifier circuit makes continuous
use of the transformer secondary; therefore, there are two
pulsations of current in the output for each complete cycle
of the applied a-c voltage. The d-c load current passes
through the entire secondary winding, flowing in one dir-
ection for one half-cycle of the applied voltage, and In the
opposite direction for the other half-cycle; thus, there is no
tendency for the transformer core to become permanently
magnetized. Since little d-c core saturation occurs, the
effective inductance of the transformer, and therefore the
efficiency, is relatively high.

The peak-inverse voltage across an individual rectifier
in a full-wave bridge rectifier circuit during the period of
time the rectifier is nonconducting is approximately 1.4}
times the mms voltage across the secondary winding. “Since
the secondary voltoge, eqec; is applied to two rectifiers in
series, less peak-inverse voltage uppears across each
rectifier. Thus, the bridge circuit can be used to obtain a
higher output voltage than can be obtained from a conven-
tional full-wave rectifier circuit using identical rectifiers,

In bridge circuits designed to fumnish high-voltage de to
the load, the peak-inverse voltage rating of the semicon-
ductor rectifier is an importent consideration. For such ap-
plications, several identical-type rectifiers may be placed
in series or stacked to withstand the peck-inverse voltage
and avoid the possibility of rectifier breckdown.

The output of the full-wave bridge rectifier is similar
to that of the conventional full-wave rectifier circuit. For
the same total transformer secondary voltage and d-c output
current, the bridge rectifier provides twice as much output
voltage as does the full-wove rectifier circuit using a center-
tapped seccndary.

The output of the bridge rectifier circuit is connected
to a suitable filter circuit to smooth out the pulsating direct
current for use in the load circuit. (Filter circuits are dis-
cussed in the latter part of this section.)

A variation of the full-wave bridge rectifier circuit uses
a transformer with a center-tapped secondary winding to
supply two output voltages simultaneously to two separgte
loads. The circuit is fundamentally the same as that given
earlier; therefore, the reference designations previously
assigned to the basic circuit remain unchanged. This
modified circuit uses two series (surge) resistors which are
common to both the full-wave center-tap rectifier circuit and
the full-wave bridge rectifier circuit.
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Full-Wave Center-Tap and Full-Wave Bridge Rectifier
Circuit

One advantage of this circuit is that two voltages may
be supplied from the same set of rectifiers. One output
voltage (Eqy) 15 obtained from the output of the bridge cir-
cuit; the other output voltage {Eae}, which is equai to one

2

helf of the hridge cumtput voltage, is obtained hy using two
rectifiers, CRI and CR2 of the bridge, and the center tap of
the secondary winding os a conventional full-wave rectifier
circuit. Although this circuit can supply two output volt-
ages simultanecusly t¢ two separate loads, there is a limit-
ation on the total current which can be safely carried by
rectifiers CR1 and CRZ.

FAILURE ANALYSIS.

Ne Ousput. In the full-wave bridge rectifter circuit, the
no-output condition is lkely t¢ be limited to one of several
possible causes: the lack of applied a-¢ voltage (including
the possibility of a defective transformer), a shorted load
zirzult (including shorted filter-circuit compbanents), or
defective rectifiers,

The o-c secondary voitage, eqac, should be measured at
the transformer terminals to determine whethert the voitoge
is present and of the correct value. If necessary, measure
the appiied primary woitane to determine whether ii is pre-
sent and of the correct value. With the Input voltoge re-
moved from the circult, continuity measurements of the
windings can be made to determine whether one of the wind-
ings is open, since an open winding will cause a lack of
seenndary voltage.

If the clrcuit includes one or more setles resistors {Rs),
continuity megsurements can be made to determine whether
the resistors are open. When a series resistor is found to
be open, the asenciated rectifiers and lood circudt {ncluding

-1 2 i hi ECy o L B R I S R Tpey e
LIEGLOUL WP D) SiUss € WITUREd 0 GCwIhiind
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whether excessive load current or defective rectitiers have
caused the resistor to act as a fuse and to open.

With the a-c supply voltage removed from the input of
the circuit and with the load disconnected from the recti-
fiers, resistance measurements con be made across the load
to determine whether the load circuit {including filter com-
ponents) s shorted.

Although physical appearance is not o positive indica-
tion of condition, the rectifiess may be given a visual check
for o change in physical appearance which can indlcate
rectifier failure. A relative check of the rectifier condition
can be made using an chmmeter, as outlined in a previous
paragraph of this section. However, failure of the rectifiers
may be the result of other causes; for this reason, tests of
the filter and load circuit are necessary.

Low Outpyt, Cach rectifler should be checked i deter-
mine whether the low output is due to nommal rectifier aging
or to one or more defective rectifiers. A relative check of
rectifier condition can be made using an chmmeter, as out-
lined in a previous paragraph of this section. A comparison
can be made by checking all rectifiers and noting the re~
sults obtained to determine whether the rectifiets have
similar characteristics. If the forward resistance of the
rectifier increases, the output voltage will decrease. Also,
if the reverse resistance decreases, the output voltage will
decrease ¢nd the amplitude of the rpple voltage will be-
come excessive.

Complete failure of only one rectifier in the bridge will
allow the circuit to act as a half-wave rectifier with current
supplied to the load on dlternaie half~cycles only, and the
outpit voitage will be reduced accordingly. Furihermore,
whenever thiz occurs, the rippie ampiitude will aiso in-
crease. and the ripple frequency will be that of the o<
soutce {instead of twice the source frequency).

The load current should be checked to make sure that
it is not excessive, becouse a decrease in output voltage
can be caused by an increase in load current (decrease in
ioud resistance); for example, excessive ledkage in the
copaditors of the filter circuit would result in increased
load current. Also, the a-c secondary voltage, egee, and the
input {primary) voltage should be measured at the terminals
of transformer T1 to determine whether these voltages are
of the correct value. Shorted turns in eithes the primary or’
secondary windings will cause the secondary voltage to
measure below nomal. (A check for shorted tuns {s out-
lined in the failure analysis described for the electron-
tube full-wave bridge rectifier circult given earlier In this
section of the handbook.] Once the load elrcult and flter
components have been detetmined 1o be satisiactory, a pro-
cedure which can be used to quickly determine whether the
rectiilers are ot foult is 16 substiicie known good rectifiers
in the circult and measure the cutput voltage under nocmal
ioad conditions.

In the modifiad full-wave center-tap and full-wove bridge
circult, it {s possible to hove two definite conditions of
low wvoltage caused by defective rectifiers: the output
voltage {Eqy} to load No. | can be low and the cutput volt-
cge {E o) 1o lood No. 2 normal, or both output voltages

2

cun be below nomal. 1 the ioad curments are hot excessive
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the defsctive rectifiers in the first case ore assumed to be
CK3 and CR4 of the bridge clrcuit, and those in the second
case ate assumed to be CR1 and CR2, which are commen to
both the full-wave center-tap and the bridge circuits. In a
practical full-wave centertap and full-wave bridge circuit,
the two rectifiers designated in the schematic as CR1 and
CR2? may have higher curent ratings than the rectifiers de-
signated as CR3 and CRY, because CRI1 and CR2 must car-
ry the combined cuments of both output loads. For this
reason, rectifiers CR1 and CHZ may not be directly inter-
changeable with rectifiers CR3 and CR4 of the bridae cir-
cuit.

THREE-PHASE, HALF-WAVE (THREE-PHASE STAR)
RECTIFIER.

APPLICATION.

The three-phase, half-wave star- or wye-connected recti-
fler 1s used in electronic equipment for applications where
the primary g-c source is three-phase and the d-c power
requitements exceed 1 kilowatt., The rectifier circuit can be
arranged to furnish negative or positive high-voltage output
ta the load.

CHARACTERISTICS.

Input to circult is three-phase ac; output is de with
amplitude of ripple voltage less than that for a single-phase
rectifier.

Uses three semiconductor rectifiers {single, multiple,
or stacked units).

Output Is relatively easy to filter; d< output ripple fre-
quency is equal to three times the primary line-voltage fre-
quency.

Has good requlation characteristics,

Circuit provides either positive- of negative-polarity
output voltage.

Uses multiphase power transformer with star- or wye-
connected secondary windings; primary windings may be
either delta- or wye-connected.

CIRCUIT ANALYSIS.

General. The three-phase, half-wave (three-phase star)
rectifier 1s the simplest type of three-phase rectifier circuit.
Fundamentally, this rectifier circuit is three single-phase,
half-wave rectifier circuits, each rectifier operating from one
phase of a three-phase source and sharing o common joud.
The woltages induced in the transformer secondary windings
differ in phase by 120 degrees; thus, each half-wave rectifier
conducts for 120 degrees of the complete input cycle, and
contributes one-third of the d-c current supplied to the load.
Electrons flow through the load in pulses, one pulse for
every other half-cycle of the impressed voitage In each of
the three phases; therefore, the output voltage has a ripple
trequency which is three times the frequency of the g-¢
source,

Circuit Operation. A basic three-phase, half-wave recti-
fier Is illustrated in the accompanying circuit schematic.
The circuit uses a three-phase transformer, T1, to step up
the alternating source voltage to a high value in the star-
ot wye-connected secondaries. The primary windings of
transiormer T1 are shown delta-connected, although in some
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instances the primary windings may be wye-connecied (as
for a three- or four-wire system). Each rectifier, CR1, CR2,
and CR3, is connected to a high-voltage secondary winding,
The load is connected between the junction point of the wye-
connected secondary windings and the comumon connection

of the three rectifiers.

SCURCE

Basic Three-Phase, Holf-Wave {Three-Phase Star) Rectifier
Circuit

In the circuit illustrated, either terminal of the load ean
be placed at ground potential, depending upon whether a
positive or negative d-c output is desired. However, it is
good design practice for the d-c output terminal associated
with the junction of the wye-connected secondaries to be
grounded, in this case, the secondary-to-core insulation need
not be as great as it would be if the secondary windings
were above ground by the amount of the d output voltage.
When a negative high-voltage d-c supply Is required, it is
common practice to keep the junction of the wye-connected
secondaries at ground {chassis) potential and to reverse
the connections to the rectiflers (CR1, CR2, and CR3}); in
this case, the qutput polarity across the load will be oppo-
site that shownon the schematic.

The semiconductor rectifiers, CRL, CR2, and CR3, are
made up of several rectifiers in series to safely withstand
the peak inverse voltage of the circuit and to prevent recti-
fier breakdown. Since each individual rectifier cell in the
series-connected arrangement (multiple or stacked units)
has a maximum reverse-voltage rating, it is necessary lor
the serles combination of rectifiers in any secondary leg to
have a total reverse-voltage rating in e xcess of the maximum
peak inverse voltage encountered in the circuit configuration.
Although the voltage ratings for the commercially available
sillcon rectifiers are generally higher than for the selenium
rectifiers, both selenium and silicon rectifiers are commonly
used in high-voltage power supplies. Because a choke-
input filter system is commonly employed with this circuit,
series, or surge, resistors are not normally used, and for
this reason are not shown in the schematic.

The opetation of the three-phase, half-wave rectifier
circuit can be readily understood from a study of the equiva-
lent electron-tube circult description and the associated
waveforms given previously in this section of the handbook.
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For this reason, an explanation of circuit opetation {s not
given here.

The action of the semiconductor rectifiers in this circuit
is essentially the same as that described for the equivalent
electron-tube circuit. The rectifier in ecch secondary ley
conducts for only one-third cycle, and this results in @
series of d-c output voltage pulsations, The output voltage,
€o, actoss the load resistance is determined by the instan-
taneous cutrents flowing through the load; therefore, the
output voltage never drops to zero because of the overlap-
ping of applied three-phase secondary voltages and the re-
sulting rectifier conduction in each seccndary leg, Because
the ripple voltage is equal to three times the frequency of
the a-c source, the circuit requires less filtering to smooth
ont the rinnle and praduce a steady d-¢ voltage than does
single-phase rectifier circuit.

The peak inverse voltage across the rectifier (multiple
ot stacked units) in one secondary leg of the three-phase,
half-wave circuit during the period of time the rectitier is
nonconducting is approximately 2.45 times the rms voltage
{egec) across the secondary winding of one phase.

The regulation of the circuit is considered to be very
qood, and is better than thet of o single-phase rectifier
circuit having equivalent power-cutput rating; the semicon-
ductor rectifier characteristics and the three-phase input con-
tribute greatly to the improved regulation characteristic of
the supply. The output of the three-phase, half-wave recti-
fier circuit is connected to a suitable filter circuit, to smooth
the pulsating direct current for use in the load circuit.
(Filter circuits are discussed in Part D of this section of
the handbook.)

FAILURE ANALYSIS.

No Output. In the three-phase, half-wave recuiier circuit,
the no-output condition is likely to be limited to one of three
possible causes: thelack of applied a-c voltage, a shorted
load circuit {including shorted filter capacitors), or an open
filter choke,

NOTE
Most filter circuits used in Navy
equipment empioy two-séction choie~
input filters; thus, an open choke in
gither section will cause no cutput.

Measure the applied three-phase primay vultage o
determine whether it is present and of the correct value.
With the primary voltage removed trom the clicult, conunauy

:necsuemems brzoum he WiCl']r— of

R Tl ‘_ﬂnl\uv ._nru u-nuu-

ne or more thon une wWinduy

is open and whether the common rermmwh'a) af the wye-

connected secondaries is connected to the load circuit. I

tha v corondory !rrxl”‘il'._- arnliad ta the ractifiprs
Ty

GEI8sET, e o
may be measured uetwee. : i
sonnected secondaries apd one or more recnhers to deter-
mine whether voltage is present and of the correct value.
With the primary voltage removed from the circuit, re-
sistance measurements con be mede at t'he output terminais
of the rectifier circuit (ocross 1Uuu,l o determine whather
the load cireuit, including the filter, is shorted. {As ex-
plained in the preceding ncte, an oper < choke in the filter

el

mTmon ©
fe Common o

‘‘‘‘‘ i+ will glso couse \
sircuitwill glsp gouse'ne pitpur

(

~sit limaluding ~pmran i
cuit linciuding componénts 1n
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an excessive load current to flow and may resuit in permanent
damage to the rectifiers. Therefore, once the difficulty in
the load (including filter) circuit has been located and cor-
rected, the rectifiers should be checked to determine whether
they have been damaged as o result of the overload condits n.

Low Output. 1f only one of two phases of the three-phose,
nalf-wave rectifier clrcuit ore operating nomally, the output
voltage will be lower than normal. tor example, 11 only one
secondary winding and associated rectifier is in cperation,
the effect is the same os though it were o single-phase,
half-wave rectifier circuit; as g result, the output voltage
is much lower than normal. When two phases are operating,
the output voltage is somewhat higher, and when all three

phases are operating, the output is normal. {Also, the per-

centane of ripple voltage will ..hanqe for each of the con-
uitions mc‘uuuutu.}
due 10 the fnct that one {or more) of the secondary-phase
circuits {including rectitiers) is not {unctioning nomally.

The rectifiers should be ¢checked lo determine whether
the low output 1s due to norma; recufler ugng, of 1oanE o
more defective rectifiers, A reiauve check of rectiier con-
dition can be made by using an chmmeter, as outlined in
previous paragraph of this section. (& comparison can be
made by checking one rectifier against each of the others
to determine whether they have similar characteristics,) 1f
the forward tesistance of a rectifier increases, the output
voltage will decregse. Also, if the reverse resistance de-
creases, the output voltage will decrease, and the amplitude
of the ripple voltage will increase,

W:th the three-phase primary voltage removed from the

roments should be mads of the

moanonre it

4 A e =
1hus, the Low- Gulpul SonGLon SIn oe

7
secondary and primary windings, to determine ;
{or more) of the windings is open. If necessary, the u-¢
secondary volldge (egec) applied w each recuticr may be
mensured between the common terminal of the secondary
wye connection and each rectifier, to determine whether
voltage is present and of the correct value, Also, if neces-
sary, measure the anplied three-phase voltage at each of the
phases, to determine whether each voltage is present and

{ the correct value, since low applied primary voltages con
resull in low secondury volidges.

Shorted twins in gither the primary of secondary windings

i cause the secondary volrage 1o measurs deivw nomnul.

5 BT

s
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described for the electron -tube three-ph ase, half-wave recti
frer CIrcult discussed eurlier i Uils seciion of the (1dtad-

1 in the dnilara anal
et

IZ’ ity

1i 15 not excessive, hecause a dacrease in cutput voitgge
can .:sec: by an increase in load ourrent (decrease in

st for pxamnle. exoesaive leckase in the

curreni, Once i hus been determined that the
tincluding filter components) 15 $aus1ACIONy, J LICCeduTe
which can be used 1o quickly determine whether the recti-
tiers are at fault s 1o s {3

> substitute known good rectifiers is
the circuit and measure the output voltage under normel lood
conditjons.
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THREE-PHASE, FULL-WAYE (SINGLE "Y' SECONDARY)
RECTIFIER.

APPLICATION.

The three-phase, full-wave rectifier with single-wye
secondary is used in electronic equipment for applications
where the primdry a-c source is three-phase and the d<
output power requirements are relatively high. The rectifier
circuit can be arranged to furnish either neqgattve of positive
high-veltage output to the load.

CHARACTERISTICS.

Input to circuit is three-phase ac; output is dc with
amplitude of ripple voltage less than that {or @ single-phase
rectifier.

Uses six semiconductor rectifiers (multiple or stacked
units).

Cutput requires very tittle filtering; d-c output ripple
frequency is equal to six times the primaty line-voltage fre-
quency.

Has good regulation characteristics.

Circuit provides either positive- or negative-polarity out-
put voltage.

Uses multiphase power transformer with wye-connected
secondary windings; primary windings may be either delta-
or wye-connected.

CIRCUIT ANALYSIS.

Genoral. The three-phase, full-wave {single-wye second-
ary) rectifier is extensively used where a lorge amount of
power is tequired by the load, such as for large shipboard
or shore electronic instaliations. The rectiliers used in this
circuit are generally forced-air-cooled or oil-cooled to dis-
sipate heat developed during normal operation.

In many power-supply applications, it is desirable to
provide two voltages simultmeously—one veltage for high-
power stages and the other voltage for low-power stages,
For these applications the three-phase, full-wave rectifier
circuit car be modified to supply an odditional output volt-
age, which {s equal to one-half the voltage provided by the
full-wave rectifier circuit.

Circuir Operation. The basic three-phase, full-wave
rectifier circuit is illustrated in the accompanying circait
schematic. The circuit uses @ conventional thtee-phase
power transformer, T1, to step up the altemating scurce
voltage to a high value in the wye-connected secondaries.
The primary windings of T1 are shown deltaconnected,
although in some instances the primary windings may be
wye-connected (as for a three- ot four-wire system).

Semiconductor rectifiers CR! and CR6 are connected to
secondary teminal No. 1 of transformer T1; rectifiers CR2
und CRA4 are connected to secondary terminal No. 2; recti-
tiers CR3 and CRS are connected to secondary teminal No.
3. The rectifiers are jdentical-type semiconductar rectifiers.
Although the schematic shows only six individual rectifiers
in the circuit, each graphic diode symbol represents two
of more dicdes in series to obtain the necessary peak-inverse
characteristics for high-voltage operation.

The circuit arrangement shown in the illustration permits
either termincl of the load to be placed at ground potential,
depending upon whether a positive or negative d-¢ output is

ORIGINAL
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Besic Three-Phase, Full-Wave (Single "Y'’ Secoadary) Rec-
titier Circuit

desired; however, the circuit is commonly arranged for a
positive d-c output, with the negative output terminal at
ground (chassis). Also, a choke-input filter system is
commonly used with this circuit; therefore, series, or sutge,
resistors are not normally used.

The operation of the three-phase, full-wave rectiffer cir-
cuit con be jendily understood from a study of the equivalent
electron-tube circuit description and the associated wave-
forms yiven previously in this section of the handbook. The
reference designations used for semiconductor rectifiers
CR1 through CR6 correspond directly to the reference destg-
nations used in the electron-tube circuit for rectifiers V1
through V6. Since the rectifier action which takes place in
both circuits is the same, an explanation of circuit opera-
tion is not given here.

The woltages developed across the secondary windings
of transformer T1 are 120 degrees out of phase with relation
to each other, and are constantly changing in polarity, At
any given instant of time in the three-phase, full-wave recti-
fier circuit, a rectifiet, the load, and a second rectifier are
in series across two of the wye-connected transformer
seconderies. Edch of the six rectifiers conducts for 120
degrees of an electrical cycle; however, there is an overlap
of conduction periods, and the rectifiers conduct in a se-
quence which is determined by the phasing of the instan-
taneous secondary voltages, In the circuit given here (and
in the electron-tube equivalent circuit), twe rectitiers are
conducting at any instant of time, with rectifier conduction
oceurting in the following order: CRI and CR4, CRI and
CRS, CR2 and CRS, CR2 and CR6, CR3 and CRB, CR3 and
CR4, CRI1 and CR4, etc.

Each positive ond neyative peok in each of the three
phases produces a current pulse in the load. Because of
the nature of the rectifier conduction periods, each rectifier
conducts for 120 degrees of the cycle, and carries one
third of the total load current. The output voltage, e, pro-
duced actoss the lood resistance is determined by the
instantaneous currents flowing through the load; therefore,
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the output voltage has a pulsating waveform, which results
in a ripple voltage, because the output current and voltage
are not continuous. The frequency of the ripple voltage is
six times the frequency of the o~ source. Since this ripple
frequency is higher than the ripple frequency of a single-
phase, fall-wave rectifier circuit or a three-phase, half-wave
rectifier circuit, relatively little filtering is required to
smooth out the ripple and produce a steady d-c voltage.

The peak inverse voltage across un individual rectifier
(multiple or stacked units) in the three-phase, full-wave
rectifier circuit during the period of time the rectifier is
nonconducting is approximately 2.45 times the ms voitage
getoss the secondary winding of one phase.

The regulation of the circuit is considered to be very
good, and is hetter tann that of o single-shase rectified or
of a three-phase, haif-wave recuiler circuit ndving squiva-
lent power-cutput roting. The cutput of the threephase,
full-wave rectifier circuit is connected to ¢ suitable iutt-r
circuit to smooth the mlsating direct current for use in the
load circuit. (Filter circuits are discussed in Fart D of
this section of the handbook.)

A varigtion of the three-phase, full-wave rectifiet circuit
uses the common terminal of the wye-connected secondaries
and rectifiers CR4, CRS, and CRE to fotm a three-phase,

half-wave rectifier circuit. The circuit is fundamentally the
same as that discuased earlier; therefore, the reference
designations previcusly assigned to the pasic circuit remain
unchanged.
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the full-wave circuit; the other voltage (Ege), which is equal
2

to one-half the full-wave output voltage, is obtained by
using rectifiers CR4, CRS, and CRb6 and the common terminal
of the wye-connected secondaries as d conventional three-
phase, half-wave rectifier circuit. Although this circuit can
supply two output voltages simuitanecusly to two separate
lpads, thete is g limitation on the total curtent whicn can

be safely carried by the rectifiers {CR4, CRS, and CRS).

FAILURE ANALYSIS.

No Output. In the three-phase, full-wave rectifier circuit,
the no-output condition is likely 1o be limited to one of
three possible causes; the lack of applied a— voltage, a
shoried 1oad cirzuit {including shorted filter capacitors), or

- o ety o)
L ML LLbeL waiee

NOTE
Yost filter circuits used in Navy
equipment employ two-section choke-
mnput filters; tus, an open cnoke in
either section wiil cause no culpul.

Measure the applied three-phase primary voltage to
determine whether it is present and of the correct value.
Witk the primary voltage removed from the circuit, continuity
measurements should be made of the secondary and primary
windings, to determine whether cne or mote than one wind-
ing is open and whether the common terminal(s) of the wye-
connected secondaries is connected 1o the load circuit. If
necessary, the a-c secandary voltage applied te the recti-
fiers may be measured between the common terminal(s) of

..r.a.-vl - 4 117
cted seaondaries and ons or mere rectifisrs

to determing whether volicge is present and of the correct
vaiue.

Witn the primary voltage removed lrom the citcuit, re-
sistance medsurements can be made at the output terminals
of the rectifier circult {across load) to determine whether
the load circuit, including the fiiter, is shorted, {An gpen
choke in the filter circuit will also cause no output. See
note above.) A short in the ioad circuit (including com-
ponents in the filter circuit) will cause dan excessive load

CUI.TE['I': ic flow \-Iﬂl-i iy u:::un i permdnent uuxitugt 1o the
The IE'DI":“:, opce the Clhu_uu.y in the load i‘u.\_‘i'u‘d
1 ng i her) circut has been located and corrected, the recii-
{ieru shouid be checkad 1o dotemmine whether they have been
damaged as g result of the overloed condition.

mlure of only one 1eciiiier io conduci

Low Uutput‘

mnreiy 120 l‘legr&r'.‘n of e eiecinical ovcie, and div vutput
nbtane wili e rc-r?unpﬂi aoenrdingly. {Alsc, breckdown o
rectitier will couse a chorting effect upon the windings o

ihisrt other rectifiers

to averlood )

incregse. Therefore, each rectifier should be
charkad tn detarmine whether the low output 1s due to normal
reciilier aging, or o one or more defective rectifiers. A
relative check of rectitier condition can be made by using

an ohmmeter, Gs outiined in u pievives patagiaph of this
section. A comparisen can be made by checking one recti-
:,the:" hes iew. ine whether the

i e forword ree
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decrease., Also, if the reverse resistance decreases, the
output voltage will decrease, and the amplitude of the ripple
voltage will increase.

The load current should be checked to moke sure that
it is not excessive, because a decregse in output voltage
can be coused by an increase in load cutrent {decrease in
load resistance); for example, excessive leakage in the
capacitors of the filter circuit will result in increased load
current. Also, the o~c secondary voltage and the input
{primary ) voltage should be measured at the terminais of
the transformer to determine whether these voltages are of
the correct value, If necessary, and with the primary volt-
age removed from the circuit, continuity measutements should
be made of the secondary and primary windings, to determine
whether one (or more) of the windings is open.

Shorted turns in either the primary or secondary windings
will cause the secondary voltage to measure below normal,
(A check for shorted tumns is outlined in the foilure analysis
described for the electron-tube equivalent circuit given
earlier in this section of the handhook.) Once it has been
determined that the load eircuit {including filter components)
is satisfactory, a procedure which can be used to quickly
determine whether the rectifiers are ut foult is 1o substitute
'known goed rectifiers in the circuit and measure the output
voltage under normal load conditions.

In the modified three-phase, hali-wave and three-phase,
full-wave rectifier circuit, it is possible to have two defi-
nite conditions of low voltage caused by one or more defec-
tive rectifiers; the output voltage (E4) to load Ne. 1 can
be low and the output voltage (E gy to load No. 2 normal,

2

or both output voltages can be below normal. If the load
currents are not excessive and the lilter components have
been checked as satisfactory, the defective rectifter(s) in
the {irst case is assumed to be CR1, CR2, or CR3, and in
the second case, CR4, CR5, of CRE. When the modified
circuit is used, rectifiers CR4, CRS, and CR6 will usually
have higher current ratings than the other rectifiers (CR1,
CR2Z, and CR3) because of the requirement to handie the
combined currents of both output loads.

THREE-PHASE, FULL-WAYE (DELTA SECONDARY)
RECTIFIER,

APPLICATION.

The three-phase, full-wave rectifier with delta secondary
is used in electronic equipment for applications where the
primary g-c source is three-phase and the d-c output power
tequirements are relatively high. The rectifier circult can
be arranged to furnish elther negative or positive high-
voltage output to the load.

CHARACTERISTICS.

Input to circuit is three-phase ac; output is dc with
amplitude of ripple voltage less than that for a single-phase
rectifier,

Uses six semiconductor rectifiers (multiple or stacked
units).

Output requires very little {iltering; 3¢ output ripple
frequency is equal to six times the primary line-voltage fre-
quency.

ORIGINAL
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Has good requlation charactetistics.

Circuit provides either positive- or negative-polarity
autput voltage.

Uses muitiphase power transformer with delta-connected
secondary windings; primary windings may be either delta-
of wye-connected.

CIRCUIT ANALYSIS.

Genseal. The three-phase, full-wave (delta secondary)
rectifier is a variation of the three-phase, full-wave (single-
wye-connected secondary) rectifier, previously described in
this section. The full-wave rectifier with delta secondary
is used where a lorge amount of power is required by the
load, such as for large shipboard or shore electronic instal-
lations. The semiconductor rectifiers used in this circuit
are generally forced-air-cooled ot oil-<coled to dissipate
heat developed during normal operation. Because of the
three-phase, delta primary and secordary connections, the
circuit is sometimes referred to as a full-wave delto-delta
rectifier circuit. When the primary windings only are wye-
connected, the circuit is sometimes referred to as a full-
wave wye-delte rectifier circuit,

Circult Operation. The three-phase, Iull-wave (delta
secondary) rectifier circuit is illustrated in the accompany-
Ing circuit schematic, The circuit uses d three-phase power
transtormer, T1, to step up the alternoting source voltage
to a high value in the delta-connected secondaries, Each
secondary winding is connected to the other in proper phase
relationship so that the currents throygh the windings qre
balanced. Damage can result to the transformer windings
if they are improperly connected; for this reason, the wind-
ings are usually connected intemally in the proper phase to
prevent the possibility of making wrong connections, and
only three secondary terminals are brought out of the trans-
former case.

TI

TO

mree RN\

SOURCE

Basic Three-Phase, Full-Wave (Delta Secondary) Rectifier
Circoit

The primary windings of transformer T1 are shown delta-
connected, although in some instances they may be wye-
connected {as for a three- or four-wire system),
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Semiconductor rectifiers CR1 and CR4 are connected to
secondary terminal No. 1 of transformer T1; rectifiers CR2
and CRS are connected to secondary terminal No. 2; recti-
fiers CR3 and CR6 are connected to secondary terminal
No. 3. - The rectifiers are identical-type semiconductor
rectifiers. Although the schematic shows only six individual
rectifiers in the clrcuit, each graphic symbol represents two
ot more diodes in series to obtain the necessary peak-inverse
characteristics for high-voltage operation.

The circuit arrangement shown in the illustration permits
either terminal of the load to be placed at ground potential,
depending upon whether ¢ positive or negative d-c output is
desired; however, the circuit is commonly arranged for o
positive d-c output, with the negative output terminal at

e [ Amaciol
riaiine priaerni D, .

commonly used with this circuit.

The operation of the three-phase, full-wave {delic seccnd-
ary) rectifier circuit can be recdily understood from a study
of the equivalent electron-tube circuit deseyintion and the
associated waveforms given previously in this section of
the handbook, The reference designations used *  semi-
conductor rectifiers CRI through CR6 conespon .ectly
to the reference designations used in the electron-tube
circuit for rectifiers V1 through V6. Since the rectifier
action which takes place in both circults is the same, an
explanation of circuit operation is not given here,

The operation of the delta-secondary rectifier circuit is
similar to that of the wye-secondary rectifier circuit {pre-
viously described); however, the o~ voltage across an in-
dividual delta-connected secondary winding is approximately
1.73 imes greater than the voltage across on indjvidual wye-
connected secondary winding for equal d-c output voltages
irom the two circuiis. The voliages developed acress the
secondary windings of wransformer T1 are 120 degrees out of
phase with relation to one another, and are constantly chang-
ing in polarity, In the delta~connected secondary, ot any
given instant the voltage in one phase Is equal {o the vector
sum of the voltages in the other two phases. At any given
instant of time in the three-phase, full-wave recuifier circuit,
a rectifier, the legd, ond o second rectifier are in series
across two terminals of the deltaconnected secondaries.
Each of the slx rectifiers conducts for 120 degrees of an
electrical cycle; however, there is an overlap of conduction
periods, and the rectifiers conduct in a sequence which is
determined by the phasing of the instantanecus secondary
voltoges of the powsr tansformer, In the clrault glven here
{and in the eiectron-tube equivalent citcult), iwo rectifiers
are conducting at any instant of time, with rectifier conduc-
tion occurring in the foliowing order: CR1 and CR6, CRp
and CR2, CR? and CR4, CR4 and CR3, CR3 and CRS, CRS
and CRI1, CRI and TR, etc.

Each positive and negative peak in each of the three
phoses produces a current pulse in the load. Because of
the nature of the rectifier conduction petiods, each rectifier
conducts for 120 degrees of the cycle, and carties one third
of the toiul load Cutent. The Gutput voltage, Co, produced
across the load resistonce is determined by the instantaneous
current flowing through the load; therefore, the output voltage
has ¢ pulsating waveform, which results In a ripple voltage,
becguse the cutput current and voliage are nol conilnucus.
The frequency of the ripple voltoge (s six times the trequency

Aleo, # chokainmt filter qustem is
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of the a~¢ source. Since this ripple frequency is higher than
the ripple frequency of a single-phase, full-wave rectifier
circuit or a three-phase, half-wave rectifier circuit, relative-
ly little filtering is required to smooth out the ripple and
produce a steady d-c voltage.

The peak inverse voitage across an individual rectifise
(multiple or stacked units) in the three-phase, full-wave
{deita secondary) tectifier ciicuit during the pericd of time
the rectifier is nonconducting is approximately 1.42 times
the ms voitage across the secondary winding of one phase.

The requlation of the circuit is considered to be very
good, ond is better than that of a single-phase rectifier or
of a three-phase, hali-wave rectifier circuit having equivalent
power-output tating, The output of the three-phase, full
wave rectifier circuit is connected to o suitable filter cir-
cult 1o smgoth he pulsating direct murrent for use in the
load rirouit. (Filter cireuits are discussed in Part D of this
section of the handbook.)

FAILURE ANALY:S.

No Output. In the thiee-phase, iuli-wave {deita secondary)
rectifier circuit, the no-output conditlon is [ikely to be limfted
to one of three possible causes: the lack of applied a-c
voltage, ¢ shorted load circuit (including shorted filter copo-
citors), of an open {ilter choke.

NOTE
Most filter circuits used in Navy
equipment employ two-section choke-
input filters; thus, an open choke in
eithet section will cause no output.

With the primary voliage romoved from the clicult, con
tinuity measurements shouid be made of the secondary and
primary windings to determine whether one or more than one
winding Is open. Since the three windings of the delta-
secondary circuit are sometimes connected intemally and
only three terminals are brought out of the case, voltage ond
resistance measyrements are made between the terminals of
ihe deita-connected secondaries. When making mecsurements
{woltage or resistance} of the secondary circuit, it should be
remembered that the windings form a delta configuration,
with two windings in series, and this combination in parallei
with the winding under measurement. In other instonces,
the secondary windings are connected to six individua! termi-
nals, and these terminals are connected together to form a
delta confiquration. Thus, in this instonce, the terminal
connectinns may he removed to enable measurements to be
made an individuai secondary windings, independent of other
windings, 1f necessay, the o< voilage at each of the three
high-voltage secondaries may be medsured between the
terminals of the delte-connected secondaries, to determine
whether voitdge is Dreseni ang oi he comect vaiue. Also,

If necessary, measure the applied three-phase primary voit-
Gge tc determine whether it is present and of the correct
vijue.

With the primary voltage removed from the circuit, resist-
ance megsurements can be made at the output terminals of
the rectifier circult {across load) to determine whether the
load eircuit, including the filter, Is shorted. {As explained
in the preceding note, an open choke in the filter circult
will alsg omige no outet.) A snori in the components of
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sive load current to flow and may result in permonent dam-
age to the rectifiers. Therefore, once the difficulty in the
load {including tlter) circuit has been locoted =34 correct-
ed, the rectifiers should be checked to determine whether
they have been damaged as a result of the overlozd son-
dition,

Low Qutput. Except for the volitge and resistance
measurements of the delte-secondary circuit, the checks for
a low-output condition are essentially the some as those
given for the three-phase, full-wave (single "Y' secondary)
rectifier circuit, previously discussed in this section. Also,
refer to the paragrap: cbove for information cencerning pro-
cedures to be used when making voltage and resistance
measurements on delta-connected secondary windings.

THREE-PHASE, HALF-WAYE (DOUBLE "Y' SECOMDARY)
RECTIFIER.

APPLICATION.

The three-phase, half-wave tectifier with double-wye
secondary and interphase reactor is used in electronic
equipment for applications whete the primary a- source is
three-phase and the d-c output power requirements are
relatively high. The rectifier circuit can be arranged to
furnish either negative or positive high-voltage output to the
load.

CHARACTERISTICS

Input to circuit is three-phase ac; output {s dc with ampli-
tude of ripple voltage less than that for a single-phase recti-
{fer.

Uses six semiconductor rectifiers (multiple or stacked
units).

Output requires very little filtering; d-c output ripnle
frequency s equal to six times the primary Line-voltage fre-
quency.

Has good requlation characteristics,

Circuit provides either positive- or negative-polarity out-
put voltage.

Uses multiphase power trans{ormer with two paratlel
sets of wye-connected secondaries operating 180 degrees
out of phase with each other. The center points of the wye-
connected secondaries are connected through an interphase
reactor or balance coil to the load. The primary windings
are generally delta-connected.

CIRCUIT ANALYSIS.

General. Fundamentally, this rectifier circuit resembles
two hali-wave (three-phase star) rectifiers in parallel, each
rectifier circuit operating from a common delta-connected
primary, and sharing a common load through an interphase
reactor or balance coil. (The three-phase, half-wave recti-
fier circult was previously described in this section.) The
three-phase, half-wave (double-wye secondary) rectifier cit-
cuit uses o power transformer with two sets of wye-connected
secondaries, the winding of one set being connected 180
deqgrees out of phase with respect to the cortespanding
windings of the other set. For this reason, the circuit is
sometimes referred to as o six-phase, half-wave cr a delta-
double-wye with halance coif rectifies circuit, The junction
point of each wye-connected secondary is, in turn, connec-
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ted to a center-tapped inductance, called an inmrerphase reac-
tor OT balance ceil. The center tap of the interphase teactar
is the common ocutpat temminal {or the joad.

