






































































































































































































































































































































































































































































































































capacitors are increased to 100 mfds, the voltage regulation
is about 36 percent.

TV
AC

Di=D2=03= D4 2 SELENIUM, HALF - WAVE 130V rms,200Ma.

(A) Schematic Diagram

Cl=C22C3xCasC
§ \
600 -
>
8 s00 - C+ 100 MFD
P-d
[}
8 \
= \
400
g N c.qomro
3005 50 100 150 200

OUTPUT CURRENT-1p MILLIAMPERES

(B} Voltage Regulation Curves

Fig. 9-18. A Practical Voltage-Quadrupler Rectifica-
tion Circuit.

Fig. 9-18 shows the details of a practical voltage-
guadrupler rectification circuit with voltage regulation curves.

Yet another means toobtain a voltage~quadrupling recti-
fication circuit is to connect two half-wave voltage-doubler
circuits similar to that shown in Fig.9-15A with the AC input
circuits in parallel and the DC output circuits in series ad-
ditive. The circuit diagram for this arrangement is drawn in
Fig. 9-19. Again the no-load DC output voltage is 4 x 1.414
times the rms alternating current input voltage. With an input
of 117 volts AC, the DC output voltage at no load is equal to
approximately 660 volts when the potential drop across the
rectifiers is neglected.

The voltage regulation of this circuit is 85 to 90 percent
when the capacitors are identical and equal to 40 mfd; when
the capacitors are equal to 200 mfd, the voltage regulation is
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35 to 40 percent. The rectifiers are all identical and rated at
130 volts rms, 200 ma, selenium, half-wave.

* D
PEAK LIMITING
RESISTOR |[
[of
e
Hrv D _
LA x +
TO DC
LOAD
e —
=

Fig. 9-19. Another Voltage-Quadrupling Scheme.

The Ladder Circuit

Another circuit powered from the single phase AC source
provides voltage multiplication in its DC output. The configur-
ation of this circuit's diagram provides it with its fancy name
of the Ladder voltage multiplier circuit. This voltage multi-
plier rectification circuit provides a multiplier factor which
is a function of the number of rectifier-capacitor stages.

H" + TO LOAD
03 ,g28e ;!l—_: c3 4.242€
—pp— >~ TO LOAD
czlg-_l 2.828E

Laiag =i

-

E

Fig. 9-20. The Ladder Voltage Multiplier
Circuit,

The diagram of the circuit is given in Fig. 9-20, which
shows a three stage arrangement to provide a DC output voltage
whichis equalto 3 x 1,414 times the rms value of the AC input.
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Inthis circuit the capacitors may progressively decrease
in capacitance with the distance from the AC source. The
current ratings of the half-wave rectifiers may also be de-
creased in the same fashion,

In operation if we can assume that each capacitor is
very large incomparison with the capacitor in the succeeding
stage then the first half cycle of alternation charges C1 to
1.414E. In the next half cycle of alternation C2 is charged to
2.828E; and finally in the third half cycle of alternation C3
chargesto3 x 1.414E or 4.242E. Insucceeding cycles of alter-
nations the voltages across these capacitors are maintained.
It can be seen, then, that the voltage of C1 is additive to that
of C3 making the DC output voltage as seen by the load 3 x
1.414E.

The multiplification factor of the ladder circuit can be
extended with additional rectifier-capacitor stages to obtain
enormous DC potentials from the primary 117 volt AC line.
Such high voltage power sources are very useful for X-ray and
cathode-ray equipment.

Three-Phase Rectification Circuits

Three-phase rectifier circuits are but an extension of
the single-phase rectification circuits already studied. These
three-phase circuits are chiefly used for heavy currentappli-
cations in which the better efficiency and the lower ripple
component become important. The higher efficiency and the
lower ripple component in the three-phase circuit results be-
cause each phase contributes current in turn only while the
applied voltage is near the peak value. For this reason, in a
three-phase rectifier circuit capacitors or filter circuits are
not needed to achieve smoothness of rectified output which can
not be approached by single-phase circuits without the use of
such auxiliary components.

Of the large number of three-phase rectifier circuits
devised, this book will only deal with the following more useful
ones:

Three-phase, half-wave rectifier circuit.

Three-phase, full-wave center-tap rectifier circuit.

¢. Three-phase, full-wave bridge rectifier circuit with
Y connected AC source and Delta connected AC
source.

d. Three-phase, full-wave rectifier circuit with inter-

phase or balancing transformer,

S
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Three-Phase, Half-Wave Rectifier Circuit

This circuit is similar in principle to the single-phase,
half-wave rectifier circuit previously discussed. The im-
provement in the performance of the three-phase circuit over
that of the single-phase circuit is due to the overlapping of the
three-phase rectified current, resulting in an output current
throughout the entire cycle. The ripple frequency is three
times the applied frequency of the power source and its mag-
nitude is held to about 18 percent.