Circuit Operetion. The three-phase, half-wave (double-
wye secondary) ractifier ¢itcuit is lustrated in the accom-
panying schematic. The circuit uses g three-phase power
transformer, T1, to step up the altemnating source voltage to
a high valie in the wys-connected secondaries, The primary
windings ¢f the transformer are shown delta-connected; the
delte primary is common to both wyeconnected secondaries.

LOAD e,

Basic Three-Phese, Holf-Wave {Deouble Y™ Secendary)
Rectifier Circuit

Semiconductor rectifiers CRY, CR2, and TR3 are connec-
ted to secondary terminals 1A, 24, ond 34, respectively.
Rectifiers CR4, CR5, and CRB are connected to secondary
terminals 3B, 1B, and 2R, respectively. The rectifiers are
identicul-type semiconductor rectifiers. Althcugh the sche-
matic shows only six individual rectifiers in the circuit,
each graphic symbol represents twe or more diodes in series
to obtain the necessary pedk-inverse characteristics for
high-voltage operation.

The center-tapped inductance, i1, is an interphase
reacter ar balance coil. The common terminal of each wye-
connected secondary is connected to one end of L1; the
center tap of the interphase reactor is connected to the loed.
Thus, the output-load current of each three-phase, half-wave
rectifier ¢ircuit passes through one half of the interphase
reactor, and these two currents are then combined in the
load. For satisfactory operation, interphase reactor L1
rust have sufficient inductance to maintain continuous
current flow through each half of the coil. In effect, this
reactor constitutes a choke-input filter crrangement, and
exhibits the requiction characteristics of sucha filter.

The circuit arrangement shown in the iliustration permits
either terminal of the ioad to be placed at ground potential,
depending upon whether a positive or neqgative d-c output
is desired; however, the circuit is commonly arranged for a
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positive d- output, with the negative output terminal at
ground (chassis). Tt is good design practice for the d¢
output terminal associated with the center tap of the induct-
ance, L1, to be grounded; therefore, the secondary-to-core
insulation of transiormer T1 need not be as great as it would
be if the secondary windings were above ground by the
amount of the d-¢ output voltage. When a negative high-
veltage d— supplv is required, it is common practice o
keep the centet tap of inductor L] at ground {chassis) po-
tential and to reverse the rectifiers (CRI through CRE);
thus, the output polarity across the load will be opposite
that shown in the schematic.

The operation of the three-phuse, half-wave (double-wve
secondary) rectifier circyit can be readily understood from
2 ctudy of the squivalant alartean-tupe circuit description
and the associated wavetorms given previously in this sec-
tion of the handbook. The ieference designotions used for
semiconductor rectifiers CRI through CR6 correspond dj-
rortly to the reference designations used in the et iectron-
tube circuit for rectitiers VI through V6. Since the recti-
fier action which takes place in both circuits is the same,
an explanation of circuit operation is not given here,

The operation of each hali-wave rectifier circuit asseci-
ated with a three-phase secandary {A’ ar ''B''} is the

ome cs that given for the three-phase, hali-wave (three-
nhase star) rectifier circuit previously described in this

section. -Although the voltoges induced in the three secondary

windings differ in phase by 120 degrees, the voltages in-
duced in corresponding windings of the two sets of wye-
connected secondaries (''A'* and 'B*') are 180 degrees out
of phose with respect 1o each other,

At any instcmt of time, two rectifiers are conducting to

reaed o\..n..- ourrants are not in

L Toed W
the 1oad, bul thel

nhase and an overlap in conduction pericds of the six vecti-
fiers occurs. Each rectifier conducts for 120 oeqrees oi the
input cycle and contributes one sixth of the total current
supplied 1o the ioad. In this circult, two rectifiers ore con-
Jucting ot any instant of time, with the tectiiter conduction
periods occurting in the iollowing order: CR1I and CR4,
CB4 and CR2, CR? and CRS, CR5 and CR3, CH3 and CRG,
UR6 and CR1, CRI1 and CR4, etc.

The mmn compenent of the riople frequency present
cross the interphase reactor (L1} is three times the fre-

quency o{ the a~c source. Electrons flow through the load

in pulses, Oﬁé Wme for ecch positive hallcvele of the
L

improssed v

sets of secondasiss. ationed i

aries ar= 180 degrees out of phase with respect to each
other; therefore, ine ouiput voltage has a ripple frequency
.uhr'!" is six times the frequency of the g-c source. Since

~f the rhrep phaszes of the twn

ftatet

v\—? i nlu tha Enr-nnq_

{uﬂ—wc:ve rectifier circuit or a threephase, half-wave {three-
nhase star) rectifier circuit, relotively littie {iltering is
required to smooth out the ripple and produce 9 steady d-¢

vo;tcx._;e

prle freguency 1o higher that that of 7 singiennase

The peck invorse velta
stacked units) in o secondary ieq of the three-phase, hali-
wave {double-wye secondary) rectifier circuit during the
nerind of time the rectifier is non-conducting 1s cpproxi-

e acro. : a ractifier (moltiple or

Yiussss St
'ﬂl}!elv 7.45 tumes lhe tms volioge sorsas the M"“z‘."c':\;

winding of one phase,
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The requlation of the circuit is considered to be very
yood, and is better than that of a single-phase rectifier or
of o three-phase, half-wave (three-phase star) rectifier cir-
cuit having equivalent power-output rating. The ocutput of
the three-pnase, half-wave {double-wye secondary) rectifier
circut is connected to a suitable filter circuit w smooth
the pulsating direct current {or use in the load circuit,
{Fiiter circuils are discussad in Dart D of this section of

the handbook.)

FAILURE ANALYSIS.

No Output. In the three-phase, half-wave {double-wye
secondary) rectifier circuit, the no-output condition is likely
to be limited to onz of three possible causes: the lack of
applied a-c voltaye, a shortad load circuit {including short=-
{ilter capastioral, otaonopen laput thake

NOTE
Most filter circuits used in Navy
equipment empioy two-section choke-
input fiiters; thus, an open choke in
either section will cause no oulpui.

With the primary voltage removed from the circiit, con-
tinuity mecsurements should be made of the secendary ond
primary windings, to determine whether one or more than one
winding is open, and whether the commen teminals of the
wye-connected secondaries are connected to the load circuit
through the interphase reactor of balance coil, I necessary,
the a-c secondary voltage may be measured at one (or more)
of the high-voltage secondaries (between the common termi~
nal oi the wye—connected secondaries and one or more recti-

ucl::u, o uELeumnE whethsy ¢

i= prensm and alithe
cotrect value, Aiso, if necessary, measure the applied
thtee-Dhase orimaty voltage to determine whether it is pre-
sent and of the cortect value.

With primary voltage removed from the rectifier circuit,
resistance megsurements can be made at the catput termi
nals of the rectifier circuit {across load} to determine
whether the load circuit, including the filter, is shorteg.

A short in the compenents of the load circuit (including
filter circuit) will cause an excessive load curent to flow,
and considerable output voitage will be developed across
each hali of the interphase reactor, L1, If an open shouid
develop in both halves or in the center-tap iead of the inter-
phase reactor, no output wili oe develrred. Likewise, an
npen choke in the filter cucmt will couse no cntput (See

f‘omg‘f\nents tn tne piiculi may resull @ Dermanial GImuge
to the rectifiers. Therefore, oncs the difficul theload
"ncium"ﬁ fiiter) cireuit NAs Deen 1GCaied and cunsuted,
the rectifiers should be checked o :ietermme wn:mer mey
nave been JOMAGEG 45 O TeSuL Of e G :
Lew Output. An cpen circuil in one hait of
phase reactor will disconnect itk associdted

R O AT

wyEe-COonneCied 3eCoOnGary; T 7
as a result, and the rectifier circuit will continue to opercrte
as o three-phase, half-wave rectifier with singie-wye second-
ary. Therefore, the continuity of each half of the interphase
reactor (L1} should be checked o determine whether one
nmr nf the winding is oven,

the three-phuse uinaly voliage removed from the

Cetd e mda ad b
CLUU L, WAlalieat] st motwure i vloraas O it P
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primary and secondary windings, to determine whether one
(or more) of the windings is open. I necessary, the a-c
voltage of each secondary windine in each set of second-
aries may be measured between the common terminal of the
wye connection and the individuel secondary terminal of
the corresponding rectifier, to determine whether voltage

is present and of the correct value. Also, if necessary,
measure the applied three-phase primary voltage at each
phase, to determine whether valtage is present and of the
correct value, since a low applied primary voltage can 1e-
sult ina low secondary voltage.

Shorted turns in either the primary or secondary windings
will cause the secondary voltage to measure below normal,
{A check for shorted turns is outlined in the failure analysis
described for the electron-tube equivalent circuit given
earlier in this section of the handbook. )

The load current should be checked to make sure that it
is not excessive, because a decrease in output voltage can
be caused by an increase in load current (decrease in load
Iesistance); for example, excessive leakage in the capaci-
tors of the filter circuit will result in increased load current.

Fatlure of a rectifier to conduct will cause a loss of
current delivered to the load, and the output voltage will be
reduced accordingly. Therefore, each rectifier should be
checked tc determine whether the low output is due to normal
rectifier aging, or to one or more defective rectifiers. A
relative check of rectifier condition can be made by using
an ohmmeter, as outlined in a previous paragraph of this
section. A comparison can be made by checking one recti-
fier against each of the others to determine whether the
rectifiers have similar characteristics. If the forward re-
sistance of the rectifier increases, the cutput voltage will
decrease. Also, If the reverse resistance decregses, the
output voltage will decrease and the amplitude of the ripple
voltage will also increase. Once it has been determined
that the load circuit (including filter components) is satis-
factory, a procedure which can be used to quickly determine
whether the rectifiers are at fault is to substitute known
good rectifiers in the circuit and measure the output voltage
under normel load conditions,

HALF-WAYE YOLTAGE DOUBLER.

APPLICATION.

The half-wave valtage-doubler circuit is used to produce
a higher d-c output voltage than can be obtained from g
conventional half-wave rectifier circuit. This voltage
doubler is normally used in ‘‘transformerless’ circuits
where the load current is small and voltage regulation is
not critical, - The circuit is frequently employed as the
plate voltage supply (n small portable receivers and audio
amplifiers and, in some equipment applications, as a bias
supply.

CHARACTERISTICS,

Input to circuit is ac; output is pulsating de.

D-C output voltage Is approximately twice that obtained
from half-wave rectifier circuit; output current is relatively
small.

Qutput requires filtering; dc output ripple frequency is
equal to a-c source frequency.

ORIGINAL
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Has poor requiction characteristics ;output voltage avail-
able is a function of load cyrrent.

Uses two semiconductor rectifiers (single, multiple or
stacked units).

Depending upon circuit application, may be used with or
without a power or isolation transformer.

CIRCUIT AMALYSIS.

General. The half-wave voltage-doubler circuit is ysed
with or without a tronsformer to obtain a d-c voltage from an
a-c source. As the term voltage doubler implies, the ocutput
voltage is approximately twice the input voltage, The hali-
wave voltage doubler derives its name from the fact that
the output charging capacitor (C2) actoss the load receives
a charge once for each complete cycle of the applied voltage,
The half-wave voltage doublet is sometimes called o cascade
voltage doubler. The voltage requlation of the circuit is
poor, and, therefore, its use is generally restricted to ap-
plications irn which the load current is small and relatively
constant.

Circuit Operation. In the accompenying circuit sche-
matics, parts A, B, and C illustrate basic half-wave voitage-
doubler citcuits. The circuit shown in part A uses a trans-
former, T1, which can be either a step-up transformer to
obtain a high value of voltage in the secondary circuit, or
an isolation transformer, The circuits shown in parts B
and C do not use a transformer, and operate directly from
the ac source. In the circuit illystrated in part A, the use
of transformer T1 permits either output teminal to be placed
at ground (chassis) potential. The circuit illustrated in
part B places one side of the a-¢ source at g negative d-¢
potential, and thus restricts the circuit to use as a positive

R ci CR2
o Y -)IH' - »l & . —_
K * 1 LOAD *
*
A-C @
INPUT CRY CZ'T ‘
o P L
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Basic Half-Wave Voltage -Dowbler Circwits
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d-c supply. A voriation of this circuit is illustrated in
part C; this variation provides a negative output voltage.

The rectifiers, CR1 and CR2, are identical-type semi-
conductor diodes. In the three circuits illustrated, the
functions of rectifiers CR1 and CR2, and of charqing capaci-
tors Cl and CZ, are the same for each of the circuits, Elec-
trans flow through the load in the direction indicated by
the artow adjocent to the lood resistance, The d-c output
polarity for each circuit is indicated by the signs associ-
ated with the load resistance.

The circuits shown in parts B and C have a resistor,

As, in seties with the o= source. This resistar, called the
surge resistor, limits the peak current through each recti-
fiet to a safe value. The value of resistor Bs is influenced
by tho circuit design; determinmtion of ire vnlue incindes
the consideration of severcl other tactors, such as the ap-
piied a-¢ voitage, the resistance of the load circuit, the
capacitance value of the chaging capacitars, and the peak
current rating of the semiconductor diodes. To the circuit
shown in part A, the resistor has been omitted since there
is normally sufficient resistance in the secondary winding
of transformer T1 to limit the peak cument through each
rectifier: however, some circuits may include a resistor
{Rs) between the charging capacitor {C1) and the transormer
secondary winding.

The operation oi the half-wave voltaye-doubler circuit
can be readily understood from a study of the equivalent
electron-tube circuit description, simplified circuits, and
associated waveforms given previcusly in this section of
the handbook. The action of the semiconductor rectifiers
in this voltage-doubler circuit is essentially the same as
that described for the equivclent electron-tube circuit.
Semiconductor rectifiers CR1 and T2 comespons
to rectifiers V1 and V2 in the election-wube circuit descrip-
tion. Fot these reasons, an explonation of circuit operation
is not given here.

Charging copecitor T2 is charged only on altemate
half-cycles of the applied o-¢ voltage, and is always ottempt-
ing to discharge through the load resistance; therefore, the
cutput voltage, e, contains some voltare variation, ar
ripple. The {requen“y of the ripple voltoge is the same as
the frequency of the a-c scurce, becouse capocitor C2 is
charged only once far each complete input cycle: thus,
additional beermq is necessary to obtain 71 steady d-¢

vullage. {[ilter circuits arc diszusced in Port [ of this

1 Areamels
AR I N et L \-‘LA‘

A nf the hondhynk

The reguidtion ol the volis : nlztively
00r; the vaiue of output ‘.'clthe obtainad iz determined
q ely by the resistance of ihe load and the resulting load
o f

it. since the laad I'gnfl the filter ~iroyit if used) s in

FAILURE ANALYSIS.
No Output. In the half-wave volt

ge-doubler circuit,
Cio one of

the no—output condition 1s lxely 10 &

........ tlom FPvmls A6 mmel

several pussible causes: the lack of applied o-c voltage
{including the possibility of o defective transformer or an

er surge resistor 3s), an open copacitor T o aharted
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ond cironit Haciuding canacites U7 and
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The a-¢ supply voltage should be measured at the input
of the circuit to determine whether the voltage is present
and is the correct value. If the circuit uses a step-up or
isolation transiormer (T1), measure the voltuge at the sec-
ondary terminals to determine whether it is present and is
the correct value, With the primary voltage removed from
the transéormer, continuity measurements of the primary and
secondary windings should be made io deiennine wheiher
one of the windings is open, since an open circuit in either
winding will cause a lack of secondary voltoge.

If the circuit includes a surge resistor (Rs), a resist-
ance measurement can be made to determine whether the
resistor is open. 1f the tesistor is found to be open, the
voltage-doubler and load circuit should be checked farther
to determine whether excessive load current, a deiective
ieciifier, of & shoriad copacitor has caused the resister b
act as a fuse and to open.

Wit the a-¢ supnly voltage removed from the input to
the circuit and with the load disconnected from capacitor
{02, resistance medsutements can Le made IcT0sS the termi-
nals of capacitor C4 and at the output terminals of the cir-
cuit (across the load). These measurements will determine
whether capacitor C2 or the load circuit {including filter
components) is shorted. Because capacitor C2 and the
filter-circuit capacitors are electrolytic capacitors, the
resistance measurements may vary, depending upon the test-
lead polarity of the ohmmeter. Therefore, two measurements
must be made, with the test leads reversed at the circuit
test points for one of the measurements, to determine the
larger of the two resistance measurements. The larger
(esistance value 15 then accepied as the meosured vulue,
Capacitor C1 may be checked in a similar manner.

A quick method which can be used to determine whether
capacitor CLor C2 is the source of trouble is to substitute
a known good capacitor in the circuit for the suspected
capecitor, and then measure the resulting output voltage.

The ractifiers should be checked to determine whether
they are open o otherwise defective. A relative check af
the rectifier condition can be made by use of an ohmmeter,
as cutlined in a previcus paragraph of this section. However,
failure of one or both rectifiers may be the result of other
causes: therefore, tesis of the filter and load circuit are
necessary. Once it is determined that the filter components
and load circuit are satisicctory, a procedure which con be
used to quickly determine whether the rectifiers are defec-
tive ig tn substitute known good rectifiers in the circuit
AnA measnre me ontout voitage.

Low Outpwt. The a-¢ supply voltage should be measured
at tne input of the circuit to determine whether the voltage
is the correct value, since a low applied voltage can resuit
i O 10w Dutbut voltdge.

Each rectilier skouﬁ be checxed to determing whether

el R 1 1 !‘P!‘L i 12T l]!lll’lr’i_
on caon oe mode by use of an
ohmmeter, as outlined in ¢ previous paragraph of this sec-
tion. T{ the forward resistance of the rectifier increases,
the output voliage will decregse. Alsg, if the reverse re-
sistance decreases, the output voltage will decrease, and
the amplitude of the riople voltage will increase.
\hD lf‘\ﬁﬁ ourrent Qhﬁlll’] f)(" (‘ne(.r(eu to lllL.'lK!:' sute Lﬂul
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poar regulation and an increase in load current (decrease in
load resistance) can cause a decrease in output voltoge,

One terminal of each charging capacitor, Cl and C2,
should be disconnected from the circuit and each capacitor
checked, using o copacitance analyzer, to determine the
effective capacitance ond leakage resistance of each capaci-
tor. A decrease in effective capacitance or losses within
either capacitor can cause the cutput of the voltage-doublet
circuit to be below normal, since the defective cupacitor
will not charge to its normal operating value. I a suitable
capacitonce analyzer is not available, an indication of
leakage resistance can be obtained by use of an chimmeter;
the measurements are made with one terminal of the capaci-
tor disconnected from the circuit. Using the ochmmeter pro-
cedure outlined in a previous paragraph for the no-cutput
condition, twe measurements are made (with the test leads
reversed at the capacitor terminals for one of the measure-
ments). The larger of the two measurements should he
greater than 1 megohm for a satistactary capacitor. ~ A pro-
cedure which can be used to quickly determine whether the
capacitors are the cause of low output is to substitute
known good capacitors in the circuit and meosure the re-
sulting output voltage under normal load conditions.

FULL-WAYE YOLTAGE DOUBLER.

APPLICATION.

The full-wave voltage-doubler circuit is used to produce
a higher d-c output voltage then can be obtained from o
conventional rectifier circuit utilizing the same input volt-
age. This voltage doubler is normally used where the load
current is small and voltage requlation is not too critical;
however, the tegulation of the full-wave veltage doubler is
better than that of the half-wave voltage doubler. The cir-
cuit is frequently employed as the power supply in small
portable receivers ond audio amplifiers und, . some equip-
ment dpplications, as a bigs supply.

CHARACTERISTICS.

Input to cireuit {s ac; output is pulsating de.

D-c output voltage is approximately twice that obtained
from half-wave rectifier circuit; output current is relatively
small.

Qutput requizes filtering; d-c output ripple frequency is
equual to twice the a-c source frequency.

Has relatively poor regulation characteristics; cutput
voltoge dvailoble is o function of load current.

Uses two semiconducter rectifiers (single, multiple, or
stacked units).

Depending upon circuit application, may be used with
or without a power or isolation transformer.

CIRCUIT ANALYSIS.

General. The fuil-wave voltage-doubler circuit is used
either with or without a transformer te obtain a d-¢ voltage
from a-c source. As the term voltage doubler implies, the
output voltage is approximately twice the input voltage.
The full-wave voltuye doubler derives its name irom the
fact that the charying capacitors (Cl and C2) are in serjes
across the load, and each capacitor receives a charge on
alterncte hali-cycles of the applied voltage; therefore, two

ORJGINAL
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pulses are present in the load circuit for each complete
cycle of the applied voltage. Although the voltage requlation
of the full-wave voltage doubler is batter than that of the
half-wave voltage doubler, it is nevertheless considered

poor as compared with conventional ractifier citcuits.
Therefore, use of the circuit is generally restricted to ap-
plications in which the load current is small and relatively
constant,

Circuit Operation. A basic full-wave voltage-doubler
circuit is shown in the cccompanying circuit schematic.
Fundomentally, the circuit consists of two half-wave recti-
fiers, CR1 and CR2, and two charging capacitors, C1 and C2,
arranged so that each capacitor receives a charge on alter-
nate half-cycles of the applied voltage. The voltage de-
veloped across one capacitor is in series with the voltage
developed across the other; thus, the output voltage develop-
ed across the load resistance is approximately twice the
applied voltage.

CR2

|
o

Basic Full-Wave Yoltage-Dovbler Circuit

The rectifiers, CR1 and CRZ, are identical-type semicon-
ductor diodes, and the charging capacitors, Cl and C2, are
of equal value. Equalizing resistors Rl and R2 are con-
nected acress charying capacitors C1 and C2, respectively;
they are of equal value and are generally greater than 2
megohms. Resistors Rl and R2 are not necessary {or ciz-
cuit operation; however, when included in the circuit, they
have a dual purpose in that they tend to equalize the volt-
ayes ocross the charging capacitors and aise act as bleeder
resistars to discharge the associated capacitors when the
circuit is de-energized. When capacitors Cl and C2 are
large, the peak charge curtent, during the period of time the
rectifier conducts, may be excessive. To limit the charge
current and offer protection to the rectifiers, a protective
Ysurge’ resistor, Rs, is placed in series with the ac
source; however, if a transiormer is used and if there is
sufficient resistance in the secondary winding, the series
resistor is usually omitted.

One disadvantage of the full-wave voltoge-doubler cir-
Cuit is thot neither d-c output terminal can be directly con-
nected to ground or to one side of the a-¢ scurce; however,
when a step-up or isolation transformer is used to supply
the input to the voltage doubler, either output terminal may
be connected to ground or to the chassis.

The operation of the full-wave voltage-doubler circuit
can be readily understood from a study of the equivalent
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electron-tube circuit description, simplified circuits, and
associated waveforms given previously in this section of
the handbook. The action of the semiconductor rectifiers
in this voltage-doublet circuit is essentially the same as
that described for the equivalent electron-tube circuit.
Semiconductor rectifiers CR1 and CR2 correspond directly
to rectifiers V1 and V2 in the electron-tube circuit descrip-
ticn. For these reasons, an explonation of cizcuit operation
is not given here.

Charging capacitors Cl and C2 are connected in series
across the load resistance, ond each capacitor receives a
charge on clternate half-cycles of the applied voltage;
therefore, the output voltaye, e,, contdins some voltage
variations, ot ripole. The frequency of the main component
Ul ihe tipple valtage ic sgual to twice the fraqueney nf the
a-c source dand, therefore, additional filtering is requlred to

in Part U of this section of the hanaboox 3
. .

a

. 1

The requlatl 1

ppor; the value nf the output voltaue obtained is determmed
largely by the resistance of the load and the resulting load
current. If the load current is larye, the voltage across

capacitors C1 and C2 is reduced accordingly.

FAILURE ANALYSIS.

No Output. In the full-wave voltage-doubler circuit, the
no-output condition is likely to be limited to one of several
possible causes: the lack of applied o voltage (including
the possibility of o defective transiormer or an open surge
esistors Rs), a shorted lood circuit (including filter circuit
capacitor), an open lilter choke, or defective rectifiers.

The a-¢ supply voltage should he measured ot the input
of the circuit to determine whether the voilgye is prasen
and is the correct value. If the circuit uses a step~up or
isolation ttansformer, measure the voltage at the secendary
terminals to determine whether it is present and is the cor-
rect value. With the primary voltege removed from the trdns-
former, continuity measurements of the primary and second-
ary windinys should be made to determine whether one of
ihe windings i3 open, since gn open circuit in either wind-
ing will cause a lack of sec:ondcry yoltage,

1f the circuit includes a surge resistor (Bs), 2 res
medasuiement can be made to determine whether the resistor
is open. If the resistor is found to be open, the valtage -
doubier and load citcuii should be checked further to deter-

e feratai

d the a-c supply voltage removed from e inpul 1o
1

the et and with the Thad .’mc*l.:di":: f

connected from cupacitor Z1, 1e8ista B 2!

he made acrass the load to determine whether the load cir-
zuit {including filter components) is shotted. Medsurements
should be made actoss the terminals of charging caparitors
(1 and C2 to determine whether one or both capacitors dre
shorted. (I the circuit includes equalizing resistors Bl and
R2, the resistance measured across a capacitor will normally
medsure something less than the value of the equalizin

-
an
w.__'\ P S N i L ), |
resision) Decause T end T2 are electral
&

: v, . -
tha resistanee megsurements may vary, depending uoon the

test-lead pelarity of the ohmmeter, Thereiore, two measure-
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ments must be made, with the test leads reversed at the
capacitor terminals for one of the measurements, o deter-
mine the larger of the two resistance measurements. The
larger resistance value is then accepted as the measured
yalue.

A quick method which con be used to determine whether
capacitors Cl and C2 are the source of trouble is to sub-
stitute known good capacitots in the circult, and then meas~
ure the resulting output voltage.

The rectifiers should be checked to determine whether
they are open or othetwise defective. A relative check of
the rectifier condition can be made by use of an ohmmeter,
as outlined in a previous paragraph of this section. Hew-
ever, failure of the rectifiers may be the result of cther
copescs therefnre tesrs of the filter and load circuit are
necessary. Once 1t 18 determined tnat the filier cumponents
and load circuit are satisfactory, ¢ procedure which can be
used to quickly determine whether the rectifiers are defec-
tive 15 to suhstitute known rond rectifiers in the circuit and
measure the output voitage.

Low Output. The a-c supply voltage should be measured
at the input of the circuit to determine whether the voltage
is the correct value, since a low applied voltage can result
in a low output voltage.

Each rectifier should be checked to determine whether
the low output is due to nommal rectifier aging. A relative
check of rectifier condition can be made by use of an ohm-
meter, as outlined in a previous paragraph of this section.
1f the forward resistance of the rectifier increases, the out-
put voltage will decrease. Also, if the reverse resistance
decreases, the output voltage will decrense, and the ampli-
tude of the ripple voltage will increase.

The load current should be checked to make sure that
it is not excessive, because the voltage-doubler circuit has
poor requlation and an increase in load current (decrease
in load resistance) can cause a decregse in output voltaye.

One terminal of each charging capacitor, C1 and T2,
should be disconnected from the circuit and each copacitor
checked, using a capacitance analyzer, to determine the
effactive rapacitrnre and leakage resistance of each capaci-
tor. A decrease in effective capacitance or losses within
either capacitor can cause the output of the voltage-doubler
circuit 1o he below normal, since the defective capaciter
will not charge to its normal operating value. If o suitable

: aot available, an indiration of

Lo nbiained by usin

ahtained by an chmmeter:

Jade with ano tormingl
o dxsconnected ! om the circuit and, using th
orocedure outlined in @ previcus parsgraph for
.“,."mdiﬁ()"l two measurements ara made (with the test leads
e=yv=rsed ot the sapacitet terminals for one nf the measure
mentz). The larget of the two measurements should be
qreater than 1 megonm for a satisfuctoty cupacitor. A pro-
cedure which can be used to quickly determine whetner ite
capacitors are the cause af low output is to substitute
kiown §ood capacitors in the circuit ond wmensure the result-
ing output voltage under normal load conditions.

ot the rapaei-

st Balnaldasn b ls
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YOLTAGE TRIPLER.

APPLICATION.

The voltage-tripler circuit is used to produce ¢ higher
d-c output voltage than can be obtdined from a conventional
rectifier circuit utilizing the same input voltage, It is
normally used in "transformerless’” circuits where the load
current is small and voltaye requlation is not critical.

CHARACTERISTICS.

Input to circuit is ac; output is pulsating de.

D-c output voltage is approximately three times the
voltage obtained from basic half-wave rectifier circuit
utilizing the same input voltage; output current is relatively
small.

Qutput requires filteting; d-¢ output ripple frequency is
either twice or equal to a-c source frequency, depending
upon tripler circuit arrangement.

Has poor regulation characteristics; output voltage
available is a function of lood current.

Uses three semiconductor rectifiers {single, multiple, or
stacked units).

Depending upon circuit application, may be used with ar
witheut a power or isolation transformer.

CIRCUIT ANALYSIS.

General. The voltage-tripler circuit is used with or
without a transformer to cbtain a d-c voltaye from on o
source. As the term voltage tripler implies, the output
voltage is approximately three times the input voltage. The
voltage requlation of the voltage tripler is relatively poer as
compared with the regulation of either the half-wave or the
full-wave voltage-doubler circuit. Assuming that a given
voltage-multiplier {doubler, teipler, or quadrupler) circuit
uses the same value of capacitors in each instance, the
yreater the voltage-multiplication factor of the circuit, the
pooter the requlation characteristics. However, the regula-
tlon charecteristics can be improved somewhat by increasing
the value of the individual capaciters used in the voltage-
multipler circuit. Because of the regulalion characteristics
of the voltage tripler, the use of the circuit is generally
restricted to applications in which the load current is small
and relatively constant.

Cireuit Operation. Three voltage-tripier circuits are
shown in the accompanying illustration. The schematic of
part A shows a basic voltage-tripler circuit, which is funda-
mentally a half-wave valtage-doubler and a half~wave recti-
fier arranged so that the output voltage of one circuit is in
series with the output voltage of the other. The schematic
of part B shows a modified tripler circuit arranged for posi-
tive output, with the negative output terminal common to one
side of the a-¢ source; part C shows this same circuit
arranged for negative output, with the positive terminal
common to one side of the a-c source. In each of the volt-
age-tripler circuits shown in the accompanying illustration,
the total cutput voltage developed across the lood resist-
ance is gpproximately three times the epplied voltage.

The rectifiers, CR1, CR2, and CR3, are identical-type
semiconductor diodes in each of the three citeuits illus-
trated. Charging capacitors Cl, C2, and C3 are of equal
capacitance value in each of the three circuits; however,
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because of the higher voltage developed dcross capacitos
C2, the voltage rating of C2 is always greater than the
voltage rating of either Cl or C3. Resistors Rl and B2,
shown in the circuit of part A, are not necessary for circuit
operation; however, when they are included in the circuit,
resistars RL and R2 stabilize the volioge developed across
the two series copacitors, C2 and C3, respectively, and
also act as a bleeder to discharge the capacitors when the
circuit is de-energized. The value of resistor Rl is general-
ly twice the value of resistor R2.

A-C
INPUT

O
N

o
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—
=i
e
2
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N
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A surge resistor, Rs, is placed in series with the a-c
source; however, i a transformer is used in the circuit, amdé
if there is sufficient resistance in the secondary winding,
the resistor may be omitted.

Each tripler cireuit illustrated has one disadvantage in
that neither d-c output terminal can be directly connected
to ground {chassis). (The circuits shown in parts Band C
have one output terminal in common with the a-¢ source.)
1f a step-up or isolation transformer is used to supply the

Veoltege-Tripler Circuits
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input to a tripler circuit, either output terminal may be con-
nected to ground or to the chassis.

The operation of the tripler circuits can be readily
understood from a study of the equivalent electron-tube
circuit desetiptions given previously in this section of the
handbock. The action of the semiconductor rectifiers in a
triuler circuit is essentially the same as that described for
the equivalent electron-tube circuit. Semiconductor recti-
Elers CR1, CR2, and CR3 correspond directly to rectifiers
V1, ¥2, and V3 in the electron-tube circuit description. For
these reasons, an explanation of circuit operation is not
given here.

In the circuit shown in part A, charging capacitors C2
and C3 are in series across the loud resistance, and each
Lupaciion ieceives o charge on alternate half~yrles of the
applied voltage; as o result, the output voltage contains
some ripple. In this tripler circuit, the frequency of the
main cornponent of the ripple volthe is equal to twice the

HEQJ‘»;‘""‘,’ n. trn- G+C 50

B and C, charging cnpacitor C2 receives a charge on alter-
nate hali-cycles only; thus, the output voltage of these two
circuits contains a tipple voltage which has a frequency
equal to that of the a-¢ source.

As stated previously, the regulation of ¢ voltage- triplet
citcuit is relatively pocr; therefore, the value of the output
voltage obtained from the woltaye tripler is determined large-
ly by the tesistance of the lood and the resulting load cur-
rent. The output of each of the circuits illustrated requires
filtering to obtain a steady d-c voltage. (Filter circuits are
diseussed in Part D of this section of the handbook.)

ce. In the circults shown in partz

FAILURE ANALYSIS.

No Output. In the voltage-tripler ciicult, the no-output
condition is likety to be limited to one of several possible
causes: the lack of applied a-c voltage (including the
possibility of an open surqe resistor, Rs, or a defective
step-up or isolation transformer}, a shorted load cireuit
(including filter circuit components), open charying capaci-
tars {dependent upon circuit configuration), or defective
rectifiers.

The a-¢ supply valtage should be measured at the input
10 the circuit to determine whether the volicge is present
and is the correct value, If the 2ircuit uses o step-up or
isolation transformer, measure the voltage at the secondary
terminals to determine whether it is present and {s the cor-
teci vaiue. [! necessary, the pr 43 be
removed irom the trunsformer and x..Oﬁtlnalty measuie:

¢+ valtoms ghen
o Wonage

whether one ot tHe w'r-d!nr-s is oneq since an open Clicuit
ther wirnding will souge o ""-k of secondary voltoze.

iator, Bs, o res]

Te
Cr Ty,
if the circuit in

megzurement can he -nctde to uem-mme whnlher the resmtm
is open. If the resistor is found to be open, the voltege
tripler and the load (including filter} circuit should be
checked futther o determine whether excessive load cur-
rent, a defective reciifier, or u shoried capscitor has ceused
the resistot to act as a {use and to open.

With the o-c supply voltage removed from the output to
the circuit and with the load {including filtar cire
ronnected from the load termingl of copacitr CZ, resisiance

measurements can be made across the load to determine
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whether the Ioad circuit {including filter components) is
shorted. Measur2ments should be made across the terminals
of charging capacitors C2 and C3 in the tripler circuit shown
in part &, or across charging copacitor C2 in the tripler
circuit of part B or part C, to determine whether the no-
output condition is caused by shorted capacitors. The
tripler circuit shown in part A includes resistors Bl and

R2; therefore, the resistance value meqsured Goross cupdci-
tors C2 and C3 will normolly be something less than the
value of the gssociated bleeder resistor. Since the charging
capacitors are electrolytic capacitors, the resistance meas-
urements will vary, depending upon the test-lead polarity

of the ohmmeter. Therefore, two measurements must be
made, with the test leads reversed at the capacitor terminals
far ome of the measurements, to determine the larger of the
two Tesistance measurements. Tue larger resistance value
is then accepted as the measured yrlue, Capocitor Cl may
be checked in a similar manner.

A quick method which can be used to determine whether
an ppen capacitor is the source of trouble is to substitute
a known good capacitot in the circuit {or the suspected
capacitor, and then measure the resulting output voltage.

The rectifiers should be checked to determine whether
they are open of otherwise defective. A relative check of
rectifier condition can be made by use of an chmmeter, as
outlined in a previous paragraph of this section. However,
failure of one or more rectifiers may be the result of other
causes; therefore, tests of the filter and load circuit are
necessary. Once it is determined that the filter components
and load circult are satisfactory, a procedure which can be
used to quickly determine whether the rectifiars are defec-
tive is to substitute known good rectifiers in the circuit and
measure the output voltage,

Low Qutput. The a-c supply voltaye should be measured
at the input of the circuit to determine whether the voltage
is the correct value, since a low applied voltaye can result
in a low output voltage.

Each rectifier (CR1, CR2, and CR3) should be checked
to determine whether the low output is due to normal recti-
fier aging. A relative check of rectitier condition can be
made by use of an chmmeter, as outlined in a previous
paragraph of this section. If the forward resistance of the
rectifier increases, the output voltage will decrease. Also,
if the reverse resistance decregses, the output voltage will
dacrease,

Tre load current should be checkad to make sure that
it is not exceasive, because the voltage-tripler circyit has
poot tequiation and an increase in load current {decrease in
load resistance} can cause 2 decrease in output woitoge.

One terminal of each charging capacitor {C1, CZ, and C3)
shouid be disconnected from the circuit and each capacitor
checked, using a capacitance analyzer, to determine its
eifective capacitance and leakage resistance. A decrease
in effective capacitance or iosses within the capaciior can
cause the output of the voltage-tripler ecireuit to be below
normel, since the defective caparitar will not charge to its
normal operating value, If a suitable capacitance analyze;
is not available, an indication of leakage tesistance can be
obtained by use of an chmmeter. First, disconnect one

s flo

terminal of the copacitor {rom the circuit; then, using the

chmmeter proceaurs outiined ior tie (SR HIFLTFFTS L.Jliuuuuu,
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make two measurements {reverse the test leads ot the co-
pacitor terminals for one of the measurements), The larger
of the two measurements should be greater than 1 megohm
for a satisfactory capacitor. A procedure which can be used
to quickly determine whether the capacitors are the cause
of low output is to substitute known good capacitors of the
same value in the voltaye-tripler circuit and measure the
resulting output voltage under normal lead conditions.

YOLTAGE QUADRUPLER.

APPLICATION.

The voltage-quadtupler circuit is used to produce a
higher d-c outpwt veltage than can be obtained from a con-
ventional rectifier circuit utilizing the same input voltage.
It is normally used in "tronsformerless™ circuits where the
loed current is small and voltage regulation is not critical.

CHARACTERISTICS.

Input to circuit is ac; cutput is pulsating de.

D-c cutput voltage is approximately four times the volt-
age obtained from basic half-wave rectifier circult utilizing
the same input voltage; output current is telatively small.

Output requires filtering; d-c output ripple frequency is
either equal tc or twice the a-c source frequency, depend-
ing upon quadrupler circuit arrangement.

Has poor requlation characteristics; eutput veltage
available is a function of load current.

Uses lour semiconductor rectifiers {single, multiple, or
stacked units).

Depending upon circuit application, may be used with
or without a power or isolation transformer.

CIRCUIT ANALYSIS.

General. The volloge-quadrupler circuit is used with or
without a transformer to obtain a d-¢ voltage from an a-c
source. As the term veltoge quadrupler implies, the output
voltage is approximately four times the input voltage. The
voltage requlation of the voltage quadrupler is very poor as
compared with the regulation of either the voltage-doubler
or voltage-tripler circuit. Assuming that a given voltage-
multiplier {doubler, tripler, or quadrupler) circuit uses the
same value of capacitors in eoch instance, the greater the
voltage-multiplication factor of the circuit, the poorer will
be requlation characteristics. Because of the peor requle-
tion characteristics of the voltage guadrupler, the use of the
circuit is generally limited tc applications in which the load
current is small and relatively constant.

Circuit Operation. Three voltage-quadrupler circuits are
shown in the accompanying illustration. The schematic of
part A shows a basic cascade voltage-quadrupler circuit;
fundamentally, this cireuit consists of two voltage doublers
whose outputs are in series. The schematic of part B shows
a clrcuit arrangement which is a variation of that given in
part A, The schematic of part C is o quadrupler circuit
consisting of two complete hali-wave voltage-doublers con-
nected back-to-back and sharing a common a~¢ input. The
cireuits shown in parts A and B have the negative output
terminal common to one side of the a-c source; both of these
cireuits can be arranged to have the positive output terminagl
commen to one side of the a-c source by simply reversing
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the connections to each rectifier (CR1 through CE4) and to
each charging capacitor (C1 through C4),

The rectifiers, CR1, CB2, CR3, and CR4, are identical-
type semiconductor diodes in each of the three circuits il-
lustsated. Charging copaeitors CY, C2, C3, and C4 are of
equal capacitance value in each of the three circuits; how-
ever, because of the differences in the vollages developed
across individual capacitors in a particular circuit, the
voltage ratings of the capacitors will differ. In the circuit
of part A, the voltage rating of capacitors C3 and C4 is the
same for each capecitor; the voltage rating of capacitor C2
is less thon that of C3 or €4, and the rating of capacitor
Cl is less than that of C2. In part B, the voltage rating of
capacitors C2 and C4 is the same for each capacitor; the
rating of C3 is less than that of CZ or C4, and the rating of
Cl is less than that of C3. In part C, the voltage rating
of capaciters C3 and C4 is the same for each capacitor,

Yoltage-Quadrupler Circvits

and the rating of capacitors C1 and C2 s the some for each
capacitor; however, the rating of capacitors Cl and C2 s
less than that of C3 and C4.

Equalizing resistors R1 and R2, shown in the circuits
of parts A and C, are not necessary for circuit operation;
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however, when they are included in the circuit, resistors
R1 and R2 equalize the voltages developed across capaci-
tors C3 and C4, respectively, and dlso act as a bleeder to
discharge the capacitors when the circuit is de-energized.
A surge resistot, Rs, is placed in series with the a-c source
to limit the peak current in the rectifier circuit.

Cre dmudmmage common to all three muadrpler cir-
cuits iilustrated is that neither d-c output terminal can be
directly connected to ground or to the chassis; however,
when a step-up or isolation transformer is used to supply
the input to any one of these quodrupler circuits, either out-
put terminal may be connected to gtound or 1o the chassis.
Furthermore, if @ transformer is used ond if there is suf-
ficient resistance in the secondary winding, the surge re-
sistor, Fg, may be omitted.

The operation of these quadrupler circuits ¢can be
readily understood from o study of equivalent electron-tube
circuit descriptions given previously in this section oi the
handbock. The action of the semiconductor rectifiers in
the quadrupler circuit is essenticlly the same os that de—
scribed for the equivalent electron-tube circuit. For these
teasons, an explenation of circuit operation is not given
hera,

In the cireuit shown in part A, charging capacitors C3
and C4 are in series across the load resistance, and each
capacitor simultoneously receives a charge, once for each
complete cycle of the applied voltage; as a result, the
output ripple voltage has o frequency which is equal to the
frequency of the o-¢ source, In part B, charging copacitor
T4 in paralied wi
altemnate half-cycles of the applied a-¢ vohage, therefore,
the frequency of the ripple voltage is the same as the fre-
quency of the a-¢ source, In part C, charging capacitors &3
and CA4 are in series across the load resistance, and the
cdpacitors receive g charge on alternate hali-cycles of the
applied voltage; as a result, the output ripple voltage for
this circuit has a frequency which is equal to twice the
frequency of the a-c source.

Since all three circuits described contain a ripple volt-
age, additional filtering is required to obtain a steady d-c
voliage. {Filier circuits are discussed in Part T of this
section of the handbook.)

As stated previcusly, the requigtion of the voltage quad-
tupler is relatively poor; the value of the output voltage
obtained s determined largely by the resistance of the
inad and the resulling load current, i the load current is
iarge, the output veltags is reduced acoordingly.

~d ~
cad resistance is charged enly on

FAILURE ANALYSIS.

No Qutput, in the voliago-yuudiupies <licuil, the ao-
output condition is likely tc be limited to one of several
possible causes: the lack of applied a-c voltage {including
defective
step-up or isolation transformer), a shorted load cireuit {in-
eluding filter circuit components), oper charging capaci-
tors (dependent upon circuit confiqueation) or defective rec-
tifiars.

the possibility of on open surgs 1asistor, Bs, ot o

The failure anclysis procadures for the no-output con-
mnnn such as vunuus and resistance measu:emm"r,
supdeiiuni seolilior ghadis oubetiturinaal nnwm o

s
purts for suzpectied ports, otc, are essa

__tm”y the same gs
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those given for the voltage-tripler and half-wave voltage-
doubler circuits described previously in this section of the
handbook. Therefore, these procedures are not repeated
here,

Low Output. The failure analysis procedures for the
low-output condition consist of voltage, resistance, and
load-current mecsurements; capacitor and rectifier checks;
substitution of known qood parts for suspected parts; ste.
These procedures are essentially the same as the procedures
given for the voltage-tripler circuit described previously,
and are somewhat similar to those given for the half-wave
voltage-doubler circuit described earlier in this section of
the handbook.

TAGE (CDT) SUPPLY SOUARE-WAVE OSCIL-

APPLICATION.

The squarc-wave oscillator type higk-voltage supply is
a de-to-de converter used in electronic equipment for ap-
plications requiring extremely high-voltage dc at a small
load current. The output circuit can be arranged to fumish
negative or positive high voltage to the load. The supply
is commonly used to provide high voltage for accelerating
and final anodes, ultor, and other similar electrades of
cathode-ray tubes used in indicators.

CHARACTERISTICS.

Uses two power transistors in a self-excited oseillator
circuit combined with a full-wave voltage-doubler circuit.

Typical operating frequency is between 400 and 2000
cycles.

Qutput is high-voltage dc at low current.

Regulation is fair; may be improved by reguloting the
input d- supply voltage.

Rectifier circuit can be arranged to provide either posi-
tive- or negative-pelarity output voltage,

CIRCUIT ANALYSIS.
General, The square-wave oscillater type high-voltage
supply includes a self-excited oscilletor which has an
operating frequency in the range between 400 and 2000 oy-
cles. The escitlator circuit operates mast efficiently as o
square-wave generator with the transistors fmcu’om‘ng as
nig'n-speed switc‘ning elements 'Y'he trongi

action can be \,ompcrea to thc swnch; g actisn which oe:
curs with a mechanical vibrater in ¢ nonsynchronous vi‘)rc-
tor supply. The power supply {oscillator and rectifier cir-
caits) is fremiently called g de-to-de converter, and the
oscilluior circult itself is ¢

et to 05 o xatyroble.core
square wavae oscillator. The square-wave output from the
agcillator circuit may be stepped up or down and rectified
to provide a d-c voltage higher or lower than the input voli~
age. The circuit described here is used in conjunction
with g full-wuve voltagedoubler cireult to chtain high-volt-
age de. Because of the square-wave output and the reic-
tively high frequency of cScillaticn, very linle filtering 1s
required to eliminate the rinple voltaqe from the outout;

o1y S PTE L TGN ST P
this is especially e when o hil-wave rectifier circuit is
used.
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Circuit Operation. The accompanying circuit schematic
illustrates o pushpull, self-excited oscillator circuit used
in conjunction with a full-wave voltage-doubler circuit to
obtain a high-voltage output. The discussicn which follows
is limited to the oscillator to the oscillator eircuit, since
the operation of a typical full-wave voltage-doubler circuit
has been described earlier in this section of the handbook.

High-Yoltage Supply, Square-Wave Osciilator Type Using
PNP Power Transistors

Transistors Q1 and Q2 are identical PNP, alloy-junc-
tion type, power transistors. The power transistors used
in this common-emitter circuit configuration normally have
the collector connected to the case or shell of the tran-
sistor; thus, the circuit shown here permits the collectors
to be in physical and electrical contact with a metal chas-
sis or a grounded heat sink. Rectifiers CR] and CB2 are
identical semiconductor diodes; although the schematic
shows only two rectifiers in the voltage-doubler circuit,
each graphic diode symbol represents two or more diodes in
series to obtain the necessary peak-inverse character-
istics for high-voltoge operation in the voltage-doubler cir-
cuit,

Transformer T1 provides the necessary regenerative
feedback coupling from the emitter to the base of the power
transistors, Q1 and Q2, and is also the source of high volt-
age for the rectifier cirenit. Transformer windings L2 and
L3 are emitter windings; L1 and L4 are the feedback, or
base, windings. The lood for the transistors is formed by
windings L2 and L3 connected between the emitters ond
the voltage source. Transformer winding LS is the high-
voltage (step-up) winding, and is the a— souree for the
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voltage-doubler circuit. In the schematic, the dots adjac-
ent to the transformer windings are used to indicate similar
winding polarities.

Resistors Rl and R2 form a voltage divider to pravide
forward-bias voltage for the base of transistor Ql; in like
manner, resistors R3 and R4 establish the bias for the base
of transistor Q2. Separate voltage dividers are used in this
push-pull circuit to provide an independent base-voltage
source for egch transistor and thereby increase the relig-
bility of the circuit. In the event of fuilure of one transistor,
such as an open circuit in one of the transistor junctions,
the Independent base-biasing arrangement encbles the re-
maining transistor of the oscillator circuit to continue
operation at reduced efficiency, and the d-¢ output of the
power supply is reduced accordingly.

Capacitors Cl and C2 are the charging capacitars of the
voltage-doubler circuit, Since the frequency of the applied
voltage is generally between 400 and 2000 cyeles, the
value of these capacitors is relatively small, usually be-
tween 5600 pf and 0.02 wf. Resistors RS, BB, and BT in
serles form a bleeder and voltage-divider resistance for the
output of the doubler circuit. The tap at the junction of
reststors RS and R6 enables a lower voltage to be supplied
to a low-current load, such as the lower-voltage electrades
of a cathode-ray tube. In actual practice, resistors R5 and
RE are made up of a number of resistors in series to obtain
the desired value of total resistance for each portion of the
bleeder (R5 and R6). To prevent failure, the voltage dsop
across each resistor must be less than the maximum ter-
minal-voltage rating of the resistor.

Resistor R7 is used as a shunt resistor for test meter-
ing purposes, to permit measurement of the high-voltage
d-c output without the requirement for a special voltmeter
or high-voltage probe. The test points located at each end
of R7 permit a low-—resistance microammeter to be connected
across the resistor; [n this case the bleeder resistance (RS
and RE) is used as a series multiplier for the test micro-
ammeter. When this test circuit is employed, the high-volt-
age output canbe calculated by using Ohm’s law, once the
bleeder current is determined by measurement and the total
resistance of B5 and F6 is known. As an alternative, an
electronic voltmeter can be connected to the test points,
to measure the veltage drop across R7; the output voltage
can then be calculated by taking into account the voltage
division provided by the bleeder resistance, In other cases,
a predetermined (calculated) voltage drop actoss R7, when
measured by use of a high-tesistance voltmeter, will in~
dicate the presence of the correct value of high-voltage
output,

The operation of transistars functioning as high-speed
switching elements can be understood by reference to the
accompanying illustration for g fundamental switching cit-
cuit. The reference designations used for the windings of
transformer T1 in the illustration cortespond to those used
in the schematic given earlier in this discussion.
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Fundamental Switching Circuit and Resulting Output
Waveform

The switching actior, such as occurs with a mechanical
vibrator, is represented in the simplified schematic by
ganged switches SW1 and SW2, mechanically linked to-
gether so that when one switch is closed, the other switch
is opened. When switch SW1 is open {transistor Q1 cut
off), switch SW2 is closed (transister Q2 conducting heavi-
ly}, as shown 1n part A of the illustration, and heavy cui-
rent flows in transformer winding L3. When the switches
are reversed, as shown in part B, switch SW1 is closed
{Q1 conducting heavily) and switch SW2 is open {QZ cut
off}; thus, heavy current flows in winding L.2. The polar-
ities of the volteges produced across the primary and
secondary windings @e as indicated in parts & and B of
the illustration. Assuming o rapid rate of switching, the re-
sulting output voltage developed across secondary winding
L5 is essentially a square waveform, as shown in part C.

Bias and stabilization techniques employed for a tran-
sistor oscillator are essentially the sume s ihose employ-
ed for a transistor amplifier. The grounded-collector, com-
mon-emitter configuration illustrated eatlier in the dis-
cussion utilizes o single-battery power source; as men-
tioned previouslv, this d-c source produces the required
bias voltages through the voltage-divider action of resistors
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R1 and RZ, and resistors R3 and R4, Since the collector
is at negative (ground) potenticl and the emitter is at a
positive potential, each pair of resistors form a voltage
divider to place the base of the associated transistor gt @
neqative potential with respect to its emitter; the required
forward bias for the PNP transistor is thereby established.

The square-wave oscillator can be compared to an ampli-
fier with teedback of the propet phase und amplitude. In the
PNP transistor schemeatic given earlier, feedback is ob-
tained by transformer coupling from the emitter to the base
in crder to sustain oscillations; the feedback signal must
be in phase with the emitter signal. If NPN transistors are
used in the oscillator circuit, the polarity of the supply
voltage must be opposite to that indicated in the schematic;
however, for either type of transistor, the feedback signal
must be in phase with the emitter signal.

When d-c power is first applied to the circuit, the cur-
rent which flows through each primary winding, L2 and L3,
is initially determined by the effective resistance offered
by transistors Q1 and QZ, and their associated bias re-
sistors Rl and R2 and resistors B3 and f4. The pusi-puil
circuit appears to be balanced, since each half of the cir-
cuit is identical to the other; however, there will always be
minor differences in circuit resistance and within the tron-
sistors themselves. As q result of this inherent unbaiance,
the initial current {n one primary winding of transfermer
T1 does not exactly equal the initicl current in the other,
It is this unequal current flow in primary windings L2 and
L3 which starts the oscillation in a monner which is typical
of free-running multivibrators or relaxation oscillators.

in otder to compare the action of the square-wave uscil-
lator with the action of the fundamental switching circuit,
cssume that more current flows through primary winding L3
than flows through primary winding L2 because of the cir-
cuit unbalance mentioned previcusly. As emitier-current
flow increases through winding L3, a voltage is induced in
the feedback {or base) winding, L4, This voltage is in
phase with the voltage preduced across winding L3. The
induced voltage across L4 effectively increases the forward
bias, and transistor Q2 rapidiy approaches saturction. As
this regenerative process continues, core saturation is
eventually reached; ot this time no further increase in the
emitter cutrent through L3 con occur, and the effective in-
ductance of the transformer windings decreases. The flux
in the core of transformer T1 during this period has changed
fzom point 0 to point A on the hysteresis curve, as shown
in the accompanying illustrating.

During the interval that transistor Q2 is approaching
soturation, voltage is induced in winding L1 by the result-
ant field of 1.2 and L3. This induced voliage is in oppo-
sition 1o the initial veltage developed when the d-c supply
voltage was first applied to the circuit. As a result of the
action occurring in the circuit gssocicted with transistor
(2, the voltage across winding L1 couses the base of
transistor Q1 to gpproach « condition of reverse bigs. The
smitter current of transistor (11 decreases rapidly, and Q1
reaches cutoff because the feedback from winding L] has
driven the hose of Ql to a condition of reverse bias. Since
no further increase of change in current through L3 occiirs,
the base of transistor (2 is no longer dnven by o vnitne

trom L4, ond it SIGTS [0 TELWN (U it [kl

[T ORETE TRV O TNTY
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conditicn. Also, the magnetic flux developed in the core
of Tl starts to detrease to point B on the hystetesis curve,
Consequently, the voltage induced in L4 starts to drive the
base of Q2 to a reverse bias condition. The emitter cur-
rent of transistor Q2 decreases rapidly and Q2 finally
reaches cutoff. As a result of this regenerative process,
the magnetic flux developed in the core rapidly changes
from point B on the hysteresis curve. At the same time,
transistor Ql receives o signal from L1 and its base is
driven toward the forward bias condition. Gl conducts
heavily, causing the flux in the core to reach point C.
During the interval when transistor Ql is @ soturation, no
further change in the current through winding L2 occurs;
thus, the base of transistor Ql is no longer drivenby a
voltage from L1, and it starts to return to the nommal {for-
ward) bias condition. Also, the magnetic flux developed
in the core of Ti starts to decrease to point D on the
hysteresis curve. Consequently, the voitage induced in
L1 starts to drive the base of Q1 to a reverse hias condition.
The emitter current of transistor Q1 decreases rapidly, and
Q1 finally reaches cutoff. As a result of this regenerative
process, the flux developed in the core ropidly changes
from point D on the hysteresis curve. At the some time,
transistor 02 seceives o signal from winding L4, and its
base is driven into the forward bias condition. Q2 con-
ducts heavily, causing the flux in the core to reach point
A once again. At this time, transistor Q2 is at saturation
(point A on the hysteresis curve) and transistor Q1 is cut
off; the cycle is now complete and ready to be repeated.
The output frequency and secondary voltage are deter-
mined by the turns ratio of the transformer windings and by
the saturation flux of the core. The core laminations of
transformer T1 are usually made of nickel-iron or other
material exhibiting similer magretic characteristics. The
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nickel-iron material has a high permedbility and a square-
loop hysteresis curve, which is ideal for use with tran-
sistors operating in a switching mode. The transistors,
functioning ashigh-speed switches, operate alternately
from cutoff to saturation; when this action is combined with
the flux characteristics of the transformer core, the output
voltage produced is essentially a square wave. This is be-
cause the core flux changes rapidly at o relatively con-
stant rate from point B to point C and from peint [} to point
A on the hysteresis curve,

The output-veltage requlation of this high-voltage sup-
ply is sufficient for most cathode-ray-tube circuit applica-
tions without additional circuitry, especially if the d-c in-
put supply voltage is requlated. The output-voltage sta-
bility could be improved somewhat by the use of a requlator
in the collector circuit of the transisters, but the added
tegulator circuit would become rather complex if stability
better than that already provided by the circuit were to be
obtained,

The transistorized push-pull oscillator circuit offers
several advantages; its efficiency is relatively high, the
physical size of the supply is small and muck of the cit-
cuit can be encapsulated, and the grounded-collector con-
figuration simplifies the method used to dissipate heat
developed by the transistors. Furthermore, the circuit has
the ability to continue to cperate, but with reduced output,
even though on open circuit develops in one of the tran-
sistors. If a failure of this nature occurs at a time when
continued operation is vital to the mission, sufficient out-
put voltage will normally be available to sustain emergency
operation until corrective maintenance can be performed.
With such a failure, the cathode-ray-tube indicator brilliance
is likely to decrease somewhat, and an increase in de-
flection may be noticed.

FAILURE ANALYSIS.

General. The square-wave oscillater type high-voliage
supply consists of two basic cireuits—a push-pull oscil-
lator and a voltage doubler. [t must be detemmined initial-
ly whether the oscillator ot the voltage-doubler portion of
the power-supply circuit is at fault. Tests must be made
to determine whether the oscillator is performing satis-
factorily; if it is, the trouble is then assumed to be located
within the associated voltage-doubler circuit. The failure
analysis outlined in the following paragrephs is somewhat
brief because the subject of ascillators is discussed in
another section of this handbook; furthermore, the voltage-
doubler circuit is described earlier in this section. Since
the square-wave oscillator type high-voltage supply is a
combination of two basic circuits, additional information
concerning failure analysis for either portion of the high-
voltage supply can be obtained by reference to the applic-
able basic circuit given elsewhere in this handbock.

No Output. The d-c input voltage, Ve, should be meas-
ured to determine whether it is present and of the correct
value.

The push-pull oscillator can be quickly checked to
determine whether it is oscillating by using an oscilloscope
to observe the emitter-to-collector waveform at each tran-
sistor. When the push-pull osecillctor is functioning nor-
mally, the emitter-to-coilectar waveform is essentially o
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square wave having a peak-to-peak amplitude which is ap-
proximately equal to twice the value of the d-c input voltage,
Voo

Each biasing resistor should be disconnected and, us-
ing an ochmmetet, the value of each resistor should be meas-
ured to determine whether the resistor is within toleronce.
1f the values of the biasing resistors (R through [4)
change appreciably, it is likely that the forward blas will
change for the associated transistor; if the forward bigs in-
creases, such a condition may cause thermal runaway,
with eventual damage to the transistor(s) and failure of the
cirenit to oscillate. Thus, with one transistor conducting
heavily or with a shorted junction within the transister, the
resulting current flow in the windings of transformer T1
will couea the effective indumiancs tn ba decrensad: the
core may regch saturation, in which case the circuit will
not osciilate because of the luading oa the circult caused
by the defective transistor.

Ay defoct in tronsformer T, such gz an open hose or

ermtter winding, or shorted tumns in any of the windings,
will prevent the circuit from operating properly, since
oscillations in each half of the circuit depend upcn regen-
erative feedback from the transformer.

A shorted secondary circuit, reflectad to the emitter and
base windings, may couse exceesive Ingsos which will pre-
vent sustained oscillations. Also, il the high-voltage
winding, L5, should open, the circuit will eontinue to oscil-
late; however, no output will be obtained from winding LS
for the input to the voltage-doubler circuit.

If the oscillator circuit is found to be functioning nor-
mally, then it must be cssumed that the trouble is in the
voltugeﬂioubler circuit or its associated load, and a check
of the tectifier clicuit must be made in scos
procedures outlined earlier in this
able rectifier circuit.

Low Output. The d— input voltage, Ve, should be
measured 1o determine whether i is of the comect value,

If one transistor should develep an open circuit in one
of its junctions, the high-voltage output wiil decrease {for
given locd current), and the neak-to-neak amplitude of
the rinple voltage w111 inctease. %eca-zse of the independ-

nogd {remsistor

L)

ent base-biasing Grrangement,
will continue 10 oscillate, 1J
t!onsformer core may not reach suturcztion. In this case there

. s SFliatenns AF s
will be u reduction i the CJ.fA\.u..u\_; sf thavcireuit tagsther
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ansigtor is opefoting, A calibrate; usuhoscope can be
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emitter-to-collector wavelorm is essentially ¢ sguare wave
having g peak-to-peak amplitude which is gpproximately
equc.l 1o twice the value of the d-c input veltage, Voo,
However, if only one transistor is functioning and the other
sransision hus an opén CiICuit
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of oscillation will be higher than normal under these con-
ditions.

if the oscillater cireuit is found to be operating normal-
ly, a defect within the voltage-doubler circuit or associated
load must be suspected as the cquse of low output. For
example, because of the relgtively high-impedance rectifier
and filter circuits, an excessive load current can couse the
cutput voftage to be low. Failure anciysis procedures for
typical rectifier circuits used in high-voltage supplies are
outlined eartlier in this section,

DC-TG-DC CONVERTER.
APPLICATION,

The de-to<ie converter i typical of trans! ;ton'zec' DGwer
suppues used in electronic CUMIPIIENL 1s UH{JLJ\.-\JLAV id i

Tu CI{G{;C 30 ot o moderate lnad corrent,

put circuit can be crranged to futnish negative or poative
high valtore to the load. 'The supply is cemmonly used
provide high voltage for the operation of snall receivsis aad
transmitters from a d-¢ power source.

The oni-

5]

CHARACTERISTICS.
Uses two power transistors in o seli-cxcited cscill
clrcuit combined with a bridge rectifier circuit.
Typical operating frequency is between 400 ard 4000
cycles.
Qutput high-voltage dc is nermally between 250 and
53 volts; load current is between 60 and 200 milliamperes.
Requlction is good.
Semiconductor diodes ~re used in the rectifier circuit.
Rectifier circuit can be arrangad to provide either posi-

tive or negative- hn]n?vf\l cotout v mltame

CIRCUIT ANALYSIS.

General. The de-to-dc converter is a special application
of power tiansistons to convert @ low 4-¢ voltoge to high-
voltage dc.  lronsistorized power supplies are frequently
used in place of mechanical converters, such s vitigiors
and dynamotors.  The circuit discussed here is typical of
several types of de-to-de converters; the combination of o
pugh-null oseillator and g bridge rectifier results in @ power
supply with relatively high efficiency.

T}*e oscillator circuit itself operates most etficientiy as

ugre-wave Janerdtor with the tranaiators functioning

The cecillater cirenit

multysheator firei

mEL,tht.m WhIGiOI i elistoies
The oscillator cireuit is fr equemlv referred to asas
sble-core squars-wave ~ooiliatac

The high-voltage a-c cutput from the oscillator |
rectified to provide o a—c ouLpu voitage, which is fill
A fll-wave rectifier circuit 1g desirable in this type of
power supply to reduce the filter circuit requirements; for

A b
G30n Qnd SCoaur

is required, the bridge rectmer circuit is Commoniy empicy-
t‘_n‘ H—\»S DoOwWer

rogune N,lu ~ c\nﬂ]n hmh-\mhnna windinn
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quired to obtain a d-c output voltage which is relatively
free from ripple.

Circuit Operation. The accompanying circult schematic
illustrates a push-pull, self-excited oscill@or circuit used
in conjunction with a bridge circuit to obtain high-voltage
cutput. The discussion which follows is limited to the
oscillator circuit, since the operation of a typical bridge
rectifier circuit using semiconductor diodes has been de-
scribed earlier in this section of the handbook.

TI
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DC-to-DC Converter, Square-Wave Oscillator Type,
Using PNP Power Transistors

Transistors Q1 and Q2 are identical PNP, alloy-junction
type powet ttansistors. The power transistors used in this
common-emitter circuit configuration normally have the col-
lector connected to the case or shell of the transistor;
therefore, the circuit shown hete requires that either the
collector or the collector and its associated heat sink be
electrically insulated from chassis or ground. Rectifiers
CR1, CR2, CR3, and CR4 are identical semiconductor
diodes; although the schematic shows only four rectifiers
in the bridge ¢ircuit, each graphic diode symbol can re-
present two or more diodes in series, if necessary, to ob-
tqin greater peak-inverse cheracteristics than can be ob-
tained with a single diode.

Transformer Tl provides the necessary regenerative
feedback coupling from the collector winding to the base of
the power transistors, and is also the source of high volt-
age for the bridge rectifier circuit. The transformer may be
either a toroidal-core type or a conventional laminated-core
type with bifilar primary windings. Transformer windings
L2 and .3 are the collector windings; 1.1 and L4 gre the
feedback, or base, windings and have fewer turns than L2
and L3. The load for the transistors is formed by primary
windings [.2 and L3 connected between the collectors and
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the voltage source. Transformer winding LS is the hign-
voltage secondary {step-up) winding, and is the a-c source
for the bridge circuit, In the schematic, the dots adjacent
to the transformer windings are used to indicate similar
winding polarities.

Resistors Rl and RZ form a voltage divider to provide
forward-bias voltage for the base of both transistors, Q1
and Q2. The ratio of resistance between these two resist-
ors is chosen in the design of the power supply to insure
that the circuit will start to oscillate under loaded cond-
itiens; furthermore, the value of the tesistors is made suf-
ficiently high to prevent shunting an excessive amount of
current from the transistor collector circuit, and alse to
prevent excessive power dissipation within_the resistors
themselves. In a practical ¢ircuit, cne of the resistors is
usually made variable to permit the forwerd hias 1o be ad-
justed to a specified voltage. If for any reason the value
of the resistors should change, thebias for both transistors
will change, and the power output of the oscillator circuit
will be olfected. In extrer= cases the oscillator will stop
oscillating, either because the transistors are approaching
cutoff, or because the transistors are conducting heavily
{saturated).

Capacitor Cl, called a buHfer capacitor, is placed across
the high-voltage secondary winding, LS. The exact value
of this capaciter is critical, and is determined by the turns
ratic and effective inductance of Tl, the frequency of oper-
ation, and other similar circuit design factors. The func-
tion of the capacitor is to effectively absorb the induced
transient surges that occur when the switching function
takes place in the primary cireuit of T1,

A simple explanation of the operation of transistors
functicning as high-speed switching elements was given
previously in connection with the description of citcuit
operation for the high-voltage {CRT) supply.

The common-emitter configuration illustrated earlier in
this discussion utilizes a single-battery power source; as
mentioned previcusly, this d-c souzce produces the required
base-bias voltage through the voltage-divider oction of Rl
and B2, Since the collectors are ot a neqative potential
and the emitters are at a positive potential, the resistors
(R1 and R2) form a voltage divider, placing the transistor
base at a negative potential with respect to its emitter; the
required forward bias for the PNP transistor is thereby
established.

The square-wave oscillator can be compared te an ampli-
fier with feedback of the proper phase and amplitude. In
the PNP transistor schematic given ealier, feedback is
obtained by transformer coupling from the collector to the
pase to sustain oscillations; the feedback signal must
undergo a phase reversal when the feedback {s from the col-
lector to the base. If NPN transistors are used in the oscil-
later circuit, the polarity of the supply voltage must be ap-
posite that aivan on the schematic; however, for either type
of transister, tra feedback signol must be 180 degrees out
of phase with the rollector signal, (Although the circuit
describes here iz o common-emitter configuration, o com-
men-ocilegior sanfiquration could alze be uzed, provided
that the proper bias and signal polarities are observed.)

When d-c power is first applied to the circuit, the cur-
tent which fiows through eacn primary winding, L2 and L3,

+B-30




ELECTRONIC CIRCUITS NAVSHIPS
is initially determined by the effective resistance offered
by transistors QL and Q2 for ¢ given value of base-bias
voltage. The push-pull circuit appears to be balanced, since
each half of the push-pull circuit is identical to the other;
however, there will alweys be minor differences in circuit
resistance and within the transistors themselves. Asa
rasylt of this inherent unbalance, the initial curent in cne
crimary winding does not exactly equal the cument in the
other winding; it is this unequael curtent flow in primary
windings L2 and L3 which starts the oscillation. The im-
mediate effect is that one transistor conducts while the
other is cut off.

For the purpose of this explanation, assume that more
current flows through winding L.2 than flows through wind-
ing Lobssauss ofthe skis bt ditferenca in the transistors:
thus, transistor Q1 attempts to conduct more heavily than
does transigtor JZ. As the collector-cutrent flow increases
through winding L2, g voltoge is induced in the {eedback
Thz inducad unhnm‘a in r1i= 19”

[
I"’ 5 e IRGUCEa VUL

{or ba
degrees out of phase with the voltage of L2, as shown by
the dots used on the schematic to indicate winding polar-
ities for tronsformer TL. Thus, an out-of-phase voltage is
applied to the base of transistor Q1, which drives the base
more negative and causes QI to increase conduction. While
31 rapidly approaches saturation, because of the increose
in forward bias caused by the voltage from L1, the voltage
induced in feedback winding L4 by the resultant field of
L.2 and L3 applies a positive signal to the base of trans-
istor Q2; thus, the base of Q2 is driven toward o condition
nf reverse bias, transister Q2 approaches cut cff, and col-
lector-current flow through winding L3 decreases rapidly.
This regenerative process continues until transistor
Wl is ot saturation, transistor Q2 is cut off, the mognetic
flux developed in the core reaches saturation, and no further
increase in collector current occurs in primary winding L2,
Since the current through £.2 is ot maximum and the effec-
tive inductance of the windings has decreased as the coie
reached flux saturation, no further voltage {s induced in
windings L1, 1.3, and L4. The base of transistor Ql is no
hnger diiven by ¢ fradhanl emnn? from 1.} and thus starts
1o retuin to the normat (iorwari) hias condition established
by resistors Rl and R2. The flux in the core starts to de-
crecse gs the mognetic field about the core starts to col-
lapse. This action, in turn, induces voltc:ge« in the wind-
ngs opposue 0 i.no:;e \Nh;\..u ymuwm, bx;s ed. T““ﬂ hase

Y winding, 1.1

S

tro wind-
t o 1TOm wWiha-

ol transisior E
ng L1, which drives me base into a reverse-bias conditien
o ot off L. Also. the voltage induced in winding L4 is
negative, and returns the base of Q2 to o forward-bias cond-
itign 1o start conduction.  As transistor 02 starts to con-

of - n z
rieal flow thiough primary winding L2 in-

n ensi

Colyes o Do

ausy, \-vnt?C'-L
rreases and induces a voltage in {eedback -\.1%1'1(3 L4, As
3 result, the negative voltage induced in winding L4 is
further increased; thus, the base of 2 is driven still
further intc the forward-bigs condition, which couses Q2

to rapidiy approach suiviation. While Q2 approcches sat-
Jmu'on, the positive voltage induced in feedback winding
L1 is opplied to the basa of transistor Q1; thus, the base

ok 'H“ i3 drivon toward a condition of reverse bias, transis-

o7 -~ - flow Hod
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winding L2 decreases rapidly.
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This regenerative ptocess continues until transistor
Q! is cut off, transister Q2 is at saturation, the magnetic
flux developed in the core again reaches saturation, and no
further increase in collector current occwrs in primary wind-
ing L3, Since the current through 1.3 is ot maximum and the
effective inductance of the windings has decreased os the
core reached flux saturation, ne further voltage is induced
in windings [.1, L2, and L4, The base of iransistor Q2 {s
no longer driven by a feedback signal from L4, ond thus
starts to return to the normal {forward] bias condition
established by resistors Rl and B2, The flux in the core
once oqain starts to decrease as the magnetic field obout
the core starts to collapse. This action, in turn, induces
voltages in the windings opposite to those which previously
existed. The base of transistor GZ now receives a positive
signal from winding L4, which retuins the baze inte 2 re~
verse-bias condition to cut off Q2, Also, the valtage in-
duced in winding L1 is negative, and returns the base of
01 to a forward-bias condition to start conduction. As
trensistor QL starts to conduct, collector-current flow
through primary winding LZ increases and induces a voit-
age in feedback winding L.1. As d result, the negative -
voltage induced in winding L1 is further increased; thus,
the base of Q1 is driven still further into the forward-bics
condition, which causes Q1 1o rapidly approach soturction.
While Q1 appreaches soturation, the positive voltage in-
duced in feedbock winding L4 is applied to the base of tran-
sistor Q2; thus, the base of Q2 is driven toward a condition
of reverse bias, transistor Q2 approaches cutoff, and col-
lector-current flow through wmqu L3 dea'ecses rcrpldiy.

This regenerative process contina st
cycle; transistor Q2 is cut off, transistor Ol isat satumnon,
fhe f"ﬂq"n"f' fluy developed in the core agoin recches sat-
uration, and no further increase in collector current occurs
in primary winding LZ. Since the current through L2 is at
maximum and the effective inductance of the wirdings has
decrecsed as the cote reached flux saturation, no further
voltage is induced in windings L1, L3, and L4, The base
of transistor Q1 is no longer driven by a feedback signal
from L1, and thus starts to return to the notmal (forward}
higs condition. This action completes the first cycle of
operation and another cycle is initiated as the flux in the
cOre once ggain starts to decrease and the magnetic field
about the core starts 10 collapse.

From the discussion above it can be concluded that
tronsistors Ol end (2 funetion as high-speed switches,
cpetating aiternately from cutoff to satutation. When this
multivibrotor-type action 15 combined with the flux charac-
teristics of the transformer core, the output voltage pro-
duced across the high-voltage secondary winding, LS, is
esgentiallv a square wove. ihe oulpul yolioge ampliiude
and oscillator frequency are determined by the tums ratio
of the primary and secondary windings and by the saluation
tiux of the transformer core materiai.

FAILURE AMNALYSIS,
General. ‘the do-to-de converter consists of 2 push-pull,

sruare-wave oscillator and o bridge reciifier circuit, It

must be determined initially whether the oscillator of the

Uiidge rectifier porticn of the power q'mnl\f is ar mm[

‘Tests must De MAGE 10 GETERINE WhELLE i wariiiubin 1u
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performing satisfactorily; if it is, the trouble s then as-
sumed to be located within the bridge rectifier circuit (in-
cluding filter circuit components}. The failure analysis
autlined in the following parcgraphs is somewhet brief be-
cause the subject of oscillators is discussed in another
sectian of this handbook; {urthermore, the bridge rectifier
circuit using semiconductor diodes as rectifiers is de-
scribed earlier in 1this section. Since the de-to-de convert-
er is a combination of two basic circuits, additional infor-
mation conceming failure analysis for either portion of the
transistorized power supply (oscillator or bridge rectifier)
zan be obtained by reference to the applicable basic circuit
given elsewhere in this handboak.