LOAD
MWV
—
PHASE C PHASE B8 Ipc
Dg
O¢

¢

(A) A Three-Phase, Half-Wave, Rectifier Circvit Connected
Direct to Y Connected Source.

Eac*0.86Ep, +ERrme
Iac=0.581Ipc

RIPPLE FREQUENCY= 3f
THEORETICAL RIPPLE=18%
THEORETICAL EFFICIENCY=96%

(C} Equations
Epc LOAD
Ipc + (B} ATransformer-Coupled, Three-Phase,
et Half-Wave Rectifier Circuit.

Fig. 9-21. The Three-Phase, Half-Wave, Rectifier
Circuit.

Fig. 9-21 gives the pertinent facts about this circuit.
Fig. 9-21A represents the schematic diagram of the circuit
when the power is obtained directly from a Y connected power
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source. Fig. 9-21B represents the schematic diagram of the
circuit when the power is obtained from the secondary of trans-
formers whose primaries are connected to a three -phase power
source of either the Y or delta type; and Fig. 9~21C gives the
more important formulas for the circuits shown.

0 90 180 270360

+
+ VAN
PHASE A O

s ol /N /D /N

N NI O O NS

Eoc FAWANWANTA

VAN

TIME
[« ONE CYCLE

(VOLTAGE WAVEFORMS Epc
ACROSS RESISTIVE
LOAD)

Fig. 9-22. Waveform Graphs for Three-Phase, Half-
Wave, Rectifier Circuit.

_L&
¢ _Et Epc LOAD
|

Ipc

+

{A) Schematic Diagram

+
Eac=1.44Epc+ERprms
Epc
Tac® 0.4l Ipc
RIPPLE FREQUENCY = 6¢
° TiME RIPPLE MAGNITUDE = 4%
L—-—ONE CYCLE — ———— EFFICIENCY = 99% (THEORETICAL)
(B) Output Voltage Waveform Across Resistive Load (C) Formulas

Fig. 9-23. A Three-Phase, Full-Wave, Center-
Tapped Rectifier Circuit.
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Fig. 9-22 shows graphically the voltage waveform of the
three-phase input and the resultant waveform of the output
voltage across a resistive load.

Three-Phase, Full-Wave, Center-Tap Rectifier Circuit

This circuit is derived from the single-phase, full-wave
center-tap circuit and is particularly useful when heavy recti-
fied currents at low voltage are required. A center-tap on
each phase winding of the coupling transformer secondary is
required. The complete details are shown in Fig. 9-23.

Three-Phase, Full-Wave, Bridge Rectifier

The three-phase, full-wave bridge rectifier circuit is
one of the most useful and economical circuits for heavy recti-

(A) Y Connected Source

RIPPLE FREQUENCY=6f
RIPPLE 4%
THEORETICAL EFF. =99.8%
Iac=08SIpc

Eac>0.74 Epc +ERrms

(B) Delta Connected Source

M~

ot

) __H_J_H‘ (C) Formulas
o

o

Fig. 9-24. The Three-Phase, Full-Wave
Bridge Rectifier.
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fied current requirements. It hasa high theoretical efficiency
of 99 percent and the rectified output contains only 4 percent
of ripple component. The frequency of this ripple is six times
the applied frequency.

This circuit can be used without coupling transformers
when the line voltage is of the proper level and the resulting
DC output across the resistive load is approximately the same
as the AC voltage supply level. Either adeltaor a Y connected
power source may be used. The details are shown in Fig. 9-24.

Three-Phase, Full-Wave Rectifier With Inter-Phase Transformer

Fig. 9-25 represents a three-phase, full-wave rectifier
circuit withan inter-phase or balancing transformer connect-
ing the two sets of secondary circuits. Without this trans-

THREE PHASE

PRIMARY
(A} Circuit
INTER PHASE
TRANSFORMER
Epc=17EAC
Tpc~0.287Inc
RIPPLE FREQUENCY =6t
RIPPLE 4%

(B) Formulas

H_

Fig. 9-25. A Three-Phase, Full-Wave, Rectifier Circuit With Inter-

Phase Transformer.

former, the circuit becomes a standard six-phase connection
and the current conduction occurs during 1/6 of the cycle; with
the inter-phase transformer included in the circuit as in Fig.
9-25, the current conduction period is increased to 1/3 of a
cycle, thus increasing the current rating of the rectifier output.
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CHAPTER 10

Applications of Power Rectifiers

Introduction

The chief application of metallic type, power rectifiers
is the conversion of alternating current into direct current
for any useful direct current operated device or process re-
quiring a substantial amount of DC power. For this use power
rectifiers require only the rectifying property of the metallic
rectifier assembly. The DC output ratings of such structures
range from a few volts up to several hundred volts and from
an ampere up to several thousand amperes. The power recti-
fier assembly generally contains cooling fins and the assem-
bly may use natural convection or forced air cooling; some-
times the rectifier assembly may even be immersed in anoil
bath cooling system.