No Output, The d-c input voltage, Ver, should be
medsurad ta determine whether it is present and of the cor-
rect value.

The push-pull oscillator can be quickly checked to
determine whether it is oscillating by using an oscilloscope
10 observe the collector-to-emitter waveform at each transis-
tor. When the oscilloter is functioning normally, the col-
lector-to-emitter waveform {s essentially a square wave
having o peak-to-peak amplitude which is approximately
equal to twice the value of the d- input voltage, Vec.

If the volue of either ot both biasing resistors, Rl and
F2, should change appreciably, the forward bigs on both
transistors will change. 1f resistor Rl decreuses or resist-
cr B2 increases, the forward bias on both transistors will
decrease and cause less collector current to flow; converse-
Iy, if resistor R increases of resistor B2 decreases, the
forwerd bias on both transistors will increase and cause
additional collectar current to flow. A decreose in forward
bias causes both transistors te approach cutoff and to event-
sally stop oscilletions; on the cther hand, an increase in
forward bias causes both transistors to approach saturation
and ‘o eventually stop oscillations. This latter condition
{increosed forward bias) may cause thermal runaway, with
subsequent damage to the transistors themselves, There-
fore, the forward-bias voltage must be measured to deter-
mine whether it is correct and within tolerance for the volt-
age specified, 1€ not, remove the input voliage, disconnect
one end of eqch resistor, and, using an ohmmeter, measure
the value of each resistor (R1 and R2) to determine whether
the resistors are the correct value,

Any detect in transformer T, such as an open base or
collector winding, or shorted turns in any of the windings,
will prevent the circuit from operating properly, since oscil-
lations in each half of the circuit depend upon regenerative
feedback from the transformer.

A shorted secondary circuit, reflected 1o the collector
and base windings, may cause excessive losses which will
prevent sustained oscillations. Also, if the high-voltage
winding, L5, should open, the circuit will continue to
oscillate; however, no output will be obtcined from winding
L5 for the input to the bridge rectifier circuit.

A shorted junction in one of the transistors will ccuse
excessive current to {low in the associated winding (L2 or
L3) of transformer T1, This, in turn, will cause the effective
inductance of the ttansformer to decrease, the core may
reach saturction, and, because of the loading on the circuit
caused by the delective transistor, the cireuit will not
ascillate.
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If the oscillator citcuit is found 1o be functioning not-
mally, then it must be cssumed that the trouble is in the
bridge rectifier circuit or 1ts associated load, and a check
ot the bridge rectifier must be made in accordance with
the procedures outlined earlier in this section for the applic-
able rectifier ~rcuit.

Low Output, The d-c input voltaqe, Voo, should he
measured to determine whether it is of the correct value.

If one transister should develop an open circuit in one
of its junctions, the remaining gocd transistor will continue
to oscillate; however, the high-voltage output will de-
crease {for a given load current), and the pedk-to-peak
amplitude of the ripple voltage will increase, Under these
conditions of operation the transformer core may not reach
saturation. In this case there will be a reduction in the
efficiency of the circuit, together with an accompanying
decrease in the output voltage. Also the ascillator fre
guency will increase to two or three time the nommaol operat-
ing frequency when only one transistor is operating. A
calibrated oscillnscope can be used to observe the collect-
or-to-emitter waveform at egch transistor, If the oscillator
is functioning normally, the collector-to-emitter waveform
is essentially a square wave having a peak-to-peak ampli-
tude which is approximately equal to twice the value of the
d-¢ input voltage, Voo However, if only one transistor is
functioning and the other transistor has an open circuit in
one of its junctions, the collector-to-emitter waveiorm will
not resemble a square wave on both halves of the cycle;
instead, it will resemble a square wave for one half-cycle
and a trapezeid for the other half-cycle. As mentioned pre-
viously, the frequency of oscillation will be higher than
normal under these corditions.

In the common-emitter circuit configuration, a relatively
small change in base curtent produces a relatively lorge
change in collector current. Therefore, the forward-hias
voltage applied to the bese of the transistors is impertant,
since the voltage has a direct effect upon collector current
cnd upon the oscillater power output. (Refer to the failure
analysis discussion concerning bias resistors Rl and B2
given in a previous paragraph for the no-output condition.)
Therefore, the forward-bias voltage should be measured to
determine whether it {s correct and within tolerance. If not,
the value of the bias resistors should be checked by use of
the ohmmeter procedure outlined previously; if the power
supply i3 equipped with a variable bias resistor, a bias
adjustment may be required.

1t the oscillator cireuit is found to be operating normelly,
a defect within the bridge rectifier circuit (including filter
components) ot the associated load circuit must be suspect-
ed as the cause of low cutput, For example, an excessive
load current can cause the output voltage to be low. Fail-
ure analysis procedures for the bridge 1ectifier circuit using
semiconductor diodes were given earlier in this section of

sthe handbook.

DOSIMETER CHARGER (DC-TO-DC CONVERTER).

APPLICATION.

The dosimeter charger is one typical application of the
de-to-de converter circuit. The dosimeter charger is a self-
contained, portable, battery-operated, transistorized power
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supply which is used to generate a &-c output (charging)
voltage ot o small load current. The circuit can ve amanged
to furnish either a negative or a positive high-voltage out-
put. The dosimeter charger is commonly used to provide a
high-voltage chorge for radiation detectors employed for
personnel monitoring. The d-c output voltage developed by
the charger is transmitted, through an cppropriate connec-
tion or receptacle, fo the dosimeter being charged.

CHARACTERISTICS.

Uses single transistor self-excited oscillator circuit
combined with g heli-wave rectifier circuit.

Typical operating freque;rv {5 hetwean 400 and 2060
“aycles.

Chatrut i high-unltage de at Inw rizrrent.

Hequiation is poor; however, 1or the application the
regulation is not lmpoitand.

1

nogitives ar nanativa-noiarity ool oot wn fana:

semiconductor diode.

CIRCUIT ANALYSIS.

General. The dosimeter charger consists of o tickler-
coil {Armstrong) audio-frequency oscillator operating in
conjunction with a rectifier to convert a low d-¢ voltage to
a high d~c voltage. The oscillator described nere operates
in the range hetween 400 and 2000 cycles as a sipe-wave
generator, although with slight modification the circuit
can operate as ¢ blocking oscillator to produce a square-
wave. ""He Hiqh-voltczqe a-c output from the oscillator is

ified to provide o d-c ocutpot voitage which is then
.;1 ered to remove npple, and applied to the electroscope
cssembly of the dosimeter {or ':Lii,cme"er:.

A brief description of a small, direct-reading pocked
dosimeter, used to measure X and gamma radiation, is in
order at this time so that the application cf the charger may
be better understood.

The pocket desimeter is one of several radiation moni-
terinq instruments unhzmq the ability of radiation to pro-
The do:imet_pr iz nnnmvimnfpiv

kermnnr-n”

Tmet!

e SUpPUL wals sa
ek isadng mlazsc {rom, uni mcn::te

oI 1ne metal tupe.
on PVEDleCE 1EW°_

1t must be f*harqeu. inis ccomplishec
d-z voltage betwne. the rne!. ! fube andl dhe o
tact located on the end of the tuse. The charging volta

.............. 1 2Tt man b
COuses d muluci repuision oot

quartz fiber, and a mutual attraction between the ionization
chamber wall (bihe) and the

cunmart writp and the
ot iesatel aiolomibonia

rtz tiner, Az aresult the

b ARk ey ket
el DLSDCle WD UWEL

spaee Shaeds daliomad &

I . MR ek mpmn il 0%
12 L.JLLJ.IJIUCI walh. The amount of deflestion iz g direzt

t
function ot the charging voitage; tne Jiealer Lie vliiuge,
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the greater the deflection. The dosimeter is charged prior
to use by looking into the evepiece and adjusting the velt-
age output of the charger until the quartz fiber indicates
"' on the internal calibrated scale of the opticadl system.

As radiation passes through the dosimeter, the gas
within the chamber fonizes. The ionized gas is copable of
electrical conduction, and thus partially neutralizes the
charge existing on the quartz fiber. As a result, the fiber
moves toward the support wire a distance equivalent to the
amount of radiation received. The amount of total radiation
exposure can be read directly from the calibrated scale by
viewing it through the evepiece.

Circuit Operation, The accompanying ¢ircuit schematic
illustrates a self-excited, tickler-coil (Amstiong) audio-
feomuency agcillatar nead in conjinetinn with i half-wave
rectifier circuit. The discussion which follows is limited
io g brief discussion of the oscillator circuit, since the
operation of the Single Phase Hali-Wave Rectifier Circuit
using o semiconductor dicde hos been described sarlier in
this section (Section 4, Part B} of the handbook.

Transistor Gl is a PNP transistor, either a point-
contact or a diffused-junction type, used in a common-emit-
ter circuit configuration. Since the power output required of
the charger is extremely small, the transistor need not be a
power transistor as was the case in other De-to-De Con-
verter Circuits described previously in this section. Hecti-
fier CR1 is a semiconductor dicde used in @ conventional
half-wave rectifier circuit. Because the d-c output voltage
is usually limited to approximately 400 volts, de, a single
rectifier having the necessary peak-inverse voltage char-
asteristios is normally employed.
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aty (step-up) winding. In the schematic, the dots edjacent
to the transformer windings are used to indicate simila
winding polarities.

Potentiometer Rl is used as a voltage divider to provide
forward bias for the base of the transistor. Once Rl has
been set to establish forward bias for proper opetation of
the transistor, it normally does not require further readjust-
ment unless the transistor is replaced ot a change in tran-
sistor characteristics oceurs.

Capacitor Cl is an audio bypass capacitor provided to
return the end of feedback winding L2 to the emitter of
transistor QL. Capacitor C2 is the filter capacitor of the
half-wave rectifier cir cuit. *Since the frequency of the
oscillator is relatively high (400 to 2000 cycles), the value
of capacitor C2 need not be very large (usually 0.01 to
0.02 pf) in order to effectively remove any trace of ripple
voltage; furthermore, since the load is an extremely high
impedance and the load current is small, the capaciter
charges to the peak value of the applied ac.

Potentiometer R2 and resistor R3 form a voltage divider
actoss the output of the rectifier circuit. The value of R2
is usually several times greater than the value of R3, and
the total series resistance is usually 15 to 20 megohms;
thus, the voltage available at the output terminals of the
supply can be varied between approximately 125 and 425
volts, dc. Potentiometer R2 is controlled by a front panel
knob, and permits the d-c output voltage of the charger,
which is applied to the dosimeter electroscope assembly,
to be adjusted and thus calibrate the instrument prier to
use.

The common-emitter configuration illustrated earlier
in this discussion wtilizes a single-battery power source;
as mentioned previously, this d-c source produces the re-
quired base-bias voltage through the voltage-divider action
of potentiometer R]. Since the collector of Qlis at
negative potential and the emitter is at a positive potentiai,
the base is effectively placed at a negative potential with
respect to its emitter; thus, forward bias is established for
the PNP transistor.

The oscillator circuit can be compared to an amplifier
with feedback of the proper phase and amplitude. The
oscillator may be operated Class A if o linear waveform is
required, or Class C if the output waveform is not very
important. In the PNP transistor schematic given earlier,
feedback is obtained by transtormer coupling from the col-
lector to the base in order to sustain oscillations. If an
NPN transistor is used in the circuit, the polarity of the
supply voltage must be opposite to that shown on the sche-
matic; however, for either type of transistor, the feedback
signal must be 180 deqrees out of phase with the collector
signal. Although the transistor can also be artanged in a
commen-base or a common-collector circuit, the common-
emitter circult is most commonly used because greatest
gain is achieved with this configuration. The oscillator
circuit shown in the schematic is essentially o transformer-
coupled, feedback oscillator; its operation is similar to
that of the common-emitter circuit described for the Tickler
Coil (Armstrong) Oscillator Cireuit in Section 7, OSCIL-
LATOR CIRCUITS ir this Handbook. Although the circuits
described in Section 7 are L-C oscillators, the operation
of the audic-frequency oscillator discussed hete is essen-
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tially the same; the frequency of oscillation is determined
primarily by the inductance of collector winding L1, stray
circuit capacitance, and the collector-to-emitter capacitance
of the transistor itself. When voltage is lirst applied to
the oscillator, the initial rush of current through L, and
Lz induces a feedback voltage in the windings. The feed-
back is regenerative and causes emitter and collector cur-
rent to increase rapidly until the coliector is saturated and
no turther change of current occurs. At this time the mag-
netic field around the windings of T, collapses, and causes
a reversed feedback voltoge. This feedback is now in a
direction which causes a reduction of collector and emit-
ter current. Thus the collector is quickly driven to cutoff,
and once again the collapsing magnetic field (at cutoff)
causes a reversal of current Hlow through the induced feed-
back voltage. As the current through L alternately flows
back and forth at the oscillation period, it induces a similar
but higher alternating voltage in winding L3, the high-volt-
age winding.

The voltage produced across the high-voltage second-
ary winding, L3, may be either @ sine wave or essentially
a square wave, depending upon the class of transistor opera-
tion. This voltage is rectified by semiconductor diode CRI,
is filtered by capacitor C2, and is applied actoss R2 and
R3. A d-c output voltage which is determined by the set-
ting of potentiometer R2 is applied to the dosimeter charg-
ing contact for calibration of the radiation monitoring
instrument.

FATLURE ANALYSIS.

General. The dosimeter charger is a self-contained,
battery-operated power supply. The unit is usually very
small and operates from a self-contained, 1.5volt-battery
power source. [t must be determined initially whether the
battery, the oscillator, or the rectifier portion of the power
supply is at foult. Since the most commen failute for
battery-powered device is the battery itself, a quick check
can be made by substituting a known good battery in the
power supply and checking the operation once ggain to
determine whether the battery is at fault. f the operation
is not satisfactory after battery substitution, tests must
then be made to determine whether the osciilator or the
rectifier circuit is at foult.

As stated before, the dosimeter charger is a combing-
tion of two basic circuits, an oscillator and a half-wave
rectifier using c semiconductor diode. Therefore, the fail-
ure analysis outlined in the following paragraphs is some-
what brief since oscillators are completely discussed in
Section 7 of this handbook, and the Half-Wave Semiconduct-
or Diode Rectifier is discussed eatlier in this section of
the handbook.

Mo Output. The battery power source (Vo) should be
measured to determine whether it is present end of the cor-
rect value.

The oscillator can be quickly checked to determine
whether or not it is oscillating by using an oscilloscope to
observe the cellector-to-emitter waveform.

1f potentiometer R1 should change value {or is misad-
justed}, the forward bias will change accordingly. If the
forward bias decreases the collector current also decreases,
and, conversely, if the forward bias increases the collect-
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or current increases. At either extreme of these two condi- Semiconductor Diode Circuit are given earlier in this
tions, oscillations will cease. section of the handbook.

Any defect in transformer T, such as an open feedback
or collector winding, or shorted turns in any of the windings,
will prevent the circuit
ary circuit, reflected to

inas. will cause oy
iIngs, will cau X

veni sustained osciliations. If mgn-vonoge wmumg,
L3, should open, the circuit will oscillate; howeve,, no out-
put will be obtained from wmdmg L3 for the rectifier cir-
Cuit.
A shorted junction or un open juncticn i the transistor,
31, will ceuse the cirzuir 1o step oscillating.
If the oscillator circuit is found to be functicning nor-

j;; then 1t must he mssimad that she tranhle s in the

associated rectifier circuit.
Low Dutput. The battery power source (Vo) should he
measured to determing whethar it is pr:scm &

reci value,
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In the commcn-emitier condiguration, arelatively small
change in base current produces a relatively large change
in collector current. Therefore, the value of the forward-
bias voltage applied to the base of thetransistor is rather
critical, since the bias voltage has a direct effect upon
collector current and thus upon the osciliator power cutput.
While reduced output con resuit from ¢ loss of qain in the
transistor, this condition is not very common; therefore, it
is more logical to measure the supply and bias voltages be-
fore deciding to replace the transistor.
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an open or short in a portion of potentiometer Bi, or leak-
age in bypass capacitor C1 will affect the output, since
any of these conaitions wiil cause g change 1n bias; how-
ever, a change in bics is easily detected by measuring the
opetating bias with & high-resistance VOthu{ef, ot prefer-
ably an electronic voltmeter., For example, if the positive
end of Rl should open, the base of Q1 is returned to -Veo
through the remaining portion of R1; in this case, since
the base remains in a forward-bias condition, the circuit
wiil continue to osciilate. However, the oscilimor ourput
will no longer remain a sine wave, and the osciliator may
start to pulse in ¢ manner similar to that of a blockinq os-
cillator. On the other hand, if (he negative =nd of [l
should open, the base of Q1 is retutned to +Vce, and os-
cillations witl cease. Either of these twe conditions can
pe detected Sy 1 mMEGSUIETen! of o tias wclizge.
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PART C. ELECTROMECHANICAL CIRCUITS

ROTATING ELECTROMECHANICAL SYSTEMS.

General. The primary electrical power source in many
small boats and aircreft is a 12~ or 24-volt storage bat-
tery; the battery is kept in a charged condition by mecns of
an engine-driven genaiator. The battery supplies the volt-
age for the engine ignition system, navigation lights, and
other electrical loads. When communications or similar
electronic equipment is a part of the electrical load, an
electromechanical-type power supply is frequently employed
to supply high voltage for operation of the electronic equip-
ment. In such cases, a rotating electromechanical device
called o dynametor is used to obtain high-voltage dc for
operation of the electronic equipmert, although 2 transis-
torized de-to-dc converter or a vibrator-type power supply
could also be used for the same purpose.

In some instances where the primary electrical power
source is a¢, an electromechanical device calied g rotary
converter is used to convert ac to de. By definition, a
rotary converter is a machine that changes electrical erergy
of one form to electrical energy of another form. A rotary
converter can convert alternating current to direct current,
or it can convert direct current to alternating cument. It
can also be used to change frequency and phase. In the
normal sense, the rotary converter is g machine used to
convert ac to de; when it is used to convert dc to ac it is
called an inverter, and is occasionally refetred to as an
inverted converter. When ac is available as the primary
sleciricol power source, it is usually more efficient to use
a power transformer and rectifier combination to cbtain high-
voltage dc than to use a rotary converter; for this reasan,
the application of rotary converters is limited. However,
the rotary converter in another more common form, that of
an inverter, is frequently used to convert dc to ac.

In naval aircraft, a scutce of alternating current is fre-
quently required to power some of the instruments, elect-
ronic equipment, fluotescent lighting, ete. If the aircraft
does not have an engine-driven a-¢ primary power source
(single-phase or polyphase), it is necessary to provide a
means of changing the primary d—c source to ac for use by
the electrical load. In this application an inverter (one
form of rotary converter) is used to change the dc to ac;
the sutput of the inverter may be either single- or three-
phase ac at a frequency which is normally 400 or 800
cycles.

From the brief discussion above, it can be seen that
the dynamotor, rotary converter, and inverter are merely
specialized combinations of motors and generators {or aiter-
nators). The detailed theory of operation and the construct-
ion of g-¢ and d-c motors, generators, and alternators are
covered in Navy publications on basic electricity, and,
therefore, will not be treated in this handhook. Only the
basic principles will be discussed in this section of the
handbook, as required, te provide a better understanding of
the application and the failure analysis of the electro-
mechanical devices discussed.
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DYNAMOTOR.

APPLICATION,

A dynamotor performs the dual functions of motor and
generator to change the relatively low voltage of a d<
power source into @ much higher value for use in electronic
equipments which employ electron tubes. The dynamoter
may be contained within the electronic equipment, or it may
be a separate unit external to the equipment, The dyna-
motor is frequently used in aircraft, small-craft, and port-
able-equipment applications where the primary sowrce of
power is dc.

CHARACTERISTICS. )

Input 1o dynamotar is dc; output s dc 10T ac).

D-C output requires filtering to remove commutation
ripple.

Requires filtering of input and output leads, and shield-
ing of complete assembly to eliminate radiated interference.

A rotating machine; field poles are common to both
motor and generator windings.

Has fair regulation characteristics.

Efficiency as high as 45 percent can be obtained.

CIRCUIT ANALYSIS.

General. The dynamotor is a rotating electromechanical
device used to change onevalue of d voltage to o different
value of d-c voltage. By definition, a dynamotor {s a com-
bination electric motor and generator having two {or more}
sepmate fotol windings and a common set of fHeld poles;
one winding receives direct current from a primary power
source and operates as a motor to produce rotation of the
armature assembly, while the remaining winding(s) operates
as a generator to preduce o d-c output voltage.

Circult Operation. A simplified schematic for a typieal
dynamotor is shown in part A of the accompanying llus-
tration, and a functional diegram is shown {n part B of the
illustration,

Capaciter Cl is an input filter capacitor provided to re-
move variations in the input d-¢ voltage, caused by sparking
of the brushes at the motor commutator; the capacitor also
reduces interference which ¢an be radiated to other equip-
ments connected to the same power source. Capacitor C2,
1-f choke RFC, and capacitor C3 form a filter network at
the output of the dynamotor to remove the effects of spark-
ing at the generater commutator. Depending upon the de-
sign of the dynamotor, inductance- capacitance filters may
be installed at both the input and the cutput to prevent un-
desirable voltage transients (hash), coused by commutation,
from being radicted or coupled through the input and output
leads to other electronic equipments. Also, in many dyna-
motor output clrcuits, because the generator commutation
ripple frequency is relatively high, an iron-core choke and
a capacitor {4 wf of larget) are used to filter the d-c output
and remove the ripple-voltage component.

The single, rotating armature assembly carries both the
motot winding and the generator winding. Each winding
terminates in o separate commutator; the commutators are
usually located at cpposite ends of the armature assembly.
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B

Simplified Schematic and Functional Diagram of Typical
Dynamoter

the motor and generator windings are both on the same rotor
assembly, the field is common to both the motor and the
generator. Because the field winding is connected in parai-
lel with the motor winding, the motor is called @ shunt-con-
nected, O shunt-wound, motor, One of the desirable char-
acteristics of this type of motor is that the speed of arma-
ture rotation remains relatively constant, regardless of the
changes in load placed upon the motor; as a result, the out-
put voltage is also held relatively constant.

When a d-c voltage is applied to the low-voltage motor
commutator {input terminals) of the dynamotor, current flows
in the motor winding of the armature. At the same time, the
applied voltage appears across the field coils and a cur-
rent flows in them to produce a strong magnetic field. The
flux produced by the field reacts with the flux produced by
the motor winding; this results in torque, which causes the
armature assembly to rotate. Because the generator wind-
ing is wound on the same assembly, it alsc rotates in the
same mognetic field produced by the field coils. Therefore,
since the generator winding cuts the magnetic field as it
rotates, this action induces a voltage in the generator wind-
ing. The d-c output voltage is taken from the generator
commutator of the dynamotor, is filtered if necessary, and
is applied to the load.

Since the motor and genergtor share a common magnetic
field, the relationship of input voltage to output voltage
depends on the ratio of the number of turns in the motor
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winding to the number of tumns in the generater winding.
For example, if the number of turns in the generator wind-
ing is increased (with respect to a given motor winding),
the output voltage will increase accordingly; whereas, if
the number of turns in the generator winding is decregsed,
the output voltage will decrease. In like manner, changing
the number of turns in the motor winding (for a given gener-
ator winding) will affect the output voltage ond also the
speed of armature rotation. Changing the strength of the
magnetic field will not appreciably offect the voltage ratio
of the dynamotar. If the field strength is increased, the
armeture is slowed down, but the induced voltage in the
generator winding remeins unchanged; on the other hand, if
the field strength is decreased, the armature speed increases,
but the induced voltage remains the same. This is true be-
cause the field strength and the speed of rotation are in-
versely proportional to each other. For example, when the
magnetic flux is increased in the field, the armature speed
decreases and the generator winding cuts more lines of
flux at a lower speed; conversely, when the magnetic flux
is decrensed, the armeture speed increases and the gener-
ator winding cuts fewer lines of flux at o higher speed. In
either case, the induced voltage in the generator winding
remains essenticlly the same.

The inverse relationship between armature speed and
field strength is a basic principle of d-c motors, and exists
because of the counter emf which is genetated by the ama-
ture cutting flux as it rotates through the magnetic field.
The current induced by the counter emf flows in q direction
opposite to that of the applied curtent. [f the field strength
of a motor is reduced, the value of the counter emf, which
is dependent upon the strength of the field flux, is also re-
duced. A drop in counter emf allows a greater current to
flow in the armature and this causes the motor speed to in-
crease. The speed increases because the effect of the in-
crease in armature current far exceeds that of the decrease
in field flux. When the field strength is increased, the re-
verse dction takes place. The increase in field current,
and thus field strength, causes the counter emf to increase.
This action decreases the applied cutrent and thus reduces
the motor speed.

One disadvantage of the dynamotor is that the output
voltage cannot be adj usted to different values without
changing the input to the motor and field windings. For
this reason, the dynamotor must be designed for a given
output voltage and load current.

Dynamotors operating from a d-c source commonly have
an input voltage rating of 6, 12, or 24 volts, and, depend-
ing upon the design and output requirements, can deliver
1200 volts or more to the load. A dynamotor is not neces-
sarily restricted to only one generator winding—more than
one winding is sometimes placed on the armature to provide
for additional outputs, os required. For example, a low-
veltage winding for the operation of electron-tube filaments
may be incorporated in the armatuce assembly. In this case
a separate commutator for d-c ouiput {or separate slip rings
for a-c cutput) and associated brushes are required for con-
nection to the low-voltage winding.

One variation of this motor has, in addition to the shunt-
connected field coils, another set of field coils connected
in series with the motor winding. See the accompanying
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1. This type of moter is called o compenxated,
compound, OF stabilized shunt motor; the flux components
developed in the shunt and series field coils are combined
within the dynamotor to produce a sttong magnetic field.
Still another variation in design utilizes a permanent mag-
net to furnish the mognetic field; this variation is satis-
factory for many applications, and is somewhat more ef-
ficient than an equivalent dynamotor with field ccils, be-
cause less input current is required for operation.

FAILURE ANALYSIS.

General. Dynamotors are built to high standards and
are characterized by long life and relatively trouble-iree
aperation. If norma! preventive maintenance is carried out
at regular intervals as recommended by the equipment main-
tenance handbook, few failures will tesult. However,
many dynamotors are subject to operation under conditions

which are less thon ideal, and, as a resuit, failures do oceur.

The dynamotor can best be thought of as two separate
machines combined in a single frame and sharing o common
magnetic field, The relationship between motor and gener-
ater is purely mechanica). There is no electrien! connec-
tion between the motor andgenerator windings. Since the
curents.in thetws windings How in.oppesitedirections;
their resultant magnetic effect is zero, which effectively
isolates one winding from the other. In failure analysis
Slasedirestofithe Synarbtsy, the e witdingsiareitreated

seporataly: that is) the i atediss Gsns

ventional d-c motor, and the cutput circuit is treated a5 3
conventional d-c generator.

In testing the dynamoter, the procedures are the same
as those given in Navy publications for similar d-c machin-
ety {d-c motors and generatorsh It must be first astahlish-
ed whether the trouble is of an electrical or a mechanical
nature, or both; therefore, several of the more common dyna-
motor troubles are given in the paragraphs which foilow, to
help the technician recognize typical failures.

Mg Ouscus, 18 the dunamotor {ails to start, the inpat oir-
cuit and fuse should be checked to make certain that the
applied input voltage is present and of the correct value.

Hf necessary, the cesociated primgry power source control
aarasfiisg Erssang e ad bm el bttt i e

el d o
OF I€:10¥ Ciftuit BhLiduad Lo COECREL W MadAl vllvadd Wit o o

tunctioning normaily. AisO, G iow appiled input vollage of
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an open field circuit can prevent the motor from starting.

If the dynametor is operating but there is no output, the
load should be disconnected and checks made to determine
whether the load is shorted; ofter the load is disconnected,
a voltage measurement can be made at the output terminals
of the dyncmotor to determine whether voltage is present.
As g further check, a voltage measurement can be made at
the high-voltage brush terminals to determine whether volt-
age is present at the output of the generator winding. If
filter capacitor C2 or C3 should become shorted, there will
be ro output from the dynamotor; if capacitor C3 should be-
come shorted, it is likely to result in the opening of the
filter choke, RFC. If voltage is found to be present at the
high-voltage brush terminals, the filter circuit used to re-
Trova the rinnle valtage from the dee Aotont shonld he
checked for a shorted capacitor or an open filter choke in
a manner similar to the procedures used for any other type
of d< power supply.

L 2w Output. The primary power source is normally con-
nected to the input of the dynamoter, using relatively short
and heavy leads. Since a low applied voltage can couse a
low output condition, the input to the dynamotor should be
measured to determine whether the voltage s of the comect
value,

A low-output condition can be the result of one or a
combination of causes, and may be accompanied by a temper-
ature rise or mechanical noise, or both. Opens or shorts in
the ammature windings, excessive sparking ot either com-
mutator, poor commutation because of the presence of dirt
ar oil, worn brushes, and brushes improperly seated are all
typical troubles which contribute to a low-output condition.

If the load current is excessive, the output voltage may
be below normal; therefore, the load curmrent should be
checked to determine whether it is within tolerance. As
mentioned previously, this condition is likely to be ac-
companied by o temperature rise in the machine and by
spamking at the commutator. A leaky bypass capaciter {C2
or C3) or a lecky filter eircuit capacitor, used to remove the
rippie voltage from the d-c cutput, may cause additional
lnad and drop the output voltage accordingly.

Mechanical Nolse. Excessive mechanical noisein a
dynametar is another indication of impending trouble. Al-
though the dynamotor itself {or the unit in which the dyna-
motor is located) is usually mounted on some form of shock-
mount support, to reduce mechenisal vibration and noise
ragnltinmifromarmating rotation, YordEs ahnermal mech-
anical noises can still be heard, identified, and troced to
the source. High mica, an out-of-round or eccentric com-
mutator, high or low commutater segments, and worn begr-
ings are cll typical causes of abnormal operating noise.

Broken ar ~hipped hrnshes, or brusnes which are not
seating propertly, develop a characteristic high-frequency
whine, while worn or dirty bearings genetally cause o low-
frequency {or grinding) sound. Bearing failure is frequently
the result of wear caused by lack of proper lubrication;
hodly worn hearings may allaw the ratating armature as-
sembly to strike the field poles and create additional noise.

Commutater Sparking. Lxcessive sparking ot the commu-
tator is cenerally an indication of brush or commutator
trouble. Sperking brushes may olso be an indication of

excessive l0ad CUITEnt; TNEleione, e WU CUITENL STULIL va

4.C-3




ELECTRONIC CIRCUITS NAYSHIPS
measured to determine whether it is excessive. As mentioned
previously, this condition will likely be accompanied by o
rise in the temperature of the dynamotot.

Worn brushes, lack of brush pressure, and brushes not
seating properly are common causes of brush sparking; open
coils in the armature assembly will also cause brush spark-
ing. Typical commutator troubles are high or low segments,
an out-of-tound or eccentric commutator surface, and a high
mica condition. The high-mica condition occurs when the
commuiator seyments have worn down below the insulating
mica separator strips between the copper segments. If any
one of the three commutator conditions mentioned is found
to exist in the dynamotor, the machine will require disas-
semby and repair (by the electrical shop}, since it will be
necessary to turn down the commutator in @ lathe and then
undercut the mica to a level which is below the surface of
the commutator segments.

Temperature Rise. An excessive temperature rise is one
of the first indications of trouble. Dynamotors are designed
for either continuous or intermittent duty, and are rated
accordingly. Decasionally, a dynamotor which is rated for
intermittent duty is run continuously; in this case the dyna-
moter is not being operated in accordance with its design
rating, and a temperature rise may be expected.

An overlocd condition is a common cause for overheat-
ing; therefore, the load current should be checked to deter-
mine whether it is excessive. Poor ventilation resulting
from restricted cooling vents or clogged internal air pas-
sages cdn cause a temperature rise because of the lack of
adequate cocling-air circulation. Shorts in the commutator
seqments, shorted turns in the armcture or field windings
themselves, or winding shorts to metel parts of the armature
ot {rame are all typical causes of dynamotor heating. Also,
wore brushes or high mica on the commutator, or both, can
contribute to an abnormal temperature rise, In any event,
excessive heating of a dynamotor should always be con-
sidered an efiect rather than a cause of trouble.

INYERTER.

APPLICATION.

An inverter is one form of rotary converter, and is used
to change the relatively low voltage of @ d-c power source
to ac for use by the electricai load. [epending apon the
desiygn of the inverter, the cutput can be either single-phase
or polyphase {multiphase} ac; the frequency of the cutput
voltage is generaily 60, 400, or 800 cycles, The inverter is
frequently used in aircralt, shipboard, and small-craft ap-
plications where the primary source of power is dc,

CHARACTERISTICS.

Input to inverter is dc; output is ac.

Requires filtering of input leads to eliminate possible
interference resulting from commutation.

A rotating machine; commonly uses two sets of rotors
and stators, one set (1otor and stator) functioning as a motor
and the other as a generator.

A-C output commonly obtained by either of two methods:
a stationary field with output taken from a rotating armature,
using slip rings and brushes, or a rotating field (rotor) with
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output taken from one of more staticnary armature (stotor)
windings.

Frequency of output controlled by speed of rotation.

Has fair regulation characteristics; output varies with
d-c input.

Maximum efficiency obtained when power factor of load
is near unity.

CIRCUIT ANALYSIS.

General. The inverter is @ rotating electromechanical
device for converting direct current into alternating current.
The inverter is a¢ combination electric moter and alternator;
the motor is the prime mover which produces the necessary
rotation of an armature, field, or rotor assembly. By defi-
nition, the winding in which the output voltage is generated
is called an armature winding, and the winding through which
dc is passed to produce an electromagnetic field is called
the field winding.

Inverters fall into three yeneral classes, depending upon
the a-c generator design. These classes are called the
rotating-OI revolving-ormature, the rotating-Or revelving-
field, and the inductor-type elternator.

In the rotating- or revolving-armature a-c generator, the
stator provides a stationary electromagnetic field, The
rotor, acting as the armature, revolves in the magnetic field,
cutting the lines of {orce, and produces the desired output
voltage. The armature a-¢ output is taken through slip rings
and brushes. One limitation of this type of generator is
that the output is taken through sliding contacts (slip rings
and brushes); thetelore, this type of machine is usually
limited to low-power, low-voltage applications.

The totating- or revolving-field a-c generator is most
widely used. In this type of machine, current from a d-c
source is passed through slip rings and brushes to field
coils wound on a totor. Thus, ¢ magnetic field is produced
in the rotor of fixed polarity, and, since the rotor is driven
by the motor, a rotating magnetic field is created. The ro-
tating magnetic field extends outward and cuts the stationary
armature (stator) windings; as the rotor tuirs, ac is produced
in the stationary windings. The cutput is taken from the
stationary windings, either single-phase or polyphase,
through the cutput terminals to the load without the need for
slip rings ond brushes.

In the inductor-type altemator, a field (exciter) winding
dnd an armatute winding are both contained within the same
stater frame. The rotor, including its pole pieces, is made
of soft-iron laminations. DC is supplied to the field (exciter)
winding, thus establishing a magnetic field in the stator. As
the rotor tevolves, the poles of the rotor become aligned
with the poles of the stator, and maxzimum flux density is
produced. As the poles move out of alignment, the flux de-
cregses. The sinusoidal increase and decrease in magnetic
flux in the rotor and stator as the rotor rotates induces an
alternating voltage in the stationary armature windings.

The a-¢ output is taken from the stationary crmature windings
without the need for slip rings and brushes. This type of
machine is frequently used to generate single-phase, high-
frequency ac.
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The frequency of the a-c yenerator voltoge depends upen
the speed of rotation of the rotor and the number cf pairs of
poles in the machine. That is:

where P is the number of pairs of poles, and pm is the
revolutions of the rotor per minute. The following examples
are provided to illusirate the use of the formula in solving
for rpm, F, and P.

Alternators are generally desigaed with a multipole rotor
and a multipole stator; however, {or simplicity, the first
example will consider @ hasic AHAmator Saving only & Iwo-
pole rotor and @ two-pole stator. In this machine one com-
plete cycle of a-¢ voltage will be induced in the armature
winding for each complete revolution of the rotor as it
posses ander tne two {north and south} 1.)\)10:‘;: o the atatot.
When the rotor of this simple machine 1oiates at g raie of
3600 rpm, the frequency (in cps) of the c— output voltage
ts easily found by using the basic formula. Thus:

F= P % B0
&

_1x.3600
&0

=50 ops

1f six poles are provides on the fotor and on the stator of

an g-c generator, then during edach revolution ench pair of
rotor poles passes under three pairs of stator poles, and

thus generates three complete cycles of a-c output. Since
there are three paits of poles provided on the rotor, it Tollows
that three times as many cycles will be generated during

ona rotor revolution as will be for @ single pait, or a total

of nine cycles. Assuming agsin that the output irequency

is 60 cps, the required rpm of the rotor may be found by
transpesing the basic formule to solve for rpm. Thus:

= 1200 rpms

This example clearly 1llustrates the inverse relationship
existing between the speed of totar rotation and the number
of pcurs of poles ot the alternator,  For the same output
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required rpm of the 1otor was decreased by one third, that is,
from 3600 to 1200 rpm.

When the speed of rotor rotation and the output frequency
of the clternator are known, the number of pole pairs is
easily found. For example, if F - 400 cps and the rotor
rotation is 3000 rpm, then the number of pairs of poles is

ad £allmriime
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When the load on a yenerator is changed, the terminal
voltage varies with load. The amount of varigtion depends
on the design of the qenerator and the power factor of the
load. Unless the load is fixed and constant, some form of
voltage regulation is necessary to maintain the output volt-
age relatively constant under conditions of varying lead.

In practice, once a machine is designed and built, the cutput
voltage is controlled by varying the d-c excitation voltage
applied to the {ield winding. When an a-¢ yenerator is

| =y s -,
itk = voltage 1o \]‘“UU”; tho ra, n:‘ﬂQnF ngag the

output fmtage which is to be requlaied as ¢ sensinyg voltay
10 control the amount of current used to excite the field.
The operation of a typtcal requlauon system can oe
rrisfly exploined as follows: a drep in output voltage sensed
by the requlator causes the requlator to increase the field
current, and an increase in field current causes a correspond-
ing increase in cutput voltage to compensate for the ariginal
drop in output voltage, Stated conversely, if the output volt-
age should rise, the requlator decreases the field current,
causing a corresponding decrease in output voitage (o com-
pensate for the original rise in voitage. Thus, the reguiator
senses a change in output voltage and compensates tor this
change by alteriag the field {exciting) current accordingly.
& detailed description of the construction and cperation of
various voltaye requlutors can be found in Navy pubncotlons
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shown in the acccmpanyinq schematic, This rotating-field-
vpe inverter is designed to supply sin
irequency of erther 400 or 800 cycie
relatjvely light load.

The inverter consists of a d-c motor and a permanent-
magnet-type a-C generator assembly combined within a single
nousing., The d-c moter is a shunt-connected, ar shunt-
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Simple Inverter with Permanent-Magnet Retor; Single-Phase
Output

windings. The motor armature rotates within the stationary
tield, and the commutator rotates between a pair of spring-
loaded brushes. The motor brushes are mounted in holders
that are placed on opposite sides of the motor housing; the
construction is such that the brushes may be easily removed
for inspection and replacement.

The a-¢ generator portion of the inverter consists of a
stationary grmature and a rotating permanent-magnet field.
The permanent-magnet totor is mounted on the same shaft
as the motor armature and commutator. The sotating magnetic
tield is produced by a six-pole, permanent-magnet rotor,
with alternate poles around the circumference magnetized
alike. The stationary amature {stator) is a six-pole, six-
slot, laminated stator with the single-phase output winding
mounted in the slots of the stator. A magnetic {ield exists
chout the poles of the permanent-magnet rotor, and as the
rotor revolves the poles of the rotor align with the poles of
the stator to produce maximum flux density in the stator. As
the poles move out of alignment, the flux decreases in the
stator to a minimum, and the flux polarity reverses as the
rotor poles move into alignment with the stator once ayain.
The sinusoidal changing of flux polarity as the rotor poles
move past the stator poles induces an altermating current
in the armature windings focated in the slots of the stator.
The a-c output is taken from the stationery armature wind-
ings, without the need for slip rings and brushes. Since
this inverter is designed for use with a constant load, no
provision is made for either voltage or speed regulation.

The permanent-magnet-type inverter can also be made to
furnish three-phase output. The three-phase Inverter, shown
in the accompanying schematic, is essentially the same
size and weight as the single-phase inverter described
above.

STATOR COIL

o MOTOR FIELD

PM
ROTOR

p-c
INPUT @ S %

Simple laverter with Permenent-Magnet Rotor; Three-Phase
Ovtpot
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The d-c motor is essentially the same as that described
for the single-phase machine. Also, the six-pole, permanent-
magnet rotor of the yenerator is placed on the same shaft
and rotates with the motor armature, as described for the
single-phase machine. The three-phase staticnary armature
consists of a nine-pole laminated stator. In this generator
nine separate coils are wound in the stator slots; each set
of three coils, located 120 degrees apart on the stator, are
connected in series to form an output winding for each phase.
The three sets of series coils produce output voltages which
differ in phase by 120 electrical deyrees; the stator wind-
ings are shown on the schematic as ¢ three-phase wye, or
star, connection.

As in the single-phase machine, @ magnetic field exists
about the six poles of the permanent-magnet rotor. When
three of the rotor poles spoced 120 dewrees apart ars in
1lignment with three of the stator poles of the same wind-
ing phase, the remaining three rotor poles are positioned
setween the remaining six stator poles. Thus, when maxi-
mum flux is produced in one set of stator poles, one of the
remaining two sets of stator poles is increasing in flux
density, while the other set is decreasing in {lux density.
The flux polarity in any stator pole reverses ds alternate
rotor poles move past the individual stator poles; as a result,
the changing flux induces an clternating current in each of
the three armature windings which is 120 deqgrees out-of-
phase with the current produced in either of the other two
armature windings. The three-phase a-c output is taken
from the three stationary armature windings without the need
for slip rings and brushes. Since this inverter is designed
tor use with a constant load, no provision is made for gither
veltage or speed regulation.

Inverter with Rotating Armature, The inverter shown in
the accompanying schematic is typical of many inverters
with separate d-c fields for the motor and generator sections.
This type of inverter has a stationary field, and the arma-
ture windings rotate within the magnetic field produced by
the field, Although the schematic shows an inverter with
three-phase output, the same principles discussed here
apply to an inverter with single-phase output.

The d-¢c motor shown in the acecompanying schematic has
a compounded field consisting of both a series and o shunt
winding. This type of motot provides better speed requla-
tion under conditions of varying load; as a result, the output
frequency can be held relatively constont. To further im-
prove the frequency stability of the inverter, a speed govet-
nor is incorporcted in series with the shunt winding to con-
irol the shum-field current and, therefore, the magnetic flux
developed by the shunt field. The governor is a centrifugal
type, mounted on the ammature shaft of the motor. Electrical
connection to the governar contacts is accomplished by two
slip rings, located at the commutator end of the armature;
brushes are used to contact the slip rings and complete the
circuit to the speed regulating resistor, R1. The governor
controls the speed of the motor by placing resistor Rl into
and out of the shunt-field circuit. For example, when the
motor gttempts to increase speed, the governor contacts
close to shunt the resistor, R1. (The governor contacts open
and close by centrifugal action.} As a result, the current
through the shunt-field winding increases, the magnetic
flux developed by the field increases, and the motor speed
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inverter With Rotating Armatore
is reduced accordingly. Conversely, when the moter attempts
to decredase speed, the yovernor contacts open end resistor
R1 is ploced in series with the shunt-field winding. In this
case, the current through the shunt-field winding decreases
the magnetic flux developed also decreases, and the motor
speed is increased accordinaly. By controlling the motor
speed, the centrifugal governor thus controls the resulting
frequency of the a-c output,

The generator portion of the inverter consisis ol a
stationary four-pole field and o three-phase, wye- or star-
connected rotating armature. The armature windings are
distributed and mounted in the slots of the laminated rotor
core, and are brought out to three alip rings which are
maunted on the rotor shaft; brushes contact the slip rings
to compiete the circuit.

The stationary field, consisting of 1
coils {each placed on a pole piece), is
rent from the d-c input o the motor, The
magnetic {lux developed by the field is determmed by the
current which pcxsses through the field windings; consequent-
iy, this current also determines the L.i.;wuudc of Mg gara,
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a
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placed in series witn the [ield windings to adiu
of current throuah the windings and thus control the ampli-
tude of the a-c output voltage in aii three phuses.

1 the alectrical load on the in"erter ig relatively constant,

the output voltage is likely 1o remain relatively constant;
thus, resistor B2 is usuclly odiusted under conditions 3
normal load to obtain the desired output voltage. However,
when the electrical load is subject to considerable variation,
a system of voltage regulation must be employed, As men-
toned in a previvus paidyraph, voltage regulation con be
achieved by sensing the a-c cutput voltage and then con-
trolling the magnetic field to compensate for the original
x

A typical system for cutp ..'rﬂt:“e

pput-voltaoe variation
ks LTy
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voltage requlator.  The regulator, in
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turn, substitutes for resistor R2 in the field circuit and
varies the current through the field windings; thus, the mag-
netic flux of the field is varied. As a result, the g-c output
voltage omplitude is controlled by action of the carbon-pile
regulator to compensate for changes occurring in the output
voltage. (A detailed description of generator and altemator
voltage regulation is found in Navy publications covering
basic electricity and, therefore, is not given in this hand-
back,

In the inverter described here, the sutput can be set to a
given value by adjustment of resistor R2, or the output can
be automotically requlated by a regulating system which
substitutes for resistor R2. The governor assembly, together
with resistor Rl, on the d-c motor controls the speed of
rotntisn and thus the frequancy of the a-c outout. One disad-
vantage of this inverter is that ali current delivered (o ihe
ivad must pass thiough the slip tings and brushes of the
armature assembly, Therefore, the use of this type of in-
vertar {g US‘J"‘”“ limited to IGW-UOWPF constant-load GDDll'
cations, where the use-of slip rings and brushes will not
seriously affect operating efficiency.

Inverter with Rotating Field. The inverter shown in the
accompanying schematic has a rotating field and stationary
armature windings; the machine is similar to the inverter
using a permanent-magnet rotor, described earlier, except
in this instance a d= rotor field is used. Although the sche-
matic shows an inverter with three-phgse output, the same
principles discussed here apply to an inverter with single-
phase output,

The d-¢ motor shown in the accompanying schematic has
a compounded field consisting of both a series winding and

ROTOR
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MOTOR
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inverter With Rototing Fieid
a ghunt winding. The mator is identionl with the motar just
described for the inverter with o rotating atmatere, The
motar is emupped with a centrifugal governor, which con-
trols the motor speed by shunting resistor Rl ipto and out of

the shunt-f ¢, {Tha gnead-reqmiating artion of the
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govemor gssembly and its eifect upon cutput frequency was
described in a preceding paragraph.)

The generatot portion of the inverter consists of a rotat-
ing field assembly and stationery armature windings. D-C
exciting coils for the rotating field are wound on the six-
pole rotor, and are brought out to two slip rings which are
mounted on the rotor shaft; brushes contact the slip rings
to complete the d-¢ circuit to the rotating field, The direct
current for the rotating field is obtaired from the d— input
to the motor. The strength of the magnetic flux developed
by the rotating field is determined by the current which
passes through the field windings; conseguently, this cur-
rent also determines the amplitude of the output voltage
produced in the stationary armature windings. Besister R2
is placed in series with the field windings to adjust the
value of current through them, and thus controls the ampli-
tude of the a-c output voltage in dall three phases.

The three-phase stationary armature consists of a nine-
pole, laminated stator, similar to the armature described
previously for the three-phase inverter using a permanent-
magnet rotor. The nine separate coils of the stator are con-
nected to form three sets of three series coils each; the
three sets of series coils produce output voltages which
differ in phase by 120 electrical degrees. The armoture
(stator) windings are shown on the schematic as a three-
phase wye or star connection.

If the electrical load on the inverter is relatively con-
stant, the output voltage is likely to remain relatively con-
stant; thus, resistor R2 is usually adjusted under conditions
of normal load to obtain the desired output voltage, How-
ever, when the electrical load is subject to considerable
variation, a system of voltage requlation must be employed.
The voltage and output-frequency regulation principles for
this inverter are identical with those given in previous para-
graphs for the inverter with rototing armature.

One advantage of this type of inverter is that the three-
phase a-¢ output 1s taken directly from the stationary arma-
ture windings without the need for slip rings and brushes;
for this reason the inverter is commonly used for high-power
applications, because the load current is not required to
pass through the resistance offered by moving contacts
{slip rings and brushes).

Indvetor-Type Alternater, The inverter shown in the
accompanying schematic is typical of invertets which
operate on an induction principle and employ statjonary
field and armature windings located side-by-side in a common
frame; the stator windings and their associated poles share
a camman totor assembly.

The d-c moter shown in the accompanying schematic has
a compaounded field consisting of both g series winding and
a shunt winrding. The motor is identical with the motor pre-
viously described for the inverter with a rotating armature.
The motor is equipped with g centrifuqgal governer which
controls the motor speed by shunting resistor Rl into and
out of the shunt-field circuit. (The speedrequlating action
of the governor nssembly and its effect upon output fre-
quency were described in a previous paragraph.)

The generator portion of the inverter consists of a six-
pole, laminated rotor mounted on the end of the d-c motot
shaft, and g stator assembly with two dual-pole pieces on
which the stotor windings ore mounted. The two d— field
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(exeiting) coils, connected in series, are mounted around
both dual-pole pieces, which are opposite each other in the
stator assembly; the four a-¢ armature coils, connected in
series, are mounted around the individual poles of the two
dual-pole pieces.

Direct current is supplied to the d-c field {exciting}
coils of the stator from the d-c input to the motor. The
field coils establish a magnetic field in each of the two
dual-pole pieces that make up the stator assembly, as shown
in the accompanying diagram. The cutrent which passes
through the field determines the strength of the magnetic
flux developed by the d-c field winding, and thus the ampti-
tude of the output voltage. Resistor R2 is placed in series
with the field winding to adjust the value of field current,
in order to control the amplitude of the a-c cutput voltage.

For a given value of current in the d-c field winding {as
determined by the adjustment of resister R2), the strength
of the field flux linking the a-c armature coils on the stator
will vary as the reluctance of the magretic circuit is varied.
Because of the high permeability {as compared with air) of
the soft jron laminations of the rotor, the reluctance is varied
as the poles of the revolving rotor continuously move in and
out of alignment with the poles of the statot. As the rotor
tevolves and varies the reluctance of the magnetic circuit,
the strength of the magnetic field ——— ond, consequently,
the amount of induction coupling to the a-c coils —— will
also vary. The periodic voriation in induction coupling,
which is sinusoidal in nature, induces an alternating cur-
rent in the a-Cc armature coils. This current achieves a
maximum value at a time when the poles of the rotor and
stator are in alignment, and reaches @ minimum value when
the rotor and stator poles are farthest out of alignment. One
cycle of generated voltage occurs in the armature winding
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Basic inductor-Type Alterator

as the rotor rotates through an angle equal to the angle of
separation for adjacant rotor poles. Since it is teloiively
easy 1o build a machine with a large number of rotor poles,
the inductor-type design is readily adaptable to the genera-
tion of high frequencies. For a given number of rotor and
stator poles, the induced voltage in the armature windings
altemates at q frequency determined by the speed of the
rotor assembly.

If the electrical load on the inverter is relatively con-
stant, the output voltage is likely to remain reliuvely con-
stant, and, as for the other inverters previously described,
resistor R2 is usually adiusted under conditions of normal
lead to obtain the desired output voltage. However, when
the electrical load is subject to considerable variation, a
system of voltage requlation must be employed. The volt-
age and output-frequency requlation principles for the
inductor-type alternator are identical with those given in
previous paragiaphs for the inverter with rotating armature.

The inductor-type altetnator is frequently used in appli-
cations where high-frequency outpul at g moderate power
level is required. Cne advantage of this type of inverter is
that no slip rings or brushes are used for the altemater
portion of the inverter, the output being taken directly from
e armature windings.

FAILURE ARALYSIS.

General. Inverters generally provide trouble-free opera-
tion as long as normal preventive maintenance is performed
in accordance with the procedures recommended by the
equipment maintenance hondbocks. However, the technician
must be aware of possible {ailures and be able to tecognize

R

- Aitiema ke feanr e
A SL.UTCD WnEn Wney DhTUl

ORIGINAL

900,000.102 POWER SUPPLIES
The inverter con best be thought of as two separate ma-
chines combined in a single housing and sharing ¢ common
rotating shaft. The relationship between the dc motor and
a-c yenerator (o1 alternator) is essentially ¢ mechanical
one; therefore, in foilure-analysis procedures for an inverter,
the d-c motor and a-¢ generator are usually trected as sepa-
rate machines mechanically coupled to each other. In test-
ing inverters, the procedures are the same as those given in
Navy publications for similar d-c motors and a-c generators.
Tt must be first established whether the trouble is of an
electrical or a mechanical nature, or both; therefore, several
of the more common d-c motor and a-¢ generator troubles
are given in the paragraphs which follow to help the tech-
nician recognize typical failures.

Temperature Rise, As stated previously for the dyna-
mOICr, an excessive temperature rise in on inverter is one
of the first indications of trouble, Excessive heating of an
inverter should always be considered as an effect rather
than a cause of trouble.

An overload condition is @ common cause for overheat-
ing; therefore, the ioad current should be checked to deter-
mine whether it is excessive, The three-phase invertet
offers a problem in distributing the electrical load equally
between the three phases, For this teason, it is possible
that one phase may become overioaded and cause overheat-
ing of the machine because of the load unbalance; therefore,
the load current in each phase should be checked 1o deter-
mine whether it is excessive and whether the load is bal-
anced for each phase.

Poor ventilation, resulting frem restricted cooling vents
or clogyed inteimal Gif passages, Can SaUse T temperaturc
rise because of the lack of adequate cooling-air circulation.
Shorts in the d-c motor commutator seqments or shorted
turns in the motor armature windings, shorted turms in the
motor field windings themselves, or windings shorted to
metal parts of the armature or frame are ali typical couses
of motor heating. Worn brushes of high mica on the commu-
tator, or both, can also contribute to an abnormal tempera-
ture rise in the motor. Shorted turns in the windings of the
a-c generator {alternator) rotor or stater can alse contribute
to g temperature rise in the machine.

Machanical Noise. Excessive mechanical noise in an
inverter is another indication of impending trouble. Although
the inverter itself (or the unit in which the inverter is lo-
cated) is usually mounted on some form of shock-mount sup-
port, 1o reduce mechanical vibration und noise resulting
{rom the rotating parts of the machine, various abnormal
mechanical noises can still be heard, identified, and traced
to the source. High mica, an out-ol-round or ecceatric motor
commutator, high or low motor commutator segments, and
dry or worn bearings are all typical couses of abnormal
operating noise.

Broken or chipped motor brushes, or brushes which are
not seating on the commutator properly, develop a charae-
teristic whine; however, this noise may not be readily heard
because Ioose rtotor or stator laminations in the a-c genera-
tor portion of the machine may develop o high-frequency
sound which masks the commutation noise. Worn or dirty
bearings qenerally cause a low-frequency {or grinding)
sound, and may also result in the generation of additional
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caused by lack of proper lubrication; badly worn bearings
may allow the fotor assembly to strike the statcr and create
additional noise, Furthermore, a rotor which is not centered
in the stator because of worn bearings, although it may not
strike the stator, is likely to cause some localized heating
in the stator.

Motor Commutater Sparking. Excessive sparking at the
motor commutator is genetally an indication of brush or
commutator troubles. Sparking brushes may also be an indi-
cation of open or shorted coils [n the armature winding, or
an indication of a grounded, open, or shorted field winding.
As mentioned previously, this condition will likely be ac-
companied by a rise in tempercture of the machine. Worn
brushes, lack of brush pressure, brushes sticking in their
holders, or brushes not seating properly are also couses for
sparking,

Typical d-¢ motor commutator troubles are high or low
segments, an out-cf-round or eccentric commutator surface,
or a high mica condition. (The high mica condition occurs
when the commutator segments have worn down below the
insulating mica separator strips between the copper sey-
ments.) If any cne of the three conditions mentioned is
found 1o extist in the motor commutator, the machine will
require disassembly and repair (by the electrical shop),
since it will be necessary to turn down the commutator in a
lathe and then undercut the mica to a level which is below
the surface of the commutator segments.

No Output. If the inverter {ails to start, the input circuit
should be checked to make certain that the applied dc
voltage Is present and of the correct value. If necessary,
the associated primaty power source control or relay circuit
should be checked to make certain that it is functioning
normally. A low applied input voltige or an open field
circuit can aiso prevent the motor from starting.

If the inverter is running but there is no output, the load
should be disconnected and checks made to determine
wnether the load is shorted; a voltage measurement can be
made at the output terminals of the a-c generator after the
load is disconnected to determine whether voltage is pre-
sent. In the case of the three-phase invertter, measurements
should be made on each of the three phases, With the in-
verter disconnected from its input and output circuits, con-
tinuity measurements can be made in accordance with the
equipment maintenance handbook instructions to determine
whether any of the windings are open.

Low Output. A low-output condition can be the result
of one ar a combination of causes, and may be accompanied
by a temperature rise of mechanical noise, or both. Low
input dc to the exciter coils, poor slip ring contact because
of the presence of dint or oil, worn brushes, and imptoper
brush tension are typical troubles which contribute to @
low-output condition.

Shorted windings can cause low output, and this condi-
tion is nearly always accompanied by a temperature rise in
the inverter. If the load current is excessive, the output
voltage may be below normal; therefore, the load current
should be checked to determine whether it is within toler-
ance. For the three-phase generator or alternator, the load
current for each phase should be checied to determine
whethet it is within tolerance and whether the load is bal-
enced for each phase. As mentioned previously, an unbal-
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ance in the load of the three-phase machine is likely 1o
cause a temperature rise in the machine,

A low-output condition can also be caused by o decrease
in the cutrent through the exciting field; as a result, the
magnetic flux in the {ield decreases and the output voltage
decreases accordingly. If the d-c {exciting) {ield current is
controlled by a voltaye requlating system, it is possible
that the system is faulty. If the field current is established
by means of an adjustable tesistor (resistor R2), it is pos-
sible that the value of the resistor is too high. In the case
of the inverter with rotating {ield, the slip tings ond brushes
may cause this condition because of excessive contact
resistance.

High Quiput. A high-output condition is usually coused
by an excessive current in the exciting field; as a result,
the magnetic flux in the field increases and the output volt-
oge increases accordingly, 1f the d-¢ {exciting) field cur-
rent is controlled by a voltage requlating system, it is pos-
sible that the system is faulty, I the field current is
established by means of en adjustable resistor (resistor
R2}, it is possible that the value of the resister is too low.

Unsteady Qutput Voltage. The couse of unsteady or
tluctuating cutput voltags, sometimes called voltage hunting,
varies, depending on the design of the inverter and the
method incorporated in the machine to requlate the value of
the output voltage. If the output voltage fluctuates (assum-
ing the speed of rotation to be relatively constant), this
condition may be caused by fluctuations of the current in
the exciting field; as a result, the magnetic flux in the
field will aiso fluctuate. This condition moy also be caused
by a defective valtage-requlating system (mentioned pre-
viously under the high-output and low-output conditions
discussed above), or, if the inverter has a rotating field,
the slip rings and brushes may not be in good contact with
each other.

Unsteady or Incorrect Qutput Frequency. The cause of
unsteady output frequency, sometimes colled frequency
hunting, or simply hunting, and the ceuse of incorrect out-
put frequency varies, depending on the design of the inverter
and the method incorporated in the machine to requlate the
speed of rotation. If the speed of rotation fluctuates, the
output frequency will also fluctuate, since the speed of the
rotor determines the frequency of the alternglions in the
armature windings. Thus, if the rotor speed is below normal,
the output frequency will aiso be below normal, and, con-
versely, if the rotor speed is above normal, the output fre-
quency will also be above normal. I the d-c motor has a
centrifugal-governor assembly, the governor contacts, ship
rings, and brushes should be inspected for possible defects.
Instability in the motor speed may also be evidenced by
mechanical noises, temperature rise, brush sparking, etc,
mentioned earlier in this discussion.

VIBRATOR-TYPE POWER SUPPLIES,

Genera!, The primary electrical power source in many
portable and mobile {smal! boats, light aircraft, and ground
vehicles) electronic equipments is o storage hattery.
Vibrator-type power supplies are used to convert difect
current from the storage battery to alternating current which
can be rectified to fuinish high-voltoge ior the operotion
of the equipment. Vibrator-type power suppiizs are designed

4-C-10




ELECTRONIC CIRCUITS NAYSHIPS
for operation with specific input voltages; storage batteries
having voltage values of 6, 12, or 24 volts are commonly
used to operate this type of supply.

The main difierences between a conventional power sup-
ply operating from an a-¢ source and o vibrator power sup-
ply are the vibrating device used to convert the low d-
voltage to high o< voltage and the special step-up power
transiormer used in Conjunction with the vibrater. The vi-
brator itself is essentially o high-speed reversing switch
that altemately opens and closes sets of contacts in the
primary circuit of the power transformer. The rising and
falling magnetic field caused by the current pulses in the
transformer primary induces an alternating squate wave in
the secondary circuit. The vibrator is designed to operate
at a qiven frequency, usuoily beiween 00 ond 250 oycles
per second, although in some applications higher frequen-
cies are employed.

Two basic vibrators are widely used in power supplies
ol this type; one is called the neonsynchronous {07 inter-
rupter) vibiator, and the cther is called the synchronous
(or self-rectifying] vibrator. The primary function of either
type of vibrator is to cause the d-c input current to flow in
pulses through alternate halves of the transformer primary.
The nonsynchronous vibrator requires the use of some form
of high-voltage rectifier circuit to produce d-c cutput from
the supply. The synchronous vibrator does not require o
separate rectifier circuit since, as the name gynchronous
(or self-rectifying) implies, the vibrator itself performs the
additional function of rectifying the high-voltage ac it pro-
duces by synchronnus switching of the transformer second-
ary winding; the resultant output veltage is essentially de.

Occasionally, vibrator power supplies are designed to
pperate on more than one value of 1nput voltage; this is
accomplished by providing ¢ number of taps on ihe trans-
former primary, and approptiate switching or terminal points
to aocommodate the different battery voltages.

Several types of vibrator power supplies are capable of
operation from both a low-voltage d-c source and a conven-
tional G0-cycle a-c source. A combination power supply of
this type is usually equipped with o tronsfermer hoving an
additional ptimary winding for o-c operation; the primary
winding used for vibrator operation is tapped, dnd is used
as the filament winding {or the electron tubes when operat-
ing on ac. This type of power supply uses a non-synchro-
nous vibrator and a separate recidfier cicuit, since the
same hign-voliage secor is uzed for both uw und dc
operation.

Another combinarion a- and vibrator powet-supply de-

sign uses two separate power uansiormets, with independent

Pt

the vihkrater circuit and in the a-< input circuit.

These wwo independent power-supply Circuits share 2 zom-
mon filter circuit te filter their respective d-c outputs;
sither of the two input circuits is selected by a switching
arrangement, depending upon whether d—c input or a-¢ input
operation is desired.

Although there are cther circuii uiidngements for pro
viding operation from both a-c and d-c input sources, the
examples given above are typical. Ona other combinction

& e oo arele s i . H 1 5
vibruiof supply whizh is sccasionolly employed makes
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~f two vibrator suoplies operciing from 2 common d=: ingut

but with two or more output voltages. The outputs of the
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combined supplies can be either positive or negative, or
both, and of different voltage values.

Any of the conventional electron-tube or semiconductor
rectifier circuits, such as the half-wave, full-wave, bridge,
and woltage doubler, can be used in nonsynchronous vibrator
power supplies. The use of semiconductor rectifiers sim-
plifies the design of nonsynchronous vibrgtor-type power
supplies, since naslament voltage is required for the recti-
tier{s).

NONSYNCHRONOUS YIBRATOR SUPPLY.

APPLICATION.

The nonsynchronous vibrator supply is commonly em-
ployed in mony portable and mohile aquipments where the
primary power source is a stotage battery, This supply
produces a relatively high value of d-¢ voltoge at a mederote
load current from a low-voltage d-c source. The supply is
commonly used to provide hich voltage for the operation of
small receivers, transmitters, and public-address systems,
although in many recent equipments the transistorized de-
to-de converter, described earlier in this section of the
handbook, is used in liey of the vibrator supply.

CHARACTERISTICS.

Input is low-voitage de; output is high-voltage de.

Input voltage is usually 6, 12, or 24 volts; special vi-
brators for othet input voltages are available.

Typical vibrator operating frequency is between 60 and
250 cycles.,

Dutput high-voltage de is normally between 180 and 300
volts; load current is normally between 60 and 200 milli-
amperes.

Output circuit can be arranged to furmnish negative or
positive high voltage to the load.

Qutput de requires fijtering; ripple-voltage frequency is
relatively high, and is determined by the vibrater frequency
and the rectifier circuit used.

Electron-tube or semiconductor diodes are used In the
ractifier cirenit: rectifier circuit may be half-wave, full-
wave, bridqe, or voltage-doubler.

Requlation is fair; output voltage requlation may be em-
nloyed.

Vibrator must be shielded and leads filtered to prevent

PR QT LI e
i-1 radiation and Interference to other circnits,

CIRCUIT ANALYSIS,

Gensral. A nonsynchronous vibrator supply converts
direct current from a low-voltage power sourse inte alter-
nating current that can be rectifled and used to obtain a
hlgher 3-c output voltage for use as the plote and screen voit-
ages in the operating equipment. The supply offers the
advantages of light weight, small physical size, and yood
etticiency; its main disadvantages are the limitation in
output current and the tendency 1o produce interference to
sther citcults, Therefore, the vihertar must he wall-filierad
and shielded. Another disadwantage is that, aithough the
vibrator itself is relatively inexpensive, its useful life is
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de-to=dc converter. However, when this type of power sun-
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ply is used within its rating, it will furnish reliable power
for low-power communications and public address equipment.

MNonsynchronous Yibrator Types. A vibrator is an elec-
tromechanical mechanism, sometimes called an interrupter,
which acts as a high-speed reversing switch to control (ar
interrupt) the current in each hait of a tapped primary wind-
ing in a special step-up power transformer. The operaticn
of a simple vibrator as a high-speed switching device can
be understood by reference to the accompanying iflustration
of a fundamental vibrator circuit.

In part A of the illustration, when switch S is closed,
current flows from the battery, through the vibrator coil,
and the lower half of the ‘ronsformer primary. The magnetic
field created by curtent flow thtough the vibrator coil at-
tracts the armature and pulls it down against the lower con-
tact. This places a shott circuit across the vibrator coil,
which causes it to de-energize and releuse the armature.
Spring action draws the armature away from the coil, carries
it through the neutral position, and drives it against the
upper contact. Since the short circuit is now removed from
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the vibrator coil, ¢ magnetic ield qgain exists, which draws
the armature down until it again touches the lower contact.
This action continues at a rate dependent on the natural
frequency of the vibrator {typically sbout 100 cps).
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[uring the time when the armature is aguinst the lower
contact, the lower portion of the transformer primary is in
the circuit, The directinn of cyrrent flow in this half of the
primary is such that the bottom of the primary winding is
negative with respect 1o the center tap. The voltage induced
in the secondary, as a result of this current, will be of like
polarity, that is, posilive-going with respect to the bottom
of the secondary winding. This condition is indicated at
time 1, in part B of the illustration, When the armature
switches to the uppet contact, the upper portion of the
transformer primary is placed in the circuit. Since the cur-
rent through this half of the orimary winding flows ina
direction opposite to that in the lower half of the winding,
a voltage pulse of apposite polority will be induced in the
secondary. This is shown at time t,. The start of another
complete cycle of operation, which iz identical in every
respect to the cycle just described, is shown at time ta.

The closing of the lowsr and upper contacts (in succes-
sion) corresponds to one complete cycle of the vibrator
frequency, and two pulses of current in alternate directions
through the two hslves of the transiotmer primary. The mag-
netic field created by these current pulses induces a volt-
age in the transformer secondary which is essentially @
square wave, as shown in part B of the illustration. The
output voltage does not achieve the shape of an ideal square
wave because of the inductance of the transformer. As the
current is continuously interrupted in the primary circuit,
the alternate build-up and decay of the magnetic field both
require ¢ certain finite time. This results {rom the induc-
tive reactance of the windings, whick opposes both the
build-up and the decay of the field. Becouse of this action,
and of the high-voltage inductive effect {oversnoot), the
shape of the output veltage wavelorm will be as shown in
the illustration. Because the vibrator switching action pro-
duces a current flow in opposite directions in the two halves
ol the primary during one complete mechanical cycle of the
vibrating reed, the vibrator is sometimes called g full-wave
nonsynchronous vibrator.

As shown in the accompanying diagram, ¢ ronsynchio-
nous vibrator consists of five basic parts: o heavy frame,
an electromagnetic driving coil and core or pole piece, a
flexible reed and armature, one or more contacts attached
10 each side of the reed, and one or more stationary con-
tacts mounted on each side of the reed and armature assem-
bly. There are two basic electrical variations in {ull-wave
nonsynchronous vibratoes; the first type is called d shunts
drive vibrator and the second is called d series-drive, (Or
separate-drive) vibrator, These names are derived {rom the
manner in which the electromaynetic driving coil receives
its excitation. Sefer to the accompanying iilustration of
two typical nonsynchronous vibrators; part A shows the
construction of a shunt-drive vibrator together with its
graphic symbol, and part B shows the construction of a
series-drive vibrator and its graphic symbol.

The electromagnetic driving coil is mounted on one end
of the frame, a5 shown in the illustration, and the reed is
rigidly clamped in insulating spacers and fixed 1o the
opposite end of the frame. The stationary contacts are
similarly clamped at the end of the frame, on each side of
the reed. Electrical connections to the vibrator are alsc
made at this point on the frame. The vibrator assembly is
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usually mounted in ¢ sound-absorbing and cushioning ma-
terial, such as foam or sponge rubber, which, in turn, is
sealed within a metal cen. The material placed around the
vibrater reduces the amount of mechanical noise created by
the vibrating reed, and the metal con acts as an 1-f shield
to reduce direct radiation of electrical noise. The connect-
ing leads from the vibrator are broucht out to metal prongs
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MNensynchronous Yibrator Types

the cun to the chassis to cempletely shield the vibrator.
Zince the vibrator may require replacement at intervals
throughuut the useful life of the p¢ o1 supply, the plag-in
method of electrical connection insures convenient and
lacement of a delective vibrotor unit,

hunt-drive vibrator, shown in part A of the illus

S
SRy e G n we g n o
tration, Ros one end of e driving=cuil winding connected

to the vibrating reed, which is normally coppected to grouna.
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The other end of the winding is connacted to an insulated
stationary contact on the electromagnetic pull {(or power]
side of the reed: this contoct is connected to the top of the
primaty winding, As shown by the graphic symbol in Part A
of the illustration, both sets of contacts are cpen when the
vibrator is at rest; however, when voltage is aupiled to

the vibrator circuit, current flows through the driving coil,
which magnetizes the core and causes the reed armatare ©
be pulled toward the pole piece. As this occurs, the pull
{or power) contacts close to shunt or shart out the driving
coil as well as to complete one halt of the primary circuit.
{Refer to the accompanying illustration showing typical
nonsynchronous vibrator supplies.) This shunting action o1
the pull-contacts causes the driving coil to lose its mag-
natie Attraction for the reed armature and, as a resuli of
the pring action stored in tne reed, cduses ihe 2ed ©
swing back away from the pull contacts to interrupt the
orimary circuit. The inertia of the reed camies it buck
across the neutral [at rest) nosition ta the other set of con~
tacts, called the inertie contacts, closing these contacts
to complete the other half of the primary circuit. While the
inertia contacts are closed, current once again flows thronsh
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the driving coil and causes @ high magnetic attraction to be
imparted to the reed armature. Ag the reed moves away
from the inertia contacts, these contacts open to interrupt
the primary circuit. The cycle is then repeated as the rexd
is carried across the neutral (at rest) position to close the
pull contacts and once dgain shunt the driving coil. It
should be noted at this time that the peak voltage applied
to the driving coil, during the time the inertia contacts are
closed, is opproximately twice the value of the normal dc
input veltage te the supply; this is because the voltage
induced by autotransformer action in the half of the primary
winding which is connected to the stationary pull contact
is in series with the d-¢ input voltage.

By relerring to the diagram of the shunt-drive vibrator,
it will be seen that when the armatyre is in the neutral
position (all contacts open), a complete series circuit
exists from the negative side of the input source, through
the driving coil and pull winding, to the positive side of
the d-c source, For a given value of current, as determined
by the total resistance in the circuit, the portion of the input
voltage thot will be dropped across sach of the two circuit
elements will be in direct proportion to the resistance pre-
sent in each element. Since the transiormet primaty wind-
ing offers only neqgligible resistance to the comparatively
small and steady d-c current which flows under the con-
ditions stated, no appreciable voltage will be developed
across the pull winding.

When the inertia contacts are closed, the series circuit
through the driving coil and pull winding remains completed.
The voltage existing across the pull winding and the volt-
age developed in the inertia winding have opposite polari-
ties. Through the autotransformer action which takes
place across the tapped primary, the tapidly changing mag-
netic field around the inertia winding induces a voltage in
the pull winding; this voltage has the same polarity as that
of the inertia winding, As a result, the voltage now pre-
sent across the pull winding will be the difference between
the induced voltage and the existing voltage. Since the
induced voltage has the greater value, the polarity of the
difference voltage will be the same os that of the induced
voltage. Thus, not only is the counteracting effect of an
opposing voltage neutralized, but the voltage in the inertia
winding is effectively aided.

The series-drive (or separate-drive} vibrator, shown in
past B of both illustrations (the Nonsynchronous Vibrator
Types and the Typical Nonsynchronous Vibrator Supplies),
differs from the shunt-drive vibrator just described in that
it has an extra pair of contacts. These contacts, called
starting contacts, are normally closed when the vibrator is
at rest. The moving contact of this pair is mounted on the
armature reed, which is normally connected to ground. The
stationary starting contact is wired to one end of the driving
coll. The other end of the coil is connected to the high side
of the d-c input voltage source, through a tetminal in the
base of the vibrator provided for this purpose. As shown in
part B of both illustrations, both the inertia contacts and
pull contacts are open when the vibrotor is at rest. How-
ever, when voltage is applied to the vibrator circuit, cur-
rent flows through the driving coil and causes the reed
armature to be attracted to the pole piece {magnetized
core); thus, the moving pull contact is drawn against the
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stationary pull contact. The closing of these contacts
completes a circuit through one half of the transformer pri-
mary. The armature, in moving toward the pole piece, opens
the starter contacts, which prevents any further current

flow in the driving coil; this results in the collapse of the
magretic field. The reed, now no longer atir acted by the pale
piece, swings back from the driving coil; this opens the
pull contacts and interrupts the primary circuit, The inertic
of the reed carries it back across the neutral {at rest)
position to the inertia contacts, closing these contacts to
complete the other half of the primary circuit. At the same
time, the starting contacts close and current once again
flows through the driving coil to produce a magnetic attrac-
tion for the reed armatyre. As the reed moves away from the
inertia contacts, these contacts open to interrupt the pri-
mary circuit; at the same time the starting contacts open

to interrupt the circuit to the driving coil. The cycle is
then repeated as the reed is carried across the neutral {as
rest} position to close the pull contacts and once again
complete the primary circuit. [t should be noted at this
time that if the series~drive vibrator is connected in the
circuit so that the driving coil receives voltage directly
from the input source (through o separote contact in the
vibrator base), the vibrator will continue to vibrate mechani-
cally, even though the transformer center tap and end leads
are open. This will not occur with the shunt-drive vibrator
since the current to enetgize the driving coil must pass
through one half of the primary winding.

In both the shunt-drive vibrator und the series-drive
vibfator the cuttent is alternately switched through each
half of the transformer primary, and, gs d result of these
alternate pulses and the magnetic field they produce in
transtormer T1, a stepped-up voltaye is induced in the
transfermer secondary. The resulting secendary voltage is
essentiolly square in waveform, and is applied Yo the full-
wave rectifier circuit. In the circuits illustrated by the dia-
grams of typical nonsynchronous vibrator supplies, trans-
former T1 has a center-tapped secondary winding; each end
terminal of the secondary is connected to a plate of the
electron tube, V1. On alternate hali-cyceles of the second-
ary voltage, alternate diodes of the full-wave rectifier con-
duct and produce an output voliage across the load resist-
ance. Since only one diode conducts at any instant of time,
electrons flow through the load resistance in pulses to pro-
duce c pulsating output voltage. The output of the recti-
fier circuit is connected to a suitcble filter cireuit to smooth
out the de for use in the load circuit; because a square-
wave voltage is applied to the rectifjer circuit, and because
the frequency of vibrator switching is faitly high {usually
100 to 120 cycles), very little filtering is required to obtain
a d-c output voltage which is free from voltage transients
and relatively tree from ripple.

In practice, the nonsynchroncus vibrator is normally
constructed with a {four-prong bose, and the socket into
which the vibrator is plugged is wired to accept either a
shunt-drive or a series-drive vibrator; therefore, the two
vibrator types may be used interchangeably in a large num-
ber of vibrator-type supplies.

Cireuir Operation. Doth supplies shown in the Non-
synchronous Vibrator Supplies illustration utilize a full-
wave rectifier circuit to obtain high-veitage output. The
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discussion which follows is concerned primarily with the
vibrator and its associated transformer, since the operation
of a full-wave rectifier circuit has been described under
Power Supply Circuits, in Section 4, Part A (Single Phase
Full-Wave Rectifier) of the handbook, Furtnermaore, the

nonsynchronous vitrator-type power supsly [s not necessarily

restricted to the use of a full-wave rectifist circuit and, in

many instances, the rectifier circuit is likely to be a bridge
ot voltage-doubler circuit employing either electron-tube or
semiconductor dicdes as rectifiers.

Vibrator Gl in the circuit of part A is a skunt-drive
vibrator; vikrator Gl in the cjrcujt of port B is o serise-
drive vibrater, Transformer T, in both circuits, is a soecial
power tranaiormer with a center-topped orimary and center-
tapnad zecondarys kawaver i o nndae o vnltnge-doutler
rectitier circuit is used instead ot @ ull-wave recuilsr
shown, the transiorer secondary need not be center-apped.
Electron tube V1 is o twin-diode rect i
an i ]G}[ecfl\f heated cathode rectifier At a ffﬂq-;‘\llf'“‘ cold-

cathode rectifier. Bypass capacitor Gl and 1-f choke REC1
serve as a filter to eliminate or reduce impulse electrical
noise (or “hash’’), originated by arcing vibrator contacts,
from being radiated by the d-c input leads and coupled into
other citcuits of the equipment. Resistors R and R2 ore
connected across the interrypter contacts of the vibeato
reduce interference and sparking and also ¢ increcas Lh
life of the vibrator contacts; the value of Rl and R2 is
usuaily between 47 and 22G chms, depending upon the d-c
input voltage and circuit design. Hesistors R1 and R2 alse
help to reduce the peak amplitude of any transient voltages
which might occur {n the DHimary Circuit becruse of vioniior
switching action, Capaciter C2, commonly called the bufer
Capaciiorn, Gno oL 51{3;‘151};«' EE
ing capacitor, is connected across the trasiormer
ary to effectively absorb the high transient voliages produced
by the inductive reactance when the primary current is inter-
rupted by the opening of the vibrator contootz, Recauge of
the magnitude of these voltages, it 1s necessary that the
buffer capacitor have a rating in working volts of from 6 o

B times the woltane delivered by the power supply. For
example, for a supply which delivers 290 voits, the capaci-
tar should be rated between 1500 and 20001 working voits.
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able detail in previous paragraphs; thetefore, a description
of vibrator switching action wili not be repeated here.)

FAILURE ANALYSIS.

Genaral. A quick check to determine whether the vi-
brator {s operating is to listen for the characteristic mech-
anical buzzing noise which is made by the vibrating action
¢! the reed ossembly; aithough the reed assenwly is en-
closed in g sealed con and is cushioned to deaden the
sound, on qudible indication can usually be detected. How-
ever, this simple check is not a positive indication of cor-
rect vibrator operation; for example, the series-drive vi-
brator will often continue to operate even when there are
discontinuities in the transformer primary circuit,

The most frequent trouble which deveiops in a vibrator-
e supply s coused by g delective vibrator or o defective
The power transfarmer and the rectifier-
et :cmponen ts generciiy hove o useful life which is
comparable to the hife of the componenis in a conventional
power supply designed tor a-C input.

Although certain wavetorm measurements can be made
with an oscilloscope to check for correct operation of the
vibrator supply, this technique will not always immediately
reveal troubles within the supply, since mechanical defects
which may be of short duration sometimes occur only after
the vibrator reqches o certain onerating temperature.

An indication of vibrator operation can be quickly ob-
tained by using an oscilloscope to observe the voltage wave-
form at the primary of the power transformer. If measure-
ments are made at each end of the primary 10 chassis

tuIUuHu,'. L(M:' pt;'ue\ t.u-yzun. uJanLqu 954 ::’:E Syuale Wave
will be approximately equal to twice the value of the dc in-
mutt voltage: however, if the ascilloscope vertical input is
connected acroas the entire primary winding, the peak-to-
peax amplitude of the 3quare wave will be apoproximately
equal to four times the value of the d-c input voltage.
When the vibrotor circnit is operating normally, a square
wuve will be observed with telatively smocth transition
occurring after the contacts break and during the voltage
reversal when another set of contacts make to produce the
next halfcycle of the waveform. The flat pertion of the
square wave should be relatively smooth: if radical tran-
sients appear on the flat portion of the square wave, this
is an indication of poor elecinicai contact, coused by chat-
tering or hauncing of the contacts, and is a good reason to
mmnpr'* that the vibrator is defective. Minor roughness, or
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Aeation Mersty 1ANfA3eTIS SOme S GL if Cohiaot
resistance duning the time the vibrator contacts are CJObeG-

Lhe STOUIHNESE 07 1ie Uahaiiu oL uhe fiat
tion of the square wave, thraugh the voitcge reversai {con-

1 3
ol et de D R LT

[ S
A SRS

WOVE 13 \.Ont:u..ec oY EREsn e

citar, the inductive renctance of the 'mnsformer the nat-
uml frecmencv of the vibrotor reed ossembly, and the
pseu time between contact closures,

an
P

menr vibraior be ihe sume, O an eqaivalent, type. Thero




ELECTRONIC CIRCUITS NAVSHIPS
operating characteristics; therefore, the teplacement vi-
brotor should be the same type as the eoriginel, or at least
a vibrator which is recommended by the manufacturer as the
correct replacement for the original.

No Output, The nonsynchronous vibrator supply con-
sists of a vibrator and associcted transformer, and a recti-
fier and filter circuit. Therefore, when checking the vibra-
o1 supply for o possible defect, tests must be made to
determine whether the trouble is due to a defective vibrator
and gssociated transformer, or to a defect within the recti-
fier circuit,

The d-c input voltage should be checked to determine
whether it is present and of the cortect value,

The operation of the vibtator can be checked by an a-¢
voltage measurement made at the secondary terminals of the
transformer, or by use of an oscilloscope connected to the
primary circuit to observe the switching-action waveform.

If the vibrator and associated transformer are found to be
functioning normolly, as indicated by a secondary-voltage
measurement or an oscilloscope check, it must be assumed
that the trouble ig in the rectifier circuit o¢ the associated
load. A check of the rectifier circuit can be made in ac-
cordance with the procedures outlined in Section 4, Part A
for the applicable rectifier circuit; in the case of this partic-
ular vibrator-supply circuit, reference should be made to
the Single-Phase Full-Wave rectifier circuit. If the vibrator-
type power supply blows its d-c input fuse each time the
supply is energized, the vibrator may be defective. To
eliminate this possibility, remove the vibrator and substitute
another vibrator of the same type in its place. Then install
a new fuse and apply power; if the fuse does not blow and
operation uppears 1o be normal, the otiginal vibrator must
be considered defective. However, if the fuse blows again,
the vriginal vibrator may be considered good, and further
checks of the supply will be necessary in order to locate
the source of the trouble. When bumed or pi* ~d vibrator
contacts stick together, a heavy curtent flows in the as-
scciated primary winding, and this current is likely to blow
the fuse. A check of the input cutrent should be made with
on ammeter to determine whether this current is within
tolerance, or whether it is excessive. With the vibrator re-
moved from its socket, continuity measurements of the
transformer primary cireuit may be made to determine
whether the primary winding isopen, shorted, or grounded.
Again a known qood vibrator may be substituted for the
suspected vibrator to determine whether the vibrater is one
possible cause of improper operation. Also, removal of the
rectifier tube, as applicable will indicate whether the
trouble is in the vibrator, or in the rectifier or load section
of the supply.

A shorted buffer capacitor C2 can be detected by a
higher than normal input current to the supply and o very
low a-¢ voltage at the secondary terminalsof the transfor-
mer. The replacement buffer capacitor should be the same
value as the original capacitor and of equal or greater volt-
age tating. A leaky or shorted tilter capacitar C1 will also
cause the input current to the supply to be above normal.
As a generdl rule, any time the vibrator is replaced the
buffer capacitor should also be replaced.

The indirectly heated cothode rectifier, V1, is frequent-
ly subject to heqgter-to~cathade leakage, and, since the
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heater is normally at ground petential, this ledkage will
cause an abnormal load on the rectifier cutput; o complete
short will result in no d-c cutput from the supply. Also, a
short in filter capaciter C3 or an apen r-f choke RFCZ will
tesult in no output from the power supply.

Low Output, A low-output condition in @ nonsynch-
ronous vibrator-type power supply usually results from a
defective vibrator, a leaky buffer capacitor, low input volt-
age, or a defective component in the rectifier or filter cir-
cuit.

A voltage drop in the primary leads to the supply can
result in low output; therefore, the input voltoge should be
checked at the tronsiormer or vibrator teminals to deter-
mine whether the input voltage is present and of the cor-
rect value.

The a-¢ secondary voltage may be measured at the
transformer to determine whether it is approximately the
value specified for normal operation of the supply. The
test procedures described for the no-output condition and
in previous baragraphs can be used to determine whether the
vibrator is at fault. A defective vibrator with only one set
of properly making contacts results in reduced output from
the supply. A vibrator in which "frequency hunting’’ oc-
curs may be detected by an uneven or irreqular buzzing
noise, which indicates that the armature is vibrating er-
ratically and at frequencies other than its normal frequency
of vibration. This unstable condition of the vibtator causes
the stepped-up voltage induced in the secondary of the
transiormer to also be erratic, and the output voltage to be
belew its normal value. This trouble is usually caused by
excessive load current, and isan indication of impending
vibrator failure. Frequency hunting can also be coused by
burned or pitted vibrator contacts which cre sticking; this
usually results in a higher than normal input current and
reduced output from the supply. A check of the input cur-
rent shonld be made with cn ammeter to determine whether
the current is within tolerance; also, an oscilloscope check
of the waveform at the primary of the transformer should be
made 10 determine whether thevibrator is faulty. If desired,
a known goed vibrator may be substituted for the suspected
vibrater as ¢ quick check to determine whether the vibrator
is gctually at fault. A check with the rectifier tube re-
moved isalso recommended. Shorts, leakage, or excessive
cutrent drain in the filter circuit or in the high-veltage load
circuit external to the supply will cause a heavy load on
the vibrator contacts, and may ceuse early failure of the
vibrator. The output load current should be measured after
installation of a replacement vibrator to determine whether
the load current is within tolerance; if the load current is
excessive, the replacement vibrator may be damaged unless
the cause for the excessive load current is found and gor-
rected.

Continuity measurements of the primary and secondary
windings of transformer Tl should be mede, since an open
circuit in either of the windings will cause a reduction in
output.

The rectifier, V1, may be weak and cause low cutput.
The tube is usually an indirectly heated cathode type, such
as a type 6X5, 6X4, or 12X4, or o gaseous rectifier, such
as a type 024, In either case, a quick check of rectifier
condition cen be made by substituting g rectifier known to
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be in good condition, and the output voltage measured to
determine whether the voltage has retumned to normal, In
an emergency, when the vibrator is urgently teeded and no
replacement is availdble, the vibrator may be opened and
the contacts burnished as an interim corrective measure.
The indirectly heated cathode rectifier is frequently sub-
ject to heater-to-cathode leckage, and, since the heater is
normally at graund potential, this leakage will cause ¢ load
on the recnfler output; a complete short will result in no
d-c output from the supply. Gaseous, or cold~athode,
rectifiers can also be checked by substitution of a known
good rectifier.

The power supply output current should be checked to
make sure that it is within tolerance. A low-output cond-
ition duo ta a desranse in land resistance will cause an in-
crease in load current; for exampie, excessive legkage in
the capacitors of the output filter circuit will result in in-
creased load current.

SYNCHRONOUS VIBRATOR SUPPLY.

APPLICATION.

The synchronous vibrator supply is commonly employed
in many porteble and mobile equipments where the primary
pewet source is a storage battery. This supply produces a
relatively high value of d-c voltage at o moderate load cur-
rent from a low-voltage d-c source. The supply is commonly
used to provide high voltage for the opetation of small re-
ceivers, transmitters, and publicuddress systems, although
in many equipments the transistorized de-to-de converter,
described in Section 4, Pant B {Semiconductor Circuits) of
the handbook, is used in lieu of the vibrator supply.

CHARACTERISTICS.

Input is low-voltage de; output is high-voltage de.

Input veltcge is usually 6, 12, or 24 volts; special vi-
brators for other input voltages are availoble.

Typical vibrator operating frequency is between 60 and
250 eycles.

Output high-voltage dc is normally between 180 and 300
volts: load current is normally between 60 and 200 milli-
amperes.

Cutput circuit can be arranged to furnish negative or
positive high voltage to the load.

Cutput de requites filtering; ripple-voltage frequency is
relatively high, and |5 determinad bv the vibrator frequency.
Synchronous vibratar is zelf-rectifying; slectron-tupe

or semiconductor rectifier sircuit is not required.

Requlation is fair; cutput »ullage qulation may be
employed,

Vibrator must be shielded and leads filtered to prevent
r-f rodiotion and interference to other circuits.

CIRCUIT ANALYSIS,

General. A synchronous vibrator supply converts direct
cuifent f1om g low veltage power source intn high-voltage
dc that can be filtered for use as the plate and screen volt-
ages in the operating equipment. A separate rectifier is
npt reqwmd with this circuit because rectification is ce-
comnlished by meuns of an extra set of contects on the wi-

<O

brator. The supply otters the cdvaniages oi Lgnt weidii,
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small physical size, and good efficiency; its main disad-
vantages are the limitation in output current and the tend-
ency to produce interference to other circuits, Therefore,
the vibrator must be well-filtered and shielded. Another
disadvantage is that, although the vibrator itseif is relative-
ly inexpensive, its useful life is shorter than that of o
dynamotor or of the transistors in g de-todc converter,
However, when this type of power supply is used within

its rating, it will fumish relicble power for low-power com-
munications and public address equipment.

Synchronous Vibrator Types. A vibrotor is an electro-
mechanical mechdanism, sometimes called an interrupter,
which gcts as a high-speed reversing switch to control (or
interrupt) the current in each haif of a tapped primary wind-
ina in a special step-up power transtormer; in addition, the
synchronous vibeator is equipped with two additional sets
of comtacts, operating in synchronism with the primary cir-
cuit interrupter contacts, to provide rectification of the
transformer secondary voltage, The operation of asimple
vibrator as a high-spsed switching device and its rectifying
action can be understood by reference to the accompanying
illustration.

In this illustration, a vibrating reed is equipped with
two sets of interrupter contacts arranged so that when one
set of contacts is closed to complete one primary circuit,
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the other set of contacts is open to interrupt the other pri-
mary circuit. Two additional sets of contacts, called the
rectifler contacts, operate in synchronism with the primary
interrupter contacts. The action of the tectifier contacts

is identical with the action of the primary contacts; that

is, when one set of rectifier contacts is closed to complete
one half of the secondary circuit, the other set of rectifier
contacts is open to interrupt the other half of the secondary
circuit. Thus, as shown in part A of the illustretion, when
the upper sets of contacts are open, the lower sets of con-
tacts are closed, and heavy curtent flows in the lower pri-
mary winding of the transformer. Alsc gt this time, the
lower half of the secondary, marked **A*, is grounded
through the lower set of vibrator contacts to complete the
secondary circuit and produce ¢ voltage at the output ter-
minals. The polarities of the voltages produced across the
primary and secondary windings of the transformer, which
are so wound that no phase reversal cceurs, are as indicated
in part A of the illustration.

When the vibrating reed reverses its position, as shown
in part B, the upper sets of contacts are closed, and heavy
current flows in the upper primary winding of the transfor-
met. Also at this time, the upper half of the secondary,
marked B!, i s grounded through the upper set of rectifier
contacts to complete the secondary circuit and produce g
voltage at the output terminals. The polarities of the volt-
ages produced across the primary and secondary windings
of the transformer are as indicated in part B of the illus-
tration.

Assuming a rapid rate of primary switching, the voltage
developed across the entire secondary is essentially a
square waveform, as shown in purt C. The voltage produced
in each half of the secondary on altemnate half-cycles,
when combined, results in an cutput voltage which is es-
sentially pulsating d-c voltage. Small transients occur in
the cutput voltage during the time the vibrator reed is trans-
ferring from one set of contacts to the other; however,
these tronsients are easily removed by a tilter circuit con-
nected 1o the output of the vibrator supply.

A synchronous vibrator consists of five basic parts:

a heavy frame, an electromagnetic driving coil and core or
pole piece, a flexible reed and armature, two contacts at-
tached to each side of the reed, and two (or more} station-
ary contacts mounted on each side of the reed and armature
assembly. There are two bosic electrical variations in
synchronous vibrators; the first type is called a shunt-drive
vibrator, and the second is called a series-drive (or sepa-
rate-drive) vibrator. These names are derived from the man-
ner in which the electromagnetic driving coil receives its
excitation. “The two types of sychronous vibrators are
shown in the cccompanying illustration; part A shows the
construction of a shunt-drive vibrator and its graphic sym-
bol, and part B shows the construction of @ series-drive
vibrator and its graphic symbol.

The electromagnetic driving coil is mounted on one end
of the frame, as shown in the illustration, and the reed is
tigidly clamped in insuleting spacers and fixed to the op-
posite end of the frame. The movable contacts are mount-
ed on the sides of the reed. The stationary contacts are
similarly clamped at the end of the frame, on each side of
the reed. Electrical connections to the vibrator are alsc
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made at this point on the frame. The vibrator assembly is
usually mounted within o sound-absorbing and cushioning
material, such as foam or sponge rubber, which, in turn, is
sealed within o metal can. The material placed around the
vibrator reduces the amount of mechanicel neise created by
the vibrating reed, and the metal can acts as an r-f shield
to reduce direct radiation of electrical noise. The connect-
ing leads from the vibrator are brought cut to metal prongs
at the base of the can, and the complete unit is plugged into
a special socket in the same manner that an electron tube
is installed in q tube socket; the socket also grounds the
can to the chassis to completely shield the vibrator. Since
the vibrator may require replacement at intervals through-
out the useful life of the power supply, the plug-in method
of electrical connection insures convenient and easy re-
placement of a defective vibrator unit.

The shunt-drive vibrator, shown in part A, has one end
of the driving-coil winding connected to the vibrating reed
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{normally connected to ground); the other end of the winding
is connected to one of the insulated stationary primary con-
tacts on the electromagnetic pull {or powsr) side of the reed.
As shown in part A of the illustration, !l contacts are
open when the vibrator is at rest; however, when voltage

is applied to the vibrator citcuit through the power trans-
former primary, cuent flows through the driving coil and
causes the reed armature to be pulled toward the pole piece.
As this occurs, one set of primary contacts, called the pull
or power contacts, close to shunt ot short out the driving
coil and alse complete one half of the primary ciruit, {An
additional set of pull contacts, called the rectitier contacts,
close to complete one half of the secondary circuit af this
time.} The shunting action of the primary pull contacts
causes the driving coil to Iose 1ts magnetic aiiruciiug foi
the reed amature ond, as a result of the mechanical energy
stored in the reed, causes the reed to swing back away
from the pull contacts to interrupt the primary circuit and
aiso bredk the secondary circuii. The inertiz of the reed
carries it back across the neutral (at rest) position to the
other set of primary contacts, called the inertio contacts,
closing these contacts to complete the ather half of the pri-
mary circuit, (An additiona! set of inertia contacts, called
the rectitier contacts, clese to complete the other half of
the secondary circuit ot this time.) While the inertia con-
tacts are closed, current once again flows through the driv-
ing coil and causes ¢ high magnetic attraction to be impart-
ad to the reed armature. As the reed moves away from the
inertia contacts, these centacts open to interrupt the pri-
mary circuit andales braok the secondary eircuit. The
¢cycle is then repeated as the reed is carried across the
neutral {at rest} position to close the primary pull contacts,
thus shunting the driving coil, and also closing the rectifier
pull contacts to complete the secondary circuit. It should
be noted at this time that the peak voltage applied 1o the
driving coil, during the time the inertic contacts are closed,
is approximately twice the value of the normal d-¢ input
voltage to the supply; this is because the voltage induced
by autotransformer action in the half of the primary winding
which is connected to the stationary pull contact is in
series with the d-c input voltage.

By referring to the diagrom of the shuni-drive vibrator,
it will be seen that when the armature is in the neutral
position (all contacts open), a complete series circuit ex-
ists from the negative side of the input sowrce, through the
driving coil and puil winding, to the positive side of the d¢
source. For a given value of current, as determined by the
total resistance in the circuit, the portion of the input volt-
age that will be dropped across each of the two circuit
elements will be in direct proportion to the resistance pre-
sent in egch element. Since the transformer primary wind-
ing offers cnly neqligible resistance to the comparatively
small and steady d-c current which flows under the con-
ditions stated, no appreciable voltage will be developed
actoss the pull winding.

When the 1nertia contacis are closed, thw sérles Sircuit
through the driving coil and pull winding remains compieted.
The voltage existing across the pull winding and the volt-
nge developed in the inertic winding hove cppesites pelar-
itime. Throuah the autctiansformer action which takes ploce
across the tapped primary, the rapidly changing magnetic
ORIGINAL
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field around the inertia winding induces a voltage in the
pull winding; this valtage has the same polarity as that of
the inertia winding. As aresult, the voltage now present
acress the pull winding will be the difference between the
induced voltage and the existing voltage. Since the induced
voltage has the greater value, the polarity of the difference
voltage will be the same as that of the induced voltage.
Thus, not only is the counteracting effect of on opposing
voltoge netralized, but the voltege in the inertia winding

is effectively aided.

The series~drive (or separate-drive] vibrator, shown in
part B, differs from the shunt-drive vibrator just described
in that it has an extra pair of contacts which are normally
closed when the vibrator is at rest. These contacts, called
sfuriing COBLGCNS, @e in osorizs with the ground sonnaction
te one end of the driving coil, while the other end of the
driving coil is connected to the d— input vellage, either
through a separate terminal in the vibrator base or to one of
the staticnary primary cortacts. As shown in the illustro-
tion {part B), all pull and inertic contacts are open when
the vibrator is at rest; however, when voltage is applied to
the vibrotor coil circuit, either through a stationary primary-
pull contact or through a separate terminal in the base,
current flows through the driving coil and couses the reed
armature to be pulled toward the pole piece. The reed con-
tinues to move toward the pull contacts and, as the puil
contacts close to complete one half of the primary and
secondary circuits, the starting contacts are opened, caus-
ing the driving coil to lose its magnetic attraction for the
teed armature.  The reed now swings back away from the pull
contacts, because the driving coil has lost its magnetic
attraction for the reed armature, and the pull contacts open
to interrupt the primary cnd secondary circuits. The in-
ertia of the reed carries it back across the neutral (at rest}
position to the inertia contacts, closing both the primary
and rectifier contacts to complete the other half of the pri-
mary and secondary circuits. At the same time, the start-
ing contacts clese and current once again flows through the
driving coil to produce o magnetic attraction for the reed
armatwe. As the reed moves away from the inertia con-
tacts, the primary and rectifier inertic contacts open te in-
tesrupt both circuits; at the same time the starting contacts
open to intetrupt the circuit to the driving coil. The cvcle
{s then repeated as the reed is carried across the neutral
{at rest} position to close the pull contasts ond once ogain
complete the primary and secondary circuits. 1t should ba
noted at this time that if the series-drive vibrator is con-
nected in the circuit so that the driving coil receives volt-
age directly from the inpwt source (through a separate con-
tact in the vibrotor base), the vibrator will continue to vi-
brate mechanically, even though the transformer primory
center-tap and end leads are open.  This will not occur with
the shunt-drive vibrator, since the current to energize the
driving coil must pass through one half of the primary wind-
ing.

The ouipui poluiity of g synchionous vibretor power sun-
ply depends upon the polarity of the d-c input voltage. For
this reason, means are often provided for reversing the d-¢
sutput pelerity. In practice, the synehronous vibrator is
normaliy construmed with a speciol {ivesprong base, and

the special seven-prong socket into which the vibrator 1s
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plugged accepts the vibrator in either of two positions.
When installed in one position ¢ positive output is obtained,
and when installed in the other position o negative output
is obtained. In other vibrator installations, a reversing
switch {or flexible jumpers on g terminal board) is used to
reverse the secondary-winding (or the primary-winding) con-
nections to the power transformer.

Circvit Operation. The accompanying illustration shows
a typical synchronous vibrator supply using a shunt-drive
vibrator. {Except for the manner in which connections @e
made to the driving coil, the operation of o series-drive vi-
brator 1s essentially the same.)

Vibretor (31 is a shunt-drive vibrator; transformer T1
is a special power transformer with a center-tapped pri-
masy and centertapped secondary. Bypass capacitor Cl
and 1-f choke RFCI serve as a filter 1o reduce or eliminate
impulse electrical noise (or "’hash*’}, originated by arcing
vibrator contacts, from being radicted by the d-c input
leads and coupled into other circuits of the equipment. Re-
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Typical Synchronous Yibrator Supply Using o Shunt-Drive
Yibrator

sistors R and B2 are connected across the primary inter-
rupter contacts of the vibrator to reduce interference and
sparking and also to increase the life of the vibrator con-
tacts; the value of Bl and R2 is usually between 47 and
220 ohms, depending upon thed-c input voitage and circuit
design. Res:stors Rl and B2 also help to reduce the peak
amplitude of any transient voltages which might occur in
the primary circuit becouse of vibrotor switching ootion.
Capacitor C2, commonly called the buffer capacitor, and
occasionally referred to as the surge or timing capacitor, is
connected across the transformer secondary to effectively
chsorb the high transient voltages produced by the induct-
ive reactance when the primary current is interrupted by the
opening of the vibrator contacts. A resistor of approxi-
mately 5000 ohms is sometimes connected in series with
the butfer capacitor to limit the secondary current in case
the buffer capacitor becomes shorted, The value of a buf-
fer capacitor depends upon the circuit design (transformer
tumns tatio and effective inductance, vibrator frequency,
etc), but is usuclly between ,001 and .047 ut. Capacitors
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used in this application generally have a breakdown voltage
of from 1000 to 2000 volts. In seme circuits a buffer copa-
citor is connected across the transformer ptimary. Another
circuit variation, commonly used with the svnchronous vi-
bretor, uses two buffer capacitors of equal value; o capa-
citor is connected at each end of the secondary winding to
ground {(chassis). Bypass capaciter T3 and r-f choke RFC2
form an additional filter to prevent noise {or “hash’’) from
being coupled to other circuits through the high-voltage,
d-c cutput lead.

When d— input power is applied to the circuit, the driv-
ing coil of vibrator Gl is energized to start the reed vibrat-
ing at its own natural frequency. {The operation of shunt-
drive and series-drive vibrators was described in consider-
able detail in previous paragraphs; therefore, a description
of vibrator switching action will not be repeated here.) The
current is alternately switched through each half of the
transtormer primary, and, as a result of these alternate
pulses and the magnetic field they produce in transformer
T1, o stepped-up voltage is induced in the transformer
seccndary. The resulting voltage in ecch half of the se¢-
ondary is essentially square in waveform. During the
time that a square wave is being produced in the secondary
winding, one set of rectifier contacts close in the vibrator
to connect the proper secondary winding to ground, and cur-
rent flows through the load resistance. The rectifier con-
tacts operate in synchronism with the primary interrupter
contacts and alternately connect opposite ends of the sec-
ondary to ground; this action couses each half of the sec-
ondary to supply current to the lood resistence on altemnate
half-cycles. Since only one half of the secondary is con-
nected to the load circuit at any instant, electrons flow
through the load resistance in pulses to produce a pulsat-
ing output voltage. (The action is similar to that of a full-
wave rectifier circuit.) The output of the synchronous vi-
brater supply is connected te a suitable filter circuit to
smooth out the dc for use in the load circuit. Because a
square-wave voltage is switched in synchronism with the
switching of the primary circuit, and because the frequency
of the switching is fairly high (usually 100 to 120 cycles),
very little filtering is required to ebtain ¢ d-c output volt-
age which is free from voltage transients and relatively
free from ripple.

FAILURE ANALYSIS.

General. A quick check to determine whether the vi-
brator is operating is to listen for the characteristic mech-
anical buzzing neise which is made by the vibrating action
of the reed assembly; although the reed assembly is en-
closed in a secled can and is cushioned to deaden the
sound, an audible indication can usually be detected. How-
ever, this simple check is not a positive indication of cor-
rect vibrator action, but merely indicates that me~hanical
action is taking place.

The most frequent trouble which develops in i vibrator-
type supply is caused by o defective vibrator or a defective
buffer capacitor(s). The power transformer and the qs-
sociated circuit components generally have a useful life
which is comparable to the life of the components in a con-
ventional power supply designed for a-c input.
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Although certain waoveform measurements can be made
with an oscilloscope to check for cotrect operation of the
vibrator supply, this technique will nat always immediately
reveal troubles within the supply, since mechanical de-
fects which may be of short duration sometimes occur only
afte. the vibrator reaches a certain operating temperature.

n indication of vibrator operation can be quickly cb-
tair ed by using an oscilioscupe Lo vbseive the vollsge
waveform at the primary of the power transformer. If meas-
urements are mode at each end of the primary to chassis
{ground), the peak-to-peak amplitude of the square wave
will he approximately equal to twice the value of the d-c
inpnt voltage; however, if the oscilloscope vertical input
is connected ocroas the entire primary winding, the peck-to-
peak amphlade of the square wave will be approximately

e 0 m fmc w_r wrﬂ’\ gt senitos pl=8 ‘-‘-'_n?n

t::unL (o] LGux iimes the va
the yibrator circuit is operating normally, o square wc: ]

will be observed with remhveu smooth transition occusting
utter the contacts break and mrlnq the voltage reversal
wilen another sel ot COntacts make 1o Q’U"U.LH Lhe teal Ddiis
cycle of the waveform. The tiat portion of the sduare wave
should be relatively smooth; if rodical transients gppear on
the flat portion of the sguare wave, this 18 an indication of
poor electrical contact caused by chattering or bouncing of
the contacts, and is ¢ qgood regson to suspect that the vi-
brator is defective. Minor roughness, or “ripple’, on the
tlat portion of the square wave is not usually sufficient
cause to reject the vibrator, since this indication merely
represents some smail variation in contact resistance dut-
ing tbe tirnez i@ vlbrotor commcts are ciosed. The smooth-
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square wave, through the vo;toge Teversa
1 the other voltage extreme of the square wave
ed by the vilte of the buffer (timing) capacitor, the 1n-
ductive ieactaace of th :r:ﬂs.‘crmer, the naturn! frequency
of the vibrator reed assemply, and tie elapsed time between
contact closures,

When the symptoms and checks indicate that the ni-
brator io definitely ot fault, it is important that the replace-
ment vibrator be the same, of an equivelent, type. There
are many variations in vibrator termingl connections and
operating characteristics; therefore, the re;.:cemem b
brator should be the same vpe as the origingl, of at ieast
@ vibrulor whiCh is TeCommanes Uy the 1man
corrent teplacement for the onginal.

Mo Output. The SYNCnronous vibrator supply consists
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that the trouble is in the filter circuit or the asscciated
load.

If the vibrator-type power supply blows its d-¢ input
fuse each time the supply is energized, the vibrator should
be removed from its socket, md, with a new fuse installed,
the input power applied once ogain to determine whether
defective vibrater {s the cause of excessive input current.
When burned or pitted vibrator contacts stick together, a
heavy current flows in the ossocicted primary winding; this
current is likely to blow the fuse because of the low d-c
resistance ¢f the winding. A check of the input current
should be made with an ammeter 1o determine whether this
current is within tolerance, ot whether it is excessive, A
known good vibrator may be substituted for the suspected
vibrator to determine whether the vi' rator is one possible
couse of improper cperciion,
its socket, continuity measurements of the transformer pri-
mary circuit may be made to determine whether the Grimary
windln.; iz open, °‘hcrtef‘ ar qrosnded.

A shoried .tuu{,; feteisioadiivl o

higher than normal input current to the :unplv and very
low a-c voltage ot the secondary terminals of the trons-
former, The replacement buffer capaciter should be the
same value as the original capaciter and of equal or great-
er voltage rating. A leaky or shorted filter capccitor Cl
wiil alsc cause the input current to the supply o be above
normal. Also, a short in filter copaciter U3 or an open (-f
choke RFC2 will result in no output from the power supply.

Low Outpur. A low-output condition in a synchronous
vibratar-type power supply usually results from o defective
wibrator, o leaky hoffer r-rmrwitor low input voltage, or a
defective component in the filter circuit.

A veltage drop in the primary leads to the supp
1o the high resistance oi o defective tlerm
can result in low cutput; therefore, the input voltuge sh
be checked at the transformer or vibrator terminals to deter-
mine whether the input voltage is present and of the correct
vailue,

The a~ voltage may be measured between the center
tap and each end of the eecondarv to determine whether the
WO measurements we equal and cpproximately the values
specified for normal operation of the supgly. The test
cedures described for the no-ou'p-‘r Cr_)nuumu ant in pra
vious potugiaphs can be vses
brator is at fault. A defecuve wﬁm!mr with only one set of
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stituted for the suspected vibrator as a quick check to
determine vhether the vibrator is actually at fault. Shorts,
leakage, or excessive current drain in the filter circuit or in
the high-voltage load circuit external to the supply will
cause a heavy load on the vibrator contacts, and may
cause early failute of the vibrator. The output load cue-
rent should be measured after installation of a replacement
vibrator to determine whether the load current is within
tolerance; if the load current is excessive, the replacement
vibtator may be damaged unless the cause for the exces-
sive load current is found and corrected.

In one circuit variation of a synchronous vibrator supply,
buffer cepacitor C2 is actually two capacitors; one capo-
citor is connected at each end of the transformer secendary
to ground {chassis). If one of these buffer capacitors be-
comes shorted, the cutput voltage will be reduced accord-
ingly.

Continuity measurements of the primary and secondary
windings of transformer T1 should be made, since an open
circuit in either of the windings will cause a reduction in
output.

The power supply output current should be checked to
make sure that it is within telerance. A low-cutput cond-
ition due to a decrease in load resistance will cause an in-
crease in load current; for example, excessive leakage in
the capacitors of the output filter circuit will result in in-
creased load current,
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PART D. FILTER CIRCUITS

POWER-SUPPLY FILTERS.

General. ‘fhile the output of most types of rectifiers
is a pulsating direct curtent, most electronic circuits re-
quire a substanticlly pure direct current for operation. To
provide this type of output, single- or multiple-section filter
circuits (which effectively eliminnte any alternating or
ripple-voltage components by smoothing out the d-c pulsa-
tions) are placed between the output of the rectifier and
the load. )

Filtering is accomplished by means of resistors or
inductors, and capacitors, which are usually arranged as a
low poss filter. Inductors, as series impedances, oppose

st Elmie of mlépenatine anh-mmn d-cY currant while
B

e we O SALCITNIOUNRG (PusClin

capacitors, as shunt elements, by—pGSS the clternctmg com-
ponents that succeed in passing through the series impedances,
{Resistors are used in the place of inductors for very low-

TR

N - o
Current ORputs. The four basic vpes € of tilter cirpuite are

the shunt-capacitor filter, the 5-C capacitor-input filter,
the L-C capacitor-input filter, and the L-C choke-input
filter. A fifth type of filter, the resonant {ilter, employs
one of the basic filter configurations in conjunction with a
series-resonant, ot parallel-resonant circuit.

The shunt-capacitor filter
(which is discussed more thoroughly later in this section)
is the simplest type of filter. As shown in part A of the
accompanying diagram, it consists of only a single filter
element, capacitor C, connected across the rectifier in
parallel with the load. In order tc obtain good smoothing

Shunt-Capacitor Filters.

CHARGE DISCHARGE
‘\ +

FROM + ‘\

RECTIFIER cl R, (LOAD}
C -
A
PEAK
VOLTAGE CUTPUT

INPUT
FROM
RECTIF IER

—

Shunt-Capacitor Filter and Associated Waveforms

action when using this {ilter, the R-C time constant of the
circuit shouid ve large. Hence, both the wpacﬁarme and
the load resistance should be large. Better iiltering olsu
results when the ripple {requency is high.
Part B of the diogrom illogteates the fnpit and antput
waveforms of the shunt-capacitor filter, using a medium
to large value of capacitance in a tull-wave rectifier circuit.
Capacitor O initially charges up to the peck velue of the
B -
L

applied voliage an tho logd (R ) between

the rectified pulses.
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indicated in part A of the diggram as is the polarity of the
voltage developed across the capacitor and the load.

The chief disadvantage of the shunt-capacitor filter is
poor tegulation, which precludes its use in most power-
supply applications. However, the advantages of simplicity
and effectiveness recommend its use in some high-voltage
applications in preference to more elaborate filters. It
finds wide use in power supplies that turnish high-voltage
anode potentials to cathode-ray and similar tubes where the
current drain is insignificant.

R-C Capacitor-lnput Filters. The addition of ¢ series
resistor and a second shunt capacitor to the shunt-capacitor
filter results in the basic R-C capacitor-input filter, as
shown in the accompanying diagram, Because of its
resemblance to the Cireck letter o (77), it is known as a

pi-section filter. The input to ihe lilier I8 e vuipul voliuge

! L s ———
\ * 5
FROM RI
RECTIFIER R2
o 2 (LOAD)

R-C Capacitor-Input Filter and Associated Waveforms

from the rectifier developed across
Typical wavetorms ol these volt
diagram.

Roth the a— and d-c comnonents of the rectified cur-
rent flow through series resistor R, Recnouze the reactance
of C7 is small at the frequen of pulsation, most of the

a-c component flows through this capacitor and 1s bypassed
to gicund areund the logd resistor, The d-o component
flows through load resistor B2, - The charging and dis-
charging of CZ, Jue to the passage of the puloating com-
panent, results in a smoathing out of the ripple fluctuations,
and g relatively pure direct current is delivered to the load,
as is indicated by the output waveform.

The reduction in output veltage due to the excessive
voltage drap across the series filter resistor when load
~urrant e ‘":i;z'n makes the B-C filter imoracticoble for most
uiting even n Mnffomtp amount of current.

Alhevoitase, Uw-

It 15 aigo commaniy ised as o
supling network in muitistaze awpiifisr clrouits.

L-C Capacitor-input Filters. The bgsic L-U C"poci'ior-
innit tilter nos an 1aentical ConlQuration, and i3 Simidar
in every reapect to the F-C capacitor-input tilter with one
excephion—a choke 20l dron-core inducion] reoluces u‘mg
series resistor in (he pi-30cion nemworx, !
accompanying illustration. The L-C ccpccnc
is probably used to a greqgter extent th

tilter in power-supply Clpp}u,uu Shgh "5
section comprising L and ZZ is the o
rectifier, develonped across capaciicn
f\ll"'\l\r nnﬂ f"‘mf"‘{ﬁr ‘

i inpen volinge waveluins we Lo
EEL MG clagusue Drmscss b s oopmelieg i
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L-C Caopacitor-Input Filter and Associated Waveforms

working together, materially reduce the a-c component
1emaining in the voltoge across C1, and thus supply a
substantially pure d-c¢ cutput voltage to the load.

As in the cgse of the shunt-capacitor filter, and also
the B-C capacitor-input filter, the poor regulation of the
L-C capacitor-input filter is a major disadvantage. In
fact, assuming equal values of C, the requlation of a power
supply using an L-C capacitor-input filter is actually
worse than that of @ power supply using a shunt-capacitor
filter. An advantage of the cupacitor-input filter is the
provizsion of o much higher output voltage than can be
obtained from a comparable {ilter of the choke-input type.

L-C Choke-Input Filters. \ith the elimination of
capacitor Cl, the L-C eapacitor-input filter becomes an
L-C choke-input filter. This type of filter, together with
the associated waveforms, is illustrated in the accompany-
ing diagram.

AAA

f +
FROM
RECTIFIER R, (LOAD

L-C Choke-lnpwt Filter and Associated Waveforms

‘When rectified pulses are applied to the choke coil
(series inductor L), the inductance opposes any change
in current through the ccil. Thus, the inductance of the
cotl cets to oppose any increase in current during the
rapid positive excursien of the pulses, os well as any
decrease in current during the equally rapid negative ex-
cursion of the pulses. This action tends tc keep a constant
current flowing 1o the load throughout the cycle. Becouse
cf this, the pulsating voltage {resulting from the inductance
effect) which is developed across capacitor C is maintained
relatively constant at o volue which approaches the average
value of the input voltage. The low reactance presented by
copacitor C to the pulsating compeonent functions to de-
crease the ripple amplitude in the output and thereby to
increase the average d-c ocutput voltage.

One disadvantage of the choke-input filter is the
significantly lower output voltoge of this type of filter as
compared with the higher voltage provided by o comparable

ORIGINAL

900,000.102 POWER SUPPLIES
filter of the capacitor-input type. Ancther disadvantage,
concerned with economics, is that for equivalent filtering,
the choke-input filter must emplay higher-value components
than are required in the capacitor-input filter.

However, the advantage of lower peak currents in the
choke-input system, which effects important savings in
tube and transformer costs, somewhat offsets the second
disadvantage mentioned in the preceding paragraph. Two
additicnal advantages of the choke-input arrangement, in
comparison with the copacitor input arrongement, are a
greater power capability and much better d< voltage
requlation.

Multiple-Section Filters. To further enhance the
filtering action and provide a smoother rectified output
voltage (beyond that possible with the simple filter circuits
discussed in the preceding paragraphs), one or more addi-
tional sections may be added to the basic filter circuit,
The accompanying dicgram illustrates two multiple-section
filters. The capacitor-input type is shown in part A, and
the choke-input type is shown in part B. Representative
waveforms indicating the cpproximate shape of the voltage

IV~
/

FROM
RECTIFIER

!

+
FROM
RECTIFIER "
L
(LOAD)

T

Multiple-Section Capacitor-Input and Choke-Input Filters

at several different points in each type of multi-section
filter are included in the illustration.

Multiple-section filtets are effective in those applica-
tions whete only a minimum ripple content can be tolerated
in the rectified output voltage to the load. If the ripple
attenuation ratio of ene L-C section is 100 te 1, then an
over-all 10,000-to-1 attenuation ratio will be obtained with
two such sections, and a 1,000,000-tc-1 attenuation ratio
with three L-C sections. Vhile additiona! filter sections
do reduce the ripple component in the cutput to a minimum,
they also result unfortunately, in reduced requlation. With
ndditional sections, more resistance is placed in series with
the power supply, which causes greater varigtions in the
output voltage with variations in the load current. Most
multiple-section tilters consist of o combination of identical
L-C sections. However, multiple-section {ilters are not
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restricted to this type of design; combinations of L-C and
B-C sections may be used effectively to satisty specific
filtering requirements in certain applications.

Resonont Filters. Hesonant filters cre incorporated
in the desian of some power-supply circuits. This type
of tilter is usually made up of two Dcsl c types of circuits.
S Samiion type of reconant Filr
resonant {or a parallei-resonant) circuit in conjunction
with one or mare L-C filter sections. Another type employs
a parallel-rescnant circuit with shunt capacitors in a pi-
section filter arrangement. This type of resonant filter is
shown in the cecompanying (llustration.

ter 1aes 0 geties-

s
17
INPUT FROM - (_——1 é
RECTIFIER A
l\cr c2 l
O~ -

Resonant Filter

A

The parallelresonant circuit, consisting of L and C,
is tuned to the fundamental ripple frequency, and is
connected in series with the output of the rectifier. Since
thig tvpe of cirenit nresents an extremely high impedance
@t resonance, the {undamental-rinple-frequency component
will therefore be greatly attenuated in the output voltage
to the load.

Two serious disadvantages which limit the use of the
resgrant filter are as follows: (1) A change in the
inductance of L with a change in load current results
1n detuning of the circuit, and thus a loss in its effective-
ness. (2) Harmonics see a much lower impedance than
the fundamental rippl frequency (since the circuit is tuned

16 the furduis c 1tal}, and are therofore less effactively
'
al

attenuated. A conventional L-C filter section is sometimes
added to the resonant filter shown in the {llustration to
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tions at twice the frequercy of the applied a-c voltage
because Lotk altermations of the input voltzze are recti-
fied. The cutpu* of a three-phaose, half-wave rectiiler,
shown in part [, produces pulsations at three times the
frequency of the applied veltage; the output of g thiee-
phase, full-wave rectifier, shown in part E, produces

pulsations at six times the frequency of the applied voltage.

Fram a compariseon of the four typical output wavelorms,
it can be seen that for an applied a-c voltace of 2 given
frequency, each of the rectifier circuits produces a different
ripple frequency. Also, it will be noted that when the
output pulzes overlap {as shown in parts 5 and 5), an
increase in ripple freguency results in a decreuse in
ripple amplitude. As the ripple frequency is increased and
the ripple amplitude is decreased, the rectifier output be-
comes easier to filter.

It is desirable to furnish o voltage to the load which
is free from any ripple component; however, there cre
several practical limitations (over-all requlation charactet-
istics of the power supply; size, weight, and design of
filter components; cost of components; etc) which influence
the extent of filtering which is possible. Furthermore,
the equipment design may tolerate a small percentage of
ripple without any adverse effects upon equipment per-
formance. As a result, the liltered output from the rectifier
circuit may contain a small amount of residuc! ripple
voltage which is applied to the load circuit.

Part A of the accompanying illustration shows @ typical
single-phase, full-wave rectifier syster using a choke-
input filter to provide d-c voltage to q resistance load. The

L
o +
R

Hov 1

AC (LOAD)
A

RECTIFIER VOLTAGE
QUTPUT YOLTAGE ACROSS

LOAD
RIPPLE

Single-phase Full-wave Rectifier System and Associoted
Dutput Voitage Wavetorm
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idealized curves of nart 2 of the illustration show the
snape of the outpuat valtage from the tectifier, together with
that of the voltage 2cross the load. Since the output volt-
age of the rectifier can be considered as consisting of @
d-c component upon which is superimposed an a-c ripple
voltage, it can be snown that (by means of a Fourier
analysis) the d- component of the output wave is 2/7
times the peck value of the a< input weve. The lowest
frequency compeonent of ripple in the output is twice the
input frequency and two-thirds the magnitude of the d-¢
compenent of the output voltage. The remaining ripple
components are harmonics of this lowest-lrequency com-
porent, cnd rapldly diminish in arplitude as the order of
harmonics is increased. This is graphically illustrated

in the accompunying tabulation, which provides pertinent
characteristics of three of the fow rectifiers considered in
this discussion.

Rectiiier Circuit

Note: Relative voltage Sinple-  Three- Three-
amplitudes are with ref- Phase, Phase, Phase,
erence to the d-¢c com- Full- Haif- Full-
ponent of output volt-  Wave Wave Wave
age, taken as 1.0, {Center-

tapped)

a. BMS value of trans-
former secondary
voltage (one-half} 1.11 0.855 0.428
b. Maximum inverse
voltage 3.14 2,09 1.05
c. Lowest frequency
in rectifier output
(F = frequency of
applied o< voltage) 2F 3F 6F
d. Peak value of first
three a-c components
of rectifier cutput
(ripple frequency):
Fundamental 0.667 0.250 0.057
Second hormonic 0,133 0.057 0.014
Third harmonic 0.057 0,025 0.006
e. Ripple peaks with
reference to d-¢
axis: P
Positive peak 0.363 0.20¢ 0.0472
Negative peak 0.637 0.395 0.0530

Characteristics of Three Typical Rectifier Circuits
Having Choke-Input Filter Systems

In addition to the ripple requencies present and
their respective magnitudes, another very important
factor which must also be considered is the amount {per-
centage) of residual ripple that can be tolerated by the
equipment which uses the filtered voltuge from the
rectifier system. The effectiveness of the filter circuit
in this respect is determined from the ratic of the ms
value of the ripple veltoge to the average value of the
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output voltoge. This ratio is expressed os percentage
of ripple, as follows:
E:
Percentage of ripple =
EQV
Where: E: = effective (rms] value of ripple voitage
Eav = average value of cutput voltuge
As a sine wave, the effeciive (rms) volue uf ipple voli
can be expressed by the following equation:
Er = 0.3 (enax - €min)
(Refer to preceding tabulation of rectifier voltage relations
for petcentage values of emax and emyn.) An alternate way
of stoting the percentage of ripple, which may be found
preferable in some instances, is (for o single-section filter)
as follows:

x 100

C
Wr
[3l

IT'XC

Petcentage of ripple = ——————
s i Xe ~ X&)

where: X¢ = filter capacitance reactance
¥p = {itter inductive reactance
C = lilter capecitonce in microforads
L = filter inductance in henries
The foctor m equals 70 for a single-phase, full-wave
rectifier, 24 for a three-phase, half-wave rectifier, and 5
for a three-phase, full-wave rectifier.
For a double-section filter, the expression becomes:

Percentage of ripple = _R(,;X-@%:‘,—_

o filter system, as the frequency of the applied voltage
is increcsed {in this case a ripple voltage), the reactance
of a shunt capacitor decreasas and the recctance of ¢ series
inductance increases. This means that the filtering
etfectiveness of any fiiter made up of shunt capacitance
cnd series inductance is increased as the frequency of the
apolied voltage is increased; thus, at the higher ripple
frequencies, fiiter components ol smaller size and lighter
weight can be used to provide the same degree of filtering
as can be obtained at lower ripple frequencies witn {ilier

camponents of jarger size and Leavier welghi

Yeltage Regulation. The output voltage of o power
supply decreuses as the load current Incredses oecuuse of

N-m arcomnanying jisiration compares

load currents from o rentifiar

wahe CIfCuil 10 uZply
nower toan iienticcl resistarce lnad. Tt is immediately
apparent, when comporing the two curves on the graph, that
while the output voque 1or each value of load current is
higher for the capacitar-input artangement, the requlation
of the power supply is faor greater for the chivke-inpul {ilim.
Further s'udv of the curves reveuls that in the case

(e b |
z lwtui\mu
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Comparison of Yoitage-Regufation Characterissics for
Capacitor-Input and Choke-lnput Filters

400 velts to 350 volts, or a total of only 50 wolts (as
compared with the 175 valts for the capaciter input).
Voltage requlation is a measure of the degree to which
a power supply maintaing its output-voltage stability
under varying load conditions. The amount of change i,
the output voltage between the no-load and full-lead
conditions is usually expressed in terms of the percentage

of voltage requlation. The percentage of voltage requlation
lg defined os the ratio of the difference hatween the no-

joad and full-logd output voltages 1o the full-load out
voltage, times 100, This caon be expressed as follows:

Epe Byl
Percentage of voltage requlation = {*lp—z’ ¥ 100
=)
where: Ep = no~loc1d output voltage
Dz = full-load ULJLQCH. J\J}Lu-dt

An idec! power supply would hove zero internal resist-
ence {1mpedance), and the percentage of regulation would
Le et because there would be no 2ifference hetween the
cutput voltage for the no-lood and full-load cenditions.
nowever, since this 1s not practicable, then the lower

“nl £ Lt P I '
SO G Dol UL sotel R

-~ —~
_-i 10 parcent uf less.
Tha rem Imting »f tha ~hakacinnn

B

i o} L
that sore minimum valie of load current flows through the
choke nt all times. linder this condition, the output
voltage changes nl, shghitly with saicll changes inlegd
curent. “owe‘:e,, the logd current is reduced to
_—

approach a no-load conditivn, ihe choke vunol pievent the
associated filter capacitor from charging to the peak valve

rm bl P T ~ T a
cltage; thus, the sutput veltage rises o

= normally 3
or 1t the lnod currant varias netween zero And o

b
low value, the regulation will be ar as rnpcxrec with the

i srating with o ater load current.
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“ren thiz is the case, zn additional lood in the form of o
resistor, zalled 2 bleeder resistor, iz pluced coroes the
output of tie filter to improve the regulation and establish
2 minimum value of load carrent for the supply. This
minimum value of curtent, which flows through the filter
choke, improves the regulation of the power supply. The
value of the current diawn by the bleeder resistor is
usuzlly 10 to 15 percent of the teota! current available from
tae supply.

The bleeder resistor across the output terminals of
the power supply not only ossists in maintaining good
voltage regulation, Hut also prevents the capacitors in
the filter system from charging up 1o the peak value of the
coplied voltage. In addition, the bleeder reduces the
possibility of electrical sheck to persomel, because the
capacitors will discharge through the bleeder resistor
after the power supply has been turned off. In many
power supplies the blaeder resistor takes the form of a
voltage divider, either o tapper resistor or 2 number of
series resistors selected so that several values of output
voltage can be supplied to various loads having different
voltage and current requirements.

Filter Capacitors. A common type of capaciter used
as a filter element in many receiver-type power-supply
circuits is the d— electrolytic capecitor, Within the
container of the electralytic capacitor, tolled aluminum-
ioil plates are immersed in an electrolyte which is

borate. The actual dielectric in this type of capacitor is
the thin oxide film which forms on one set of plates in the
presence of o d-c polarizing voltage. The cluminum foil
acts us the anode (positive terminal), and the electrolyte
zcts as the cathode (negative terminal) of the electrolytic
conasitorn.

There are two general types of electrolytic capacitors—
the wet type and the dry type. The physical choracteristics
of the electrolyte used determines the particular type of
capacitor. The wet type uses an aqueous electrolyte in a
metal container; the dry type uses o viscous or paste
zlectrolyte, and is available in either a paper {cardboard)
or metal container.

The most common working voltages for electrolytic
canacitors (both types) run between 6 and 600 volts.
Practical values of capacitance run anywhere from 1 or
2 microforads to as kigh as 2000 microfcrads, the parti-
cular value depending on the recuirements of a given
application.

In keeping with the necessity for a wide range of
working voltages and capacitance values, electrolytic
capacitars are available in a variety of physical sizes.
Generally speaking, the higher the voltage and the
arecter the capacitance, the larger the physical size, For
low-voltage applications, much greater capacitance is
crovided in units of smaller size than paper-type capaciters
(wihich provide only about one ten<thousendth ag much
capacitence ).

Multiple-section electrolytic capaciters, which have
two or more capacitor units housed in g single container,
cre extensively used in receiver power-supply circuits.
For exomple, o pi-section filter circult may use a dual-
section electrolytic capacitor having two 8-microfarad
seclions, one connected on each side of the series filter
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element. However, the capacitance of the different
sections need not be the same. In g typical three-section
capacitor, for instance, each section may have 7 different
capacitance, or two sections may hgve the same value and
the third section a different value. Any number of combina-
tions are possible, and standardization is the exception
rather than the rule.

In addition to the electrolytic capacitor many other
nonpalarized types of capacitors are in use; for example:
paper-foil, wax-impregnated or oil-impreqnated, oxide
film, mica, and ceramic. Ior higb-voltage applications
such s transmitter power supplies, the individual units
are larger and have insulated bushing-type termingls. The
higher the voltase, the larger the unit for a given capaci-
tance. Paper-foil types are gensrally used at voltages
from 750 to 2500 volts. Oil-impregnated types are used
for voltages of 1500 to 3500 volts (up to 30 kv for large
commercial installotions). Mica and ceramic cupacitors
are generally ysed as blocking capacitors or in tuned
filters, since their size is usuglly limited to values less
than 0.25 microfarad. Small, hand-zortable equipments
sometimes use series-connected receiving or low-voltage-
type electralytic capacitors for economy {the price of two
low-valtage units is considerably lower than one high-
voltage unit}. Since the introduction of transistors, ex-
tremely low-veltage (2, 4, 8, and 12-volt) capacitors of
very small physical size, with capacitance values on the
order of 50, 10C, and 150 microfarads or mere, are in
common use to supply high currents at the low voltages
employed. These capacitors are used in power supplies
which eliminate the necessity for, and expense of, battery
replacement.

SHUNT-CAPACITOR FILTER.

APPLICATION.

The shunt-copaciter filter, as oreviously stated, is
the simplest type of filter. The application of this filter
is very limited; it {s sometimes used in extremely high-
voltage, low-current power supplies for cathode-ray and
similar electron tubes which requite very little load
current from the supply. This {ilter is also used in applica-
tions where the power-supply ripple frequency is relatively
kigh, e.q., to filter the output of o dynamotor.

CHARACTERISTICS.

Capacitance and load-resistance values must be high
{large B-C time constant required).

Locd current must be relatively small if filter is to
have good regulation.

Filtering efficiency increases as ripple frequency is
increased.

Requlation of rectifier-type power supply is poor with
this type of filter; voltage requlation depends mainly
on value of capaciter.

CIRCUIT ANALYSIS,

General. The rectifier circuits previously described
in this section of the handbook provide a rectitied output
voltage, across the load resistance, which has a pulsating
waveform, The accompanying illustration shows o simple
shunt-capacitor filter and the wavelorms obtained when the
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input to the filter is obtained from either a half-wove or
a full-wave {sinzle-chase) rectifier circuit.
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output voltage. For this reason, the shunt-capacitor filter
is seldom used with rectifier circuits that must supply a
relatively lorge load current.

The pulsations across capacitor C and load resistance
Ry, nc matter how small in amplitude, are in effect o
torm of distortion. Although these pulsations represent a
fundamental frequency, many other frequency components
ate also present in the output, In the majority of equipment
applications, the presence of a ripple-voltage component
is not desirable; therefore, for most equipment application
it is impracticable 1o use a simple shunt-capacitor filter;
additicnal filtering (or another type of filter) is
necessary to reduce the ripple amplitude to an acceptable
minimum,

Detailed Circuit Operation. Consider now o complete
cycle of operation, using a single-phase, half-wave
tectifier operating with shunt capacitor C and load
resistance R, shown in the preceding illustration.
Caopacitor C is assumed to be large encugh to insure
smail reactonce to the pulsating rectiiied current. The
resistance of BL i3 assumed to be much greater than
the reactance of C at the input frequency.

When the circuit is enetgized, the rectifier conducts
on the positive half of the cycle, and current flows into
and charges capaciter T to approximately the pegk value
of the input voltage. The charge is less than the peak
value of voltage by the amount of the voltage drop across
the rectifier tube. The charge on C is indicated by the
heavy lines on the waveforms in parts B and C of the
illustration,

Cn the negative half-cycle the rectifier cannot
conduct, since the plate is negative with respect to the
cathode. During this interval, capacitor C discharges
through load resistance Ry, The discharge of C produces
the downward slope of the heavy lines in parts B and C
of the iHustration. In contrast to the abrupt fall of the
applied a voltage from peck value to zero (shown in
dotted lines}), the voltage actoss C (and thus across Re)
during the discharge period decreases at a gradual rate
until the time of the next half<cycle of rectifier operation.
For a given value of load current, the value of C determines
therate at which the discharge voltage decreases. This
rate of voltuge decline and the value of C are inversely
related. Thus the rate is greater for smaller values of
and less for greater values of C. This indicates that for
the same load current, if C {or RL) is increased, the
tipple companent in the output to the load is decreased.
(A longer time constant requires a longer time to charge
and discharge.)

Since practical values of C and Ry insure @ more
or less gradual decrease of the discharge voltage, a sub-
stantial charge remains en the capacitor at the time of
the next half-cycle of operation. As a result, no current
can flow from the rectifier until the rising o~c input voltage
on the rectifier plate exceeds the voltage of the charge
temaining on C, because this charge voltage is the
cathode-toground potenticl of the rectifier tube., When
the plate voltage excaeds the chaige voltage across G,
the rectifier aquin conducts, and again charges C to
approximately the peak value of the applied voltage.
Shortly after the charge on the capacitor reaches its peak
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value, the tube stops conducting. Because the fall of the
g input voltage on the plate js considerably more rapid
than the decrease in the capacitor voltage, the cathode
quickly becomes more positive than the plate, end the
rectifier ceases to conduct. During the charging pericd,
capacitor C is connected across the output of the
rectifier, and the charge time isdetermined by the
effective series resistance, which is only that of the
tube piate-to-cathode {ferward) resistance and the trans-
former impedance, plus that of the leads to the tube and
capacitor. Hence, the resistance is low and C charges
very quickly. During the nonconducting period, the dis-
charge path is through R, which is relatively large, so
that the time constant is long, Thus capacitor C does not
discharge appreciably before the conduction cycle again
beqins.

The repeated charge end discharge of capacitor C (as
described above) with the respective rise and fall of
the input voltage constitutes the basic filtering action
of this circuit. To reduce the ripple amplitude and
increase the d-¢ component in the cutput voltage, capacitor
C charges up and stcres energy when the tube is conductin
and discharges to turnish current to the load when the
tube is nonconducting,

EX
Using Chms law, B = ——, it {3 evident that a heavy
1

current drain, for the same output voltage, represents

a lower load resistance. Therefore, with ¢ heavy load
and lower Ry, capacitor C discharges mere quickly.
Since the output voltage represents the average charge
retained in the capacitor, it can be seen that with

heavy loads the capacitor will discharge further between
the periods of tube conduction. Hence, the output voltage
will also be lower. This is why the singlecapacitor
filter is used only for very light current drains. Since
the output voltage for heavy loads is lower and the cutput
ripple voltage component is also higher, the effective
filtering is qood only for light loads.

FAILURE ANALYSIS,

Genara!. \ith the supply voltage removed from the
input to the filter circuit, one terminal of the filter
capacitor can be disconnected from the circuit. The
capacitor should be checked, using a capacitance analyzer,
to determine its effective capacitance and leakage resis-
tance. During these checks it is very important that
correct polarity be observed. A decregse in effective
capacitance or losses within the capaciter can cause
the outpitt to be below normal and alsa couse excessive
ripple amplitude.

If a suitable capacitance analyzer is nat available,
an indication of leakage resistance can be obtained by
using an ochmmeter. Resistance megsurements can be
made across the terminals of the capacitor to determine
whether it is shorted, leaky, cr open. When testing
electtolytic copacitors, set the ohmmeter to the high
range and connect the test prods across the capaciter,
being careful to observe polarity, This is important
because current flows with less opposition through an
electrolytic capacitor in one directicn than in the other,
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If the correct pelarity is not observed, an incorrect recding
will result. ‘'hen the test prods are first connected, a
large deflection of the meter takes place, and then the
pointer returns slowly toward the infinite-chms position

as the capacitor charges, For o good capacitor with o
rated working voltage of 450 volis, de, the final reading

nn the ohmmeter should be over 500,000 ohms. (A rough
rule of thumb for high-voltage cepacitors is at least 1000
ohms per volt.) Low-voltage electrolytic capacitois (below
100 volts rating) should indicate on the order of 100,000
ohms.

1f no deflection is obtained in the chmmeter when
making the resistance check explained above, an open-
circuited copacitor is indicated.

A sveady full segle defloction of the pointer ot 7amn
ohms indicates that the capacitor being tested is short-
circuited.

An indicaticn of g leaky copacitor is a steady read-
ing on the socle samewhere botween zero and the mini-
mum acceptable value. (Be certain this reading is not
caused by an in—circuit shunting part.) To be valid,
these capacitor checks should be made with the capaci-
tor completely disconnected from the circuit in which it
operates,

In high-veltage filter capacitor applications, paper
and oil-filled capacitors are used, as also are mica and
ceramic capacitors {for low-capacitence values). In
this case, polarity is of no importance unless the capacitor
terminals are marked + or -. It is, however, good
maintencnee practice to use the output polarity of the
circuit as o guide, connecting positive to positive and
negative to negative. Thus any effects of polarity on
circuit tests are minimized and the possibility of domage
to components of test equpnent is avoided. Remember-
an undischarged capacitor retains its polarity and holds
its charqe for long pericds of time. To be safe, discharge
the capacitar to be tested with the powar OFF before
connecting test equipment or disconnecting the capacitor.

A simple check which can be used to quickly determine
whether the capacitor is at {ault is to substitute a known
ood capacitor of the same value and voltage rating and
ote whether the circuit operation returns to narmal.

o5 oW

R-C CAPACITOR-INPUT FILTER.

APPLICATION,

The B-C copacitor-input filter is limited to appii-
tiors in which the lpad current is smell. This type of
ter is used in power supplies where the load current
constant and voltage requlation is not necessary, such
3 in the wigh-volteoe cowsr suppiy for o cathode-tay
tibe of s part of a de-coupling network for multistage
ampiliters.
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CHARACTERISTICS,

Filter iz comnased of shunt input capacitor. series
resistor, and shunt cutput capaciter.

Filtering efficiency increases as ripple frequency is
increased.

Cutput current is much lesg than that obtained from
COLTESPONAING THIEN Wihitii UStd U LUUAE ustoud wi o
esistor,
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Regulation of rectifier-type power supply is poot
with this type of filter; requires relatively constant load
current.
Rectifier peak current is high with this circuit be-
cause of input capacitance,

CIRCUIT AMALYSIS.

The rectifier circuits previously described in this
section of the handbook provide a rectified output
voliage (across the load resistance) which has a
pulsating waveform. The accompanying illustration
shows an B-C capacitor-input filter and the waveforms
obtained from either a halt-wave or a full-wave (single-
phase) rectifier circuit.

Ri
%
INPUT
iFRoM REpeTIRIER o o g, OUTPUT
(FRO Ty ¢, et
CIRCUIT) cl ciT \LlAD)

it 3 T’/WV%
Eay 'f Er

HALF-WAVE RECTIFIER FULL-WAVE RELTIFIER

YOLTAGE ACRQOSS CAPACITOR O

El _L E.-i
ﬂrf\\/‘\{ EWM

Euvi

f_ Hal F-WAVE RECTIFIER Q FULL-WAVE RECTIFIER

c

VOLTAGE ACROSS CAPACITOR (2

#-C Capacitor-lapet Filter and Waveforms

ed output from a typical rectifier circuit when current
nuises flow through ihe load resisiance each time the
rectifier conducts. Note that the dashed line indicat-
ing the avetage value of output voltage, Eqv, for the
half-wave tectifier is less than half the amplitude of

the voltage peaks {approx 0.31). The average value of
output voltage, Eqv, for the full-wave rectifier is greater

oL~

than half (opprox 8.6837), but is still much less than the

[ e, S |
Laanll el Ceaan

caranstad —rencs tho siemir nf vhn ractifior

clroult {unfiltered}, the woveform has o large value of
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ELECTRONIC CIRCUITS NAVSHIPS
pulsating compenent as compared with the average (or
d-¢) component.

The B-C filter shown in the schematic of the
illustration consists of an input filter capacitor, Cl, a
series resistor, R1, and an output filter capacitor, C2.
This filter is called an R-C capacitor-input filter, and
is sometimes referred to as an R-C pi-section filter be-
cause the configuration of the schematic resembles the
Greek letter 7.

Capacitor Cl is placed at the input to the filter, and
is in shunt with the output of the rectifier circuit;
capacitor Cl has the same filtering action in this circuit
that the capocitor does in the SHUNT-CAPACITOR
FILTER, described earlier in this section of the hand-
book. In the capacitor-input {ilter, the major portion
of the filtering actien {s accomplished by the input
capacitor, Cl. The average value of voltage across
capacitor Cl is shown in part B of the illustration for
half-wave and full-wave rectifier circuits. Note that
the average value of voltage across capacitor Cl is
greater thon the average value of voltaqge for the un-
filtered output of the rectifier, shown in part A, The
value of the input capacitor is relatively large in order
to present ¢ low reactance (Xc) to the pulsating current,
and to store a substantial charge. The rate of charge for
the input capacitor is limited only by the impedance of the
a-¢ source (transformer} and the internal (ur farward)
resistance of the rectitier, both of which are relatively
low; therefore, the R-C charge time constant for the
input circuit is relatively short. As a result, when the
pulsating voltage is first applied to the capacitor-input
filter, capacitor C1 charges rapidly and reaches the peak
voltage within the first few cycles. The charge on capacitor
C1 approximates the peak value of the pulsating voltage
when the rectifier is conducting, but when the rectifier
output falls to zero, the capacitor partially discharges
through the series resistor, Rl, and the load resistor,
RL, during the time the rectifier is nonconducting. The
larger the value of the input capacitor, C1, the better the
filtering action; however, there is ¢ practical lmitation to
the maximum value of the capacitor. If the peck-curmrent
Tating of the rectifier is exceeded during the charging
time for the capacitor, the rectifier will be damaged; for
this reason, o compromise in the value of the input
capacitor is necessaty in order 1o keep the maximum
charging current within the peak-current rating of the
rectifier.

The R-C capacitor-input filter is similar to the L-C
CAPACITOR-INPUT FILTER, described later in this
section, except that a resistor is used in place of the
seties inductor. Although the series resistor affords
tiltering aetion, a resistor can never be as effective
as an inducter unless g considerable d-¢ voltagedrop can
be tolerated. However, the R-C capacitor-input fjlter
circuit is an improvement over the shunt-capacitor filter,
described earlier in this section, because additional
filtering results from the added reactances of resistor
R1 and capacitor C2.

The pulsating outpus from the rectifier circuit,
which is applied to the input of the filter, can be con-
sidered as being composed of two components: an e-c
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component, represented by pulsations, and a d-¢ component,
represented by the average value of voltage (Eqv).
Because these pulsations occur at a relatively low
frequency (which is the input frequency for a half-wave
rectifier, or a multiple of the input frequency for full-wave
and other types of rectifiers), the value of the shunt
capacitors, CL and C2, is purposely made large so thot
their reactances ate very low at the pulsating (ripple)
frequency. Both the a-c and d-c components of the
rectifier output (present at the input to the filter) flow
through the filter resistor, R1; therefere, a voltage drop
occurs across R1, which results from the veltage-divider
action of resistor Rl in series with the paralle! combina-
tion of capacitor C2 and load resistance Rp. Since the
reactance of C2 is very low at the ripple frequency,
most of the a~¢ component bypasses the load resistance,
Ry, and the d-c compenent flows through the load
resistance. The efficiency of the filter depends, to
areqt extent, upon keeping the reactance of capaciter C2
very small as compared with the load resistance, Rr. The
charging and discharging of capacitor C2 tends to smooth
out the voltage fluctuations and reduce the rippie ampli-
tude (E;) applied to the load. The final result is the
waveform shown in part C of the illustsation. The average
value of voltage developed acress capacitor C2 and load
resistance Ry is always less than the average vealue of
voltage across copacitor Cl, because of the voltage drop
occurring across the tlter resistor, R1. When the load
current is even moderate, an R-C filter is not normally
used, because the voltage drop across the series
reststor, 31, becomes excessive far most applications.
The output from a pi-se€tion R-C filter may contain
an amount of ripple which is considered excessive for the
equipment application, By adding another series filter
resistor, RZ, and a shunt capaciter, C3, to the basic
capacitor-input filter, the ripple component across the
load resistance can be further attenuated, However,
the addition of series resistors increases the voltage drop
within the filter, resulting in poorer requlation and a
decrease in output voltage. For these reascns, the
number of sections that may be added, as well as the size
of the resistors, is limited. As shown in the accompanying
illustrations, the added B-C filter components, B2 and C3,
resemble an inverted letter L.

R R2

INPUT
(FROM OUTPUT
RECTIFIER cl c2 €3 BL & (LoaD)
CIRCUIT) ]\ ' I
00— 5 =

Capacitor-Input Filter with R-C Filter Section Added

FAILURE ANALYSIS.

General. The shunt capacitors are subject to open
circuits, shert circuits, and excessive legkage; the
series filter resistors are subject 10 changes in value
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ELECTRONIC CIRCUITS NAVSHIPS
and, cccasionally, to open circuits, Any of these toubles
can be eosily detected.

The input capacitor has the greatest pulsating volt-

a5e applisd 1o it is the most susceptible to voltage surges,
and ka im) tage applied; as a result, tha
nput iy subject to voltage break-

he remaining shont capacitor(s) i
1
t

t1c voligse sufges becalise

c u
the seties filter resistor{s);

Shorted capacitors or an open filter resistor will
tesiit in a no-output indication. An open filter resistor
#ill result in an ahnormally s voltage at @

P
Sallul SIS D

Lea lfv f‘a'\af‘:tors or filter resistors that have increased in
value will result in q fow d-c owtput voitage. Open
eapacliors, capacitors woich nuve 10st thelr efisctiveness,

e o Lol R ey e b
t

DIV e A TSN

= =ik ~Ta
el oy WO e

______________ ‘he ontnit of the
supply.

#ith the supply voltage removed from the ioput io the
filter circuit, one termina! of each capacitor can be
disconnected from the circuit. Each capacitor should
be checked, using a capacitance analyzer, to determine
itg effective capacitance and leakage resistance, It
is important that correct polarity be cbserved at all
times. A decrease in effective capacitance or losses
within the capaciter can cause the output 1o be below
normal and alse couse excessive nDDle amplitude. The

value of resistors can

f a suitable capacitance analyzer is not available,
an indication of leakage resistence can be obiained Ly
using an ohmmeler, Hesislance meusulements can be
made goross the terminals of the capacitor to determine
whether it is shorted, open, or legky. When tesunq
electrolytic capacitors, sel ine ohmmeler 1O the high
range and connect the test prods actoss LHe capacitor,
careful to observe polcmtv. This is 1mportant

bien pvager WY
GO Gvel nk

113 -vﬁi[u:we Ul i s

caltase electenlvtic

arder of 100.000G ohm
it no detlection i1s obtained on the onmmeter when
weking the resistance anoonen-
circuited ”C'.}JG\.,'LJI' iz ind
{". aLC‘_.u‘,‘ Lull‘ak,qlt:: i::.

ohms indicaotes that the capacitor being tested is snort-

kel -t
O (ot ?u.uuu,,; S 2070
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5y an inscircuit shuating part.} To be valid, these
capacitor checks should be made with the capacitor
zompletely disconnected from the circuit in which it
operates,

In high-voltage filter copacitor applizations, paper
and oii-tilied capacitors are usec, as also cre micq
and ceramic caoaciters (for fow-capacitance values).
in tnis onge, oolarity is of ne importance unless the
Copatitor termmuls are matked + or ~. It is, however,
good muintencice practice 1o use the output polarity of
the circuit as a guide, connecting positive to positive
znd neqgative t neqative.  Thus any effects of polarity
on circui! tests are minimized and the possibility of
G as ponents or test e"""prnent is gvoided,

o

A simple checvc which can be used to quickly deter-
mine whether o capacitor is at fault is to substitute
a known good capacitor of the same value and voltage
rating and note whetber the circuit operation returns
to normal.

L-C CAPACITOR-INPUT FILTER.

APPLICATION.
The [.-C capacitot-input filter is one of the most
commonly used filters. This type of filter is used
orimarily in radio receiver and small oudio amplifier
power cu]::;h es, and in any type of power supply where
L1 2 ) e e dl RS P

. L o b (o -:-Jnhm—)ln
Suirett 13w and the

3
WGGD TUITENY LS

CHARACYERISTICS.

Pilber iz oo Zeny O

i Hpat B
inductor, and shunt ompul caoacnor.
Filtering etticiency increases ds ripple irequency

ic incranged

Regulation of rectifier-type power supply is only

2 ralati uah oon-
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CIRCUIT ANALYSIS.
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+
INPUT

(FROM RECTIFIER ouTPUT
CIRCUIT) al ce gy, FLOABL

I CYCLE’1

T HALF-WAVE RECTIFIER ? FULL-WAVE RECTIFIER

A
UNFILTERED OUTPUT

i v
T

f HALF-WAVE RECTIFIER T FULL-WAVE RECTIFIER

VOLTAGE ACROSS CAPACITCR O

1 HALF-WAVE RECTIFIER T FULL-WAVE RECTIFIER

VOLTAGE ACROSS CAPACITOR C2

L-C Copacitor-Input Filter and Waveforms

half, but is still much less than the peak amplitude of
the rectifier-output waveform. With no filter circuit
connected across the cutput of the rectifier circuit
(unfiltered), the wavelorm has a large value of pulsat-
ing component as compered with the average {or d=) com-
ponent.

The filter shown in the schematic of the illustration
consists of an input filter capacitor, Cl, a series
inductor, L, and an cutput filter capacitor, C2, It is
called a capecitor-input filter, and is often referred
10 as d pi-saction fiiter becguse the configuration of
the schematic resembles the Greek letter 7.

Capacitor C1 is placed at the input to the filter,
and is in shunt with the output of the rectifier cir-
cuit; capacitor Cl exhibits the same filtering action
in this circuit that Tl does in the R-C CAPACITOR-INPUT
FILTER, described earlier in this section of the hand-
bock. In the capaciter-input tilter, the mafor portion
of the filtering action s accomplished by the input
capacitor, Cl. The average value of voltage across the
inpuat capacitor, Cl, is shown in part B of the illustra-
tion for the half-wave and full-wave rectifier circuits.
Note that the average value of voItage across capacitor
Cl is greater than the average value of voltage for the
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unfilterad output of the rectifier, shown in part A.

The value of the input capocitor is relatively large

in order to present a low recctance {Xc) to the pulsat-
ing current and to store a substantial charge. The
rate of charge for the capacitor is limited only by the
impedance of the a- source (transformer) and the inter-
nal resistance of the rectifier, both of which are
relatively low; therefore, the R-C charge time constant
for the input circuit is relatively short. As a result,
when the pulsating voltage is first applied to the
capacitor-input filter, capaciter C1 charges rapidly
and reaches the peck voltage within the first few
cycles. The charge on copacitor Cl approximates the
peak value of the pulsating voltage when the rectifier
is condueting, but when the rectifier output falls to
zero, the capacitor partially discharges through the
series inductor, L, and the load resistance, Ry, during
the time the rectifier is nonconducting. The larger

the value of the input capacitor, Cl, the better the
filtering action; however, there is a practical
limitetion to the maximum value of the capacitor. If
the peak-current rating of the rectifier is exceeded
during the charging time for the capacitor, the rectifier
will be damaged; for this reason, a compromise in the
value of the capacitor'is necessary in order to keep
the maximum charging curtent within the peak-current
rating of the rectifier.

The inductor (or filter choke), L, serves to maintain
the current flow to the filter output {capacitar C2 and
load resistance Br) at a nearly constant level during the
charge and discharge periods of input copacitor Cl.

The rate of discharge for capaciter Cl is determined by
the d-c resistance of the filter choke, [, and the load
resistance, Ry, in series. The average value of volt-
age developed actoss capacitor C2 and load resistance
By is somewhat less than the average voltage developed
across capacitor Cl. As the load current is increased,
the voltage drop across inductor L increases because
of the internal d- resistance of the inductor. Also,
there is a decrease in the discharge time constant for
capacitor C1 which, in tum, results in a decrease in
the average value of voltage across C1 because of the
greater discharge between rectifier pulses; thus, the
average voltage across output capacitor C2 is alse
reduced.

Seties inductor L and capaciter C2 form a voltage
divider across capacitor Cl. As far as the ripple com-
penent is concerned, the inductor offers a high imped-
ance and capacitor C2 offers a low impedance to the
ripple compenent; as a result, the ripple component,

E., appearing across the load resistance is greatly
attenuated. Singe the inductance of the filter choke
opposes changes in the value of the current flowing
through it, the average value of the voltage produced
across the output capacitor, C2, contains a much smaller
value of ripple component, E, as compared with the value
of ripple produced across the input capacitor, Cl. Since
inductor L operates in conjunction with capacitor C2, if
either filter element is decteased in value, the other
must be increased accordingly to maintain the same
deqree of filtering. The pulsctions across capacitor C2,

4-D-12




ELECTRONIC CIRCUITS

which are present in spite of the action of capacitor C1
and inductor L, cause C2 to charge and discharge in the
same mannet as Cl. The final result is the waveform
shown in part C of the illustration.

Some electronic equipments require a high degree of
filtering, while other equipments are not critical in
this respect. The cutput from o single shunt-capacitor
filter, or from an RB-C ar 1.-C capacitor-input {single
pi-section) {iiter, may eontain an cmount of ripple which
is considered excessive for the equipment application.
When this is the case, it is necessary to use additional
filtering to further attenuate the ripple component and
reduce the ripple content to a minimum. By odding
another series inductor {L2) and shunt capacitor (C3) to
the hacic caparitarinpr filtar the rinnle romnonent
qcross the load resistance can be turther attenuated. As
shown in the accompanying illustration, the added filter
components, L2 and C3, are called an L-section filter
hecause the schematic confiquration resemhbles an inverted

letter L.

o OUTPUT
RECTIFIER {LOAD }
CIRCUIT)

Capaciter-lnput Filter with L-Section Added

In o practical filter cireuit, the reactance of the
additional shunt eapacitor (C3) is much less than the
reactance of the additiona! series inducter, 1.2, ond of
the load resistance, <L. Therefore, each L-section
filter which is added lo the basic filter further reduces
the output ripple amplitude. When using o multiple-section

filter, the operating voltage may be taken from each
separate filter section. However, when the L-section
(L2 and 73} is added to the hasic Hlter circuit, the
requlation of the supply suffers, because adding resist-
anze in geries with the load rouses qrenter vatintion

of the sutpet valtoae when changes in load corrent

Loay YOLoge wael Shianges i

s This el e i ~
dogt. Thervsltaseunesulationet an

a capacitor-input filter circuit is relgt
{as compared with a choke-input filter); for '.his
reason, the use of a capacitor-input filter is usuglly
restricted to low-mirrent anplications such as
receivers, amplifiers, and the like, where the load
current is relatively constant.

Detailed Circuir Oparation. (onsider now g compieie
cycle of aperction, using a single-phase, full-wave
ractifiar cirenit to supnly the input voltage to the
filter. The rectifier voltcge is developed across
capacitor Ci. The ripple veltage in the output of the
filter is the nitermfirw commnent of the inDul volt-

e pIECt‘\Jlu(j luu.niu Lilile
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Each time the plate of uie rectifier qoes positive
with respect to the cathode, the tube conducts and C1
charges to the peak value of the voltage less the inter-
nal voltage drop in the tube. Conduction occurs twice
during each cycle for a full-wove rectifier; for ¢ BC-
cycle supply this produces a 120-cycle ripple voltage,
Although each tube alternates (first one conducts while
the other is nonconducting, and then the other conducts
while the first one is nonconducting), the filter input
voltage is not steady. As the positive conducting plate
voltage increases (on the positive half of the cycle),
capacitor C1 churges rapidly, the charge being limited
only by the transformer secondary impedance and the
tube forward (plate-to-cathode) resistance. During the
nenconducting interval {when the plate voitase drops
peiow the cupacitor charge vuiluge), 1 disditiyes

shopmoaly als and load resistance 1. The discharge

wnIougn choke ._, TN 0G0 1880

path is an R-L. long-time-constant path; thus Tl dis-
rharnes much more slowly than it charges, as indicated
by the wavelorms in the illuswration above. In this
respect, the action of Cl is similar to that of the
shunt-cepacitor filter described previously in this
section, with one exception. This exception is the
effect of choke L.

Choke L is usually chosen to be o large value, on the
order of 10 to 20 hernries, and offers a large inductive
reactance to the 120-cycle ripple compenent produced by
the rectifier. Thus esach time Cl storts to discharge,
the inertia of the choke inductance effectively opposes
a change in theripple current through L. As far as
the d~ comporent of this voitage is concamed, it
attected only by the time constant consisting of the d=¢
registance of L and Rl in series with C1.

The effect of L on the f"arﬂing of capacitor 2 must
now be considered. Since C2 is connected in parallel
with C1 through ¢choke L, any charge on €1 will glsc tend
to chorge C2. However, hoth the impedahee and resist-

-
S100

3

[ s

ance ol L are in series with C2, and g voltage div
st both the ripple {a-c) voltage and d-c output voltage
occurs. The greater the meeaonce of the chcke 1o the
ripple frequency, the less the ripple voltage appearing
across C2 and the output. The d-c output voitage i
tixed mainly by the d-c resistance of the choke. For
each specific value of curent there is o voltage 4D
across the choke, Thus the d—¢ voltage across C2 is
always less than that ocress 1 (the hcher the OULDUT
OTTRNT, e inwer ina Vf)li»lru-‘ DCIOSS 4k Since OZ
13 suppiled from Ci, whicn hos moxiuws und
voitages troduced by e charge anc diSChaige Goiivh
(the ripple voltage), CZ G‘SO foliows t"ls cnarqe and
SisCharsE TR, woe SR B O G ::

action is smoothed cut by the longer time constant.

R

N b L TE T

in rr\n F\pn{"' Tna H'Hu:ulc uyu( Fua yn..l...g_

A3 Cail be 38en

tzation above, the over-nil effect is to provide o purer
direct current (less ripple).

FAILURE ANALYSIS,

General. Shunt copacitos o

CHIS, shurt Cliculia, wid =avsesive leuklie; 5efies
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inducto:  :zre subject to open windings and occasionally
shorter  ans ¢r g short clrcuit to the core.

The i .pi. cupacitor bas the grectest pulsating volt-
aqe app. - 31, is the most susceptible to voltage
surges, - © -a: ¢ genetally higher average voltage
applied; = - cesult, the input capacitor is frequently
subject .~ 2itage breakdown and shorting. The output
capaciter . . not gs susceptible to voltage surges be-
cause 0° . protection offered by the series inductor,
but the ¢ icitor cen become open, leaky, or shorted.

A snor ed capacitor, an open filter choke, ot o
choke win .ing which is shorted to the core results in
a ne-outp .t indication. A shorted capacitor, depending
on the magnitude of the short, may cause ¢ shorted
rectifier, transformer, or filter choke. When proper
precautions are taken, it may only blow a protective
fuse. An open filter choke results in an abnormally
high d-¢ voltage ot the input to the filter and no
voltage ct the output of the filter, A leaky or open
capacitor in the filter circuit results in a low d-¢
cutpul voi.age; this condition is generally accompanied
by an excoecive rippie amplitude. Shorted turns in the
winding 2t 1 lter choke reduce the efiective inductance
of the che 2 nd decrease its filtering afficiency; as
a result, © - .ipple amplitude increases.

With t  supply voltage removed from the input to the
filter cir: 1, one terminal of each capacitor can be
disconne  ad from the circuit. Each capocitor should
be chece 1, using o capacitance analyzer, to determine
its effest /e capacitance and leakage resistance, being
careful always to chserve correct polarity. A decrease
in effective capicitcuce 2r losses within the capacitor
can zquse the cutnat ¢ 22 below normal and also cause
excessive rippie fude,

If a suitabls ~apociconce analyzer is not available,
an indication of leak7ge tesistance can be obtained by
using an ohmmeter, Tlusistance meadsurements can be made
dcross the terminals 21 the capacitor te determine
whether it is short.xi or leaky. 1f the capacitor is
of the electrolytic e, the resistance mensurement
may vary, dependicg on the test-lead polarity of the
ohmmeter. Thercioze, two measurements must be made,
with the test leass reversed at the capacitor terminals
for one of rhe mec-rements, to determine the larger of
the two tasistnnee measurements. The larger resistance
value is ti.en ‘ted as the megsured value.

A simple o which can be used to quickly determine
whetter 1 copaciior is at foult is to substitute g known
good capaciter of “he same value and voltage rating and
note whziher the circuit operation returns to normal.

L-C CHOKE-INPUT FILTER.

APPLICATION.

The L-0 cheke-input filter is used primarily in power
supplies where voltage requlation is important and where
the outpu: current is relatively high and subject to varying
load conditions. The filter is used in high-power applica-
tions such 75 those found in the power-supply citcuits of
rader and communication transmitters.

ORIGINAL
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CHARACTERISTICS.

Filter is composed of series input inductor and shunt
output capacitor.

Filtering efficiency increases as ripple frequency is
increased,

Output voltage is less than that of capaciter-input filter;
output voltage from filter approaches average value of volt-
age from rectifier at filter input.

Requlation of rectifier-type power supply is good with
this type of filter; further improvement in requlation
characteristics can be realized with swinging-choke input
inductor.

Rectifier output current approaches moximum rated cur-
rent; output current is generally greater than that of capa-
citor-input filter,

CIRCUIT ANALYSIS.

The accompanying illustration shows an L-C choke-
input filter and the waveforms obtained from o single-phase,
full-wave rectifier circuit.

+

WNPUT
{FROM RECTIFIER ¢ QUTPUT
CIRCUIT

) T RLS (LoaD)
O

- | CYCLE-——-i

VOLTAGE ACR(QSS CAPACITOR C

L.C Choke-lnput Filter and Wavetorms

The output frem a single-phase, half-wave rectifier
circuit is not illustrated because the choke-input filter is
seldom used with this circuit. - The unfiltered output
obtained from three-phase, hal{-wave and full-wave rectifier
circuits produces o higher average voltage and ripple fre-
quency; however, the principle of filter action is essentially
the same as that illustrated for the single-phase, full-wave
rectifier; therefore, these waveforms are not illustrated.

The wavelorm given in part A represents the unfiltered
output from a typical single-phase, full-wave rectifier cir-
cuit when current pulses flow through the load resistance
each time the rectilier conducts, Note thot the doshed line
indicating the average value of output voltage, Eqy, is
slightly greater (0.637) than half the amplitude of the volt-
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age peaks. With no filter circuit connected across the cut-
put of the rectitier circuit (unfiltered), the waveiorm has a
large value of pulsating component as compared with the
average (d-c} component.

The filter shown in the schematic of the illustration
consists of an input inductor or filter choke, L, ond an out-
put filter copacitor, C. The filter illustated is called a
chokeinput Blear, ond is often referred to as an L-section
filvar because the schematic configuration resembles an
inverted letter L.

Inductor L is placed at the input to the filter and is in
series with the output of the rectifier circuit. Since the
action of an inducter is to oppose any change in current
flow, the inductor teads to keep a constant current flowing
ie the load througheut the comnlete rycle of the applied
voltage. As a result, the output voitage never reaches ihe
pedk value of the applied voltage; instead, the sutput volt
age approximates the average value of the input 1o the
fihter. Alsc, the reactance of the inductor (X0 ) reduces
the amplitude of ripple voltage without reducing the d-c
output voltage an appreciable amount.

The shunt capacitor, C, charges and discharges at the
ripple frequency, but the amplitude of the ripple voltage,
E,, is relatively small because the inductor, L, tends to
keep 0 constant current flowing from the rectiffer circuit to
the load, The reactance of the shunt capacitor {Xc) pre-
sents a low impedance to the ripple component existing at
the output of the filter, and the capacitor attempts to held
the output voltage relatively constant at the average value
of the voltage. Since the reactance of the series inductor
{¥1) is qreater than the reactance of the shunt capacitor
{Xc), and the reactance of the shunt capociter (Xc) is less
than the load resistance, B, the amplitude of the rieple
frequency at the output of the filter is considerably reduced
from that present at the input to the tilter circuit. The out-
put waveform is shown in part B of the cccompanying illus-
tration; assuming a sinqle-phase, full-wave rectifier cir-
cuit, note that the trequency of the rippie voltage, Er,
is twice the frequency of the applied voltage.

Rath the outnut voltage from the filter and the peak cur-
rent of the rectifier depend upon the inductance of the choke
and the resistance of the load. The minimum value of in-
ductemee nec essary ta keep the output voltage from in-
creasing above the average value of rectified ac is called
o critieal value of inductonce, T the inductance of the

i Tter ~hoke i less than the critical value for the

circuit, the filter aots mare like 2 capacitorminnut fitrer oni
the gutput voltage will rise above the average vaiue,
The critical value of inductance is given Dy the expres-

sion:

C
T
n

lout

L, = critical inductence in heniies

Fowu: = cutpat of power supply in volts

1... - current drawn from power supply in milliamperes
An inetease in the value of choke indurrance above the
CHINICAL VGIUE Wikl UEUIEUSE dif Lutiu Ul pouh™ s wros g

rectifler current and mainivin 3 nore uniform current flow
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»f inductance
Hue of induct-

wement in per-
the optimum
s is con-

through the inductor. Increcsing the
above q certain value, called the epy
ance, does not provide dany apprecic
formance or filtering efficiency. Ir.
value of inductance for a given set 3
sidered to be twice the critical valure mance.

The value of inductonce requires iilter varies
directly with the effective lood resianu. . uiL. Since the
inductance of o filter choke varies inve scly with - dc
tiowing through it, an increase in the load resistc Causes

the ratio of peak-to-average current to decrease; asely,
a decrease in the load resistance causes the rati seak-
to-average culrent to increase.

The regulation characteristics of a power su 18ing
a choke-input filter can be improved by the us' wing-
iy Choke 35 the input inducter, & ewinging s I
rhoke whose inductance varies inversely with o)
the current flowing thiough it over the specifp ating
range. It is designed to have slightly more tha . : critical

value of inductance at full load and on cpumum value ol

inductance at no load. This characteristic maintuins the
pedk-to-average current ratio within certain limits over a

censiderable range of changing load currents, and results
in improved requlation for the supply.

The choke-input filter is widely used in electronic
equipments whete the power supply is Tequired to deljver
relatively high values of current 1o the load with g
requiation characteristics. In some cases theeg  ent

requires a high degree of filtering, while in othe. es the
equipment is not critical in this respect. The o from
a single choke-input flis {single L nlme stain
an amount of ripple which is considered excess i ihe
equipment application. When this is the case ces
y 1o use additinnal filtering to turther otte 2
sipple component. By adding encther series - L2,
and a shunt capacitor, ©Z, to the basic che ilter,
the ripple component actoss the load resist a
further atienuated, “As shown in the oocompr |Tr-
tion, the added filter components, 1.2 and 2, are 2d an
L-section filter because the schematic configura’ o
sembles an inverted letter L.
Ll ]
O—-—Nw X
|
i
INPUT i TRUT
LFROM RECTIFIER g < B o Lol
CIRCNTI : :’
| I
i i
O— & O
Choke-lInput Filter with i ided
the shunt
of the series

Thereicre,
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further reduces the output ripple amplitude, However,

when the L-section, L2 and C2, is added to the basic filter
circuit, the regulation of the supply suffers somewhat be-
cause the odded resistance of inductor L2 is in series with
the load and thus causes a variation of the output voltage
when chonges in load current occur.  Although the voltage
regulation of a power supply using a choke-input filter cir-
cuit is good {as compared with the copacitor-inpur filter),
the regulation can be further improved if inductor L1 is a
swinging choke, ‘In fact, the circult may be designed to
over-regulate, in which case the rise in average voltage
across capacitor Cl compensates for the additional voltage
drop occurzing acress inductor [2; as a result, the output
voltage tends to remain constant.

The inductance of any iron core inductor shews ¢ marked
decrease gs magnetic saturation is reached. The core of
ordinary inductors is designed so that saturation occurs at
a value just above the maximum current rating. Swinging
chokes are generally designed to have one or more dir gaps
in the laminated core. The accompanying diogram illustrates
a swinging choke which has two air gaps—one large and
one small, (The sizes of the gaps are exuggerated in the
illustration.}

LAMINATED CORE

LARGE AIR
GAP

I

T
8
—
Hllul]

-

SMALL AIR.__ g
GAP

H

Swinging Choke with Two Air Geps

The purpese of the large gap is to provide effective induct-
ance at the largest currents, while that of the small gap is
to assure high inductonce at the smallest currents. Saturg-
tion of the core starts at some specified current; at full
rated current, saturation is almost complete. Swinging
chokes are rated to indicate the variations of inductance
with variations of current through the coil. A rating of 15
to 3 henries at 25 to 250 ma, for example, means that the
value of inductance is 15 henries at 25 ma, and reduces to
only 3 henries at 250 ma. -When handling small currents,
the swinging choke functions as a conventional choke-input
filter. For larger currents, where the cutput voltage tends
to drop, the inductance decreases and the filter starts to
opproach the characteristics ot a capacitor-input filter, -
Because the decrease in Inductance permits the capacitor
to charge more neatly to the peak value instead of the
average valve, the loss of voltage in the d-c resistance of
choke L2 is thereby compensated for, and the cutpat voltage
tends to remain constant. As a result, regulation is greatly
improved,

The output voltage available from a power supply using
a choke-input filter eircuit is much less than that obtained
with @ copacitor-input filter, -However, since the input
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choke opposes a rapid build-up of current, there ore no
abrupt peak-rectifier currents with the choke-input filter, as
there are with the copacitor-input filtet. Therefore, the
rectifier can deliver a higher continuous current to the

load without exceeding its maximum safe ratings.,

Detailad Circuit Operstion. Consider now one cycle of
operation of the basic choke-input filter, as illustrated
previously with waveforms.

The input to the filter circuit is the output of the single-
phase, full-wave rectifier. The rectified pulses applied to
the filter are s shown in part A of the illustration. During
the rising portion of the input voltage, choke L produces a
back emf which opposes the constantly increasing input
voltage. ' The net result is to effectively prevent the rapid
charging of filter capacitor C. Thus, instead of reaching
the peak value of the input veltage, capacitor C is charged
only to the average value of input voltage, ' After the input
voltage reaches its peak and decteases, the back emf tends
to keep the current flowing in the same directlon, in effect
broadening the peak.

During the rising portion of the pulse, the current flow
through L is reduced, and during the falling portion of the
pulse, the current continues to rise until the diminshing
enerqy of the pulse as it approaches zero becomes insuffi-
cient to maintain the current, which then commences to
decregse.

When the next pulse starts, the back emfis still cpposing
dn increase in current, and the current continues to decregse.
(The choke, in effect, shifts the ripple peaks almost K
degrees with respect to the rectifier output.) When the
rectified pulse nears the peck value, the rate of change and
the inductive effect decreases, and once again the current
through L starts to rise. -This cycle of operation is con-
tinuously repeated during the time the circuit is enefgized
and rectified pulses are applied to choke L. -The fluctuat-
ing voltage which results from the action of choke L appears
across cgpacitor € and load tesistor Ry in parallel. The
low reactance of the capacitor to this ripple voltage effect-
ively byposses the ripple voltage to ground, so that the
amplitude of the ripple voltage in the filter output is
significantly reduced., -

The voltage across C is the d-c component or output
voltage, and is produced by the charging of C through L.
Essentially, the charging of C is controlled by the value
of the time constant, consisting of the d-¢ cheke resistance
in series with C. Such a typical time constant is on the
order of tenths of a second of seconds rather then micro-
seconds or milliseconds, Thus it takes many cycles of
operation to charge C. The dischdrging of C through the
load is usually slower than the charge time, since the load
resistance is nommally greater than that of the choke,
Therefore, the output voltage tends to remain fairly constant.
The choke-input filter is effective in reducing the ripple
voltage because choke L. and capacitor C act as an a-¢
voltage divider for ripple voltage. -With the impedance of
L high and the impedance of T low, any ripple voltage
appearing across C is small, because of the large voltage
drop actoes L, and is effectively bypossed around the load
by the low value of X..
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FAILURE ANALYSIS.

General. The shunt capacitors are subject to open
circuits, short circuits, and excessive leakage; the series
inductors are subject to open windings and, occasionally,
shorted tutps ot a short circuit to the core,

Shorted turns in the input choke may reduce the value of
inductance below the critical value of inductance; this will
result in excessive peck-rectifier current, accompanied by
an abnormally high output voltage, excessive ripple ampli-
tude, md poor voltage requlotion. Shorted turns in the
smoothing choke (in the case of @ multisection filter) will
reduce the effective value of inductance; this will result in
less filtering efficiency, with an attendant increase in the
output ripple amplitude. An open filter choke, or a choke
winding whirh is shorted to the core, will result in a no-
output condition. A choke winding which is shoited o the
core may cause overheating of the tubes, blown fuses, etc.

The shunt capacitor{s} in the choke-input filter is not
subjected to extreme voltage surges because of the protect-
ion offered by the input inductor; however, the capacitor can
become open, leaky, or shorted. -An open capacitor results
in excessive ripple amplitude in the output voltage; o
lecky capacitor resuits in o lower-than-normal output volt-
age, and a shorted capacitor results in a no-cutput condition,

With the supply voltage removed from the input to the
filter circuit, one terminal of the capacitor can be discon-
nected from the circuit. The capacitor should be checked,
using a capacitance analyzer, to determine its effective
capacitance and ledkage resistance, It is important that
correct polarity be observed at all times, A decrecse in
effective capacitance o iosses within the copusiior can
cause the filtering efficiency to decrease and produce
axcessive ripple amnlitude,

f a suitcble copacitonce analyzer is not available, an
indication of leakage resistance can be obtained by using
an ohmmeter. Hesistance mecsurements can be made
across the termingls of the capacitor to determine whether
it is shorted, open, or leaky. When testing electrolytic
capacitors, set the ohmmeter to the high range and connect
the test prods across the capacitor, being careful to observe
polarity, This is important because current flows with
less opposition through an electolytic capacitor in one
direction than in the other. If the correct polarity is not
observed, an incorrect reading will resuit, “#hen the test
nrods are first connected, a large deflection of the meter
takes nlace, and then the pointer returns smwly towuru the
inhinite-nnms position as un: CAPGCILGE CHGIGES,
good capacitor with o ruted woiking voliage of 4
dr, te final rending on e ohmikest should c
ohms. {A rough rule of mumo IOI mgn-vmru & C
is at least (UG ORMS per viil —nm :
tapacitors (below 100 volts rating) shoula indicate on e

gder ot 100,000 ohme,

ii no detlection is cuiad

Qir chmme
ing the resistance check epramed above, an open-CIrcuIted
capacitor is indicated.

A steady {ull-scole deflection of the pointer at zero
ohms indicates that the copecitor being tested ia short-
circuited.

An indication vi u lea
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[

e b T o SV P PRV
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able value. (Be certain this reading is rot caused by an
in~circuit shunting part.)’ To be valid, these capacitor
checks should be made with the capaciter completely discon-
nected from the circuit In which it operates.

In high-voltage filter capacitor applications, paper and
cil-tilled capacitors are used, as are also mica and ceramic
capacitors {for low—capocitance values). In this cose,
polcrlty is of no impariunce unless the copaciter torminale
are marked + or - It is, however, good maintenance
practice to use the sutput polarity of the circuit as ¢ quide,
connecting positive to positive and neqative to negative,
Thus any effects of polarity on circuit tests are minimized
and the possibility of damage to components or test equip-
ment is avoided, Remember-an undischarged capecitor re-
tains 1ts pola.ltv and nolds its charge for long periods of

T tha ""‘lj‘wl‘uj\‘ita"n' oohe TeIlon wWIlh

bp nafe Al
time. To be .4.“8, discn

the power OFF before connecting test equipment o dis-
connecting the capacitor.
A simple check which can be used to quickly determine
T

whether @ copactior 15 ot fowl! is 1o u;_.sh s 3 KACWR
good capacitor of the same vulus and voltage ratag and
note whether the circyit operation tetumns to nomal.

RESONANT FILTER.
APPLICATION.

The resonant fiiter is quite limited in its dpplication ¢
power-supply filter systems. It is normally used in con-
junction with L-type or pi-type filter sections, rather than
by 1tseit, smce it is designed to offer maximum attenuation

A
Q

imnln - Cnhgnf’-u

Tippd

CHARACTERISTICS.

Farallel-resonant filter is composed of an inductor and
2 copaciter in parallel: series-resonant tilter is composed of
an inductor and a capaciter in serjes.

Filter is resonant at fundamental frequency of ripple

unltnng
rouicge,

Parallel-resonant filter offers maximum impedance at
resonance; seties-resonant filter offers minimum impedance
at resonance.

CIRCUIT ANALYSIS.
General. For special applications where meximum at-

tenuauon of the rippte Ireque'nCy 18 (Iesueu U resunani

PR ;.uu_\v CLOlUIS.

" sear a
ETGUIET wElY 31TUE, ol v i,

sed b v
v with nther 4 ering sections.

frequency dre Giie

eastn, the reconmmt Hiter is apldom

et 'I‘ soed i

a:saavamage of the paruiiei~esoncnt Hlter is that the
inductance is subject 1o change when the loag cu'ren is
changed. Since the lood cwrrent must flow uougl: the i
ductor nf the :m,al el-resmcmt the' this current deter-
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Porallel-Resonent Filter. The cccompanying illustre-
tion shows a parallel-resonant filter, sometimes called a
parallel-resonant trap, Used in two typical power-supply
filter circuits.

The circuit in part A shows a parallel-resonant filter,
L1 ard Cl, used with an L-section filter, 1.2 and C2; the
the circuit in part B shows ¢ paraliel-resonant filter, L1
and Cl, used in conjunction with o shunt input copaciter,
2, and @ shunt output capacitor, C3, ‘Note that in both
filter circuits the lood current must tlow through inductor
L1 of the parallel-resonant filter.

The parallel-tuned circuit, L1 and CI, is made reso-
nant at the fundamental tipple frequency. Wnen this is
done, the fundomental ripple-frequency component is greatly

-
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Typical Powes-Supply-Filter Circuits Using
a Parallei-Resonant Filter

attenuated because of the extremely high impedance otfer-
ed by the parallel-resonant circuit. In o proctical filter cir-
cuit, the inductor is fixed in value and onre or more specific-
value capacitors are selected and placed in parallel with
the inductor to obtain exact resonance at the tipple fre-
quency. ‘In a few special cases, ond alse when the ripple
frequency is relatively high, the capacitor is fixed in value
and the inductor is made variable. “In either case, however,
if the load current through the inductor should change from
the design value of current, the inductance of L1 will
change an d the circuit will no longer be resonant at the
ripple frequency, - The circuit loses its effectiveness
rapidly as the load curent is changed from the design value
and the circuit is detuned from resonance. At resonance,
the filter offers maximum impedance to the ripple-frequency
component. ‘The filter provides less attenuation at other
frequencies; it has a progressively lower impedance, both
above and below the rescnant frequency, the farther the
frequency is from resonance. Therefore, the parallel-
resonant filter is nearly always used with additional filters
to overcome this disadvantage and effectively attenuate
harmonic frequencies. -

In the circuit shown in part A, the porallel-resonant
filter, L1 and Cl, is connected in series with the output of
the rectifier circuit and ahead of an L-section filter, 1.2 and

CRIGINAL

900,000,102 POWER SUPPLIES
2. The L-section filter circuit has the general character-
istics previously described for the L-C CHOKE-INPUT
FILTER, in this section of the handbock. The ripple-fre-
quency component from the rectifier output is attenuated
by the high impedance otfered to the ripple frequency by
L1 ¢nd CI, and the remaining fluctugtions in the form of
harmonic frequencies of the fundamental ripple frequency are
attenuated by the [~section filter, L2 and C2. - The upper
waveform in part A of the accompanying illustration shows
the shape of the output voltage obtained from a single-phase,
nalf-wave rectifier, The frequency of the a-c input voltage
is assumed to be 60 cps. When the rectified output is ap-
plied directly to the input of the parallel-rescnant filter,
the fundamental ripple component is highly attenuated in
the output of the filter. This is shown by the lower wave-
form in part A,

In the circuit shown in part B, the parallel-resonant
filter, L1 and Cl, is located between two shunt capacitors,
C2 ond C3. This filter circuit has the general charocter-
istics previously described for the L-C CAPACITOR-
INPUT FILTER, in this section of the handbook. The
tipple-frequency component which remains cfter being re-
duced in amplitude by the action of shunt capacitor C2 is
further citenuated by the impedance offered by the parallel-
rescnant filter and any remaining fluctuctions are smoothed
by shunt capacitor C3. The upper waveform in part B of
the illustration shows the shape of the output voltage of a
single~phase, half-wave rectifier, developed arrass C2.
The frequency of the g-c input voltage is assumed to be
60 cps. When the voltage developed across C2 is applied
to the input of the parallel-resonant filter, the fundamental
ripple component is greotly attenuated and appears in the
filter output as shown by the lower waveform in part B,

+
RECTIFIER
OUTPUT APPLIED
TO FILTER INPUT o
FUNDAMENTAL
RIPPLE COMPONENT = = e —E gy
IN FILTER OUTPUT o

VOLTAGE DEVELOFED
ACROSS CZ APPLIED
TG FILTER INPUT o

FUNDAMENTAL
RIPPLE COMPONENT
IN FILTER QUTPUT o

Typicol Output Wavelorms for Two Ditterent Types of Input
to the Pasallel-Resoncnt Filter
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The circuits shown in parts A and B of the illustration
above have one important disadvantage, mentioned previously;
that is, changes in load current affect the filtering effici-
ency of the parallel-resonant filter by changing the induct-
ance and thus detuning the circuit from resonance. Ina
nractical filter circuit, this effect can be tolerated for
small changes in locd current by making inductor L1 small
as compared with capaciter Cl, so thot the detuning will
be minimized.

Series-Resonont Filter. The accompanying illustration
shows a series-resonant filter, sometimes called o seriss-
resonant shunt filter, used in a typical power-supply filter
circuit,

L2 L3

INPUT
L ..L OUTPUT
{FROM RECTIFIER cz R
CIRCUIT) L tLash)

cl
5 1 .

Typical Power-Supply-Filter Circait Using o
Series-Resonant Filter

The series-resonant filter is composed of Ll and Cl in
series, The filter is used in conjunction with an input in-
ductor, L2, and an L-section filter, L3 and CZ. ‘Note that
the circult is essentially a choke-input filter with two L-
sections; the first L-section includes the series-resonant
filter used as a shunt element instead of a shunt capacitor.
The series-tuned circuit, L1 and C1, which is made reson-
ant at the fundamental ripple frequency, offers extremely
low impedance to the ripple frequency atresonance. The
bypassing action of the resonant filter to the fundamentsl
ripple-frequency component is, therefore, much better than
that obtained with a shunt capacitor alone, since the capaci-
tive reactance {Xc) of a shunt capacitor alone will narmally
be greater than the impedance of the series~resonant filter.
The filter circuit illustiated haz the some general character-
istics previously described for the L-C CHOKE-INPUT
FILTER, in this section of the handbook. The ripple-fre-
quency component which remeins alter passing through ir
ducror L2 is bypossed by the resenant filter, L1 and Cl;
the remaining fluctuations are further smoothed by the L-
section filter, L3 and C2

The series-resonant filter must always be used with an
input inductor {L2) in series with the rectifier output, if
the series-resonant filter were shunted directly across the
rectifier output, the flter would act as o short circuit (low
impedance to the fundamental ripple fequency) ond cayse

moly high rectifier medle cureenic tn flow: these aur-

o Cur
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rents, in turn, would damage the rectifier. In a practical
filter circuit, the inductor (L1} is fixed in value, and one

or more specific-value capacitors (Cl) are paralieled and
placed in series with the inductor 1o obtain exact resonance
at the ripple frequency. At resonance, the filter offers
extremely low impedence to the ripple-frequency component,
but the filter provides very little bypassing action at other
frequencies; it has u piogiessively higher impedance, both
above and below the resonant frequency, the farther ihe
frequency is from resonance. Therefore, the series-resonant
filter is always used with additional filter sections to over-
come this disadvantage and effectively attenuate harmonic
frequencies,

FAILURE ANALYSIS

Generai. When mnalyzing the foilure of 2 resonant
o perform satisfactorily, it shouid be remembered that
resgeance of the lilter is most important, and that any
rhanne in the inductonce, capacitance, load current, of
applied ripple frequency will dizectly attect the fiitering
efficiency. The inductors used in a resonant fiiter con be
checked for the proper value of inductance (no d¢) by using
an impedance bridge; the capacitors can be checked by
using a capacitence analyzer.

As previously mentioned, the inductance of the inductor
(L1} employed in a parallel-resonant filter depends on the
load current which flows through it; therefore, the load cur-
rent must be measured to determine that the current is
within tolerance in order that the parallel-resonant filter
operate effectively ond remain tuned to the fundamental
ripple freguency,

Because a resonant filter offers little attenuation to
higher-order tipple frequencies (harmonics), it s nomally
employed in conjunction with other tilter sections, such as
choke-input or capacitor-input filter sections. Therefore,
the failure analysis procedures for @ power supply filter
systerm whick contains u resonant filter ore essenticlly the
same s those given earlier in this section of the handbook
for the applicable choke-input or copaciter-input {ilter cir-

cult,