In power rectifier application we usually associate the
metallic rectifier with its AC line coupling transformer, output
control means, switch gear,and, perhaps, a metering system.
Moreover, we often think of these systems as low voltage
systems — operating at outputs of a few volts, In truth, how-
ever, metallic rectifier power installations often become quite
elaborate and can supply much larger output voltages at sub-
stantial power. For example, the photographs of Figs. 10-1,
10-2, 10-3, and 10-4 show some details of a particularly well
engineered rectifier system. Fig. 10-1 illustrates one of the
three parts combined to form the DC rectifier system shown
in Fig. 10-2, This system of Fig. 10-2 has a continuous DC
capacity of 1200 amperes at 125 volts. It has been installed
at the H. J. Heinz Co. of Pittsburg as a source of power for
elevator motors. The photographs of Figs.10-3 and 10-4 are
close-ups of some of the supervisory and automatic devices
incorporated in this equipment which employs selenium recti-
fier stacks. The rear view of this equipment, also showing
the rectifier stacks, may be viewed in the frontispiece photo-
graph of this book.
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Power applications in which metallic rectifiers are em-
ployedare sonumerous and cover sobroad arange of electri-

Fig. 10-1. A Front Cabinet View of a Selenium Power
Rectifier System. (Courtesy of W. Green Electric
Company.)

cal engineering in the DC field that a complete discussion is
not only impossible, but, not necessary because it is self-
evident. However, several power applications have proven
very popular and their discussion should adequately cover this
type of application for metallic rectifiers. These popular ap-
plications for power rectifiers are as follows:

a. Storage battery eliminators.

b. Storage battery chargers.

c. Rectifier supply for electroplating.

d. Rectifier supply for DC motor operation.
e. Rectifier supply for automotive use.

f. Cathodic protection against corrosion.
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Storage Battery Eliminator

There are many DC applications wherein the use of a
metallic rectifier assembly of the power type can eliminate

Fig. 10-2. A Selenium Power Rectifier System Using Three of the
Units Shown in Fig. 10-1. (Courtesy of W. Green Electric Company.)

Fig. 10-3. Front View of Supervisory Controls on Rectifler System

Shown in Figs. 10-1 and 10-2. (Courtesy of W. Green Electric
Company.)

the troublesome storage battery if a source of AC power is
conveniently nearby. Fig. 10-5 gives an example of a battery
eliminator for use on private telephone systems, signalling
equipment, hospital signal systems, or fire alarm systems.
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The AC voltage from the power line is reduced in potential to
the required level by means of the step-down transformer T,

Fig. 10-4. Interior View of Supervisory and Automatic Controls
On Rectifier System Shown in Figs. 10-1 and 10-2. (Courtesy of
W. Green Electric Company.)

which also serves to isolate the DC equipment from the AC
line by virtue of the inductively coupled primary and secondary
transformer coils. The secondary of the step-down trans-
former is connected tothe AC terminals of the full-wave recti-
fier. This rectifier may be of the magnesium-copper sulfide

FULL-WAVE BRIDGE | Lo er OXIDE
T = -
e /uenmc RECTIFIER “"G"iﬂl‘_’;o"g”“
swimeH  (USE SELENIUM
FILTER CHOKE
— 4
(143 3
50/60 CYGLES &
* ™ P N
ELECTROLYTIC | OUTPUY
o— CAPACITOR
STEP-DOW 5

TRANSFORMER

Fig. 10-5. A Storage Battery Eliminator Circuit.

type, if low output voltage and heavy current are required or
of the selenium or copper-oxide type, if moderate currents and
low to medium values of DC output voltage are needed. The
DC output of the bridge rectifier is in turn wired to a filter
circuit consisting of a filter choke and two large electrolytic
capacitors. Thus, the output terminals of the battery elimi-
nator provide well filtered DC power, isolated from the power
line and having an output voltage and current capacity pre-
determined by design.
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The circuit design of Fig. 10-6 has an additional refine-
ment permitting a control over the output voltage from zero

STEP-DOWN
TRANSFORMER
10:1
750W
POWER BOA. 26V.
8A. UM
SWITCH  pusE :ERII.DEONEU
— RECTIFIER
NTV. E> =
50-60

CYCLES

©

T.84, O-135V.
POWERSTAT or VARIAC
S0A.
0-I10V. 0-80A.
bc bc CIRCUIT

BREAKER

! . ()
—Q© l ®
+0 DC OUTPUT -

Fig. 10-6. A Battery Eliminator Circuit With a Vari-
able DC Output Voltage of O to 10 Volts, Current
Capacity, 50 Amperes.

to the maximum desired value. This control is accomplished
without the use of rheostats or potential dividing resistances
which are wasteful of electrical power, heat generating, and
are one of the causes of poor voltage regulation in the power
supply. This source of variable DC output voltage which pos-
sesses high efficiency and good regulation is attained by means
of a variable auto-transformer of the Powerstat or Variac type
connected between the AC source and the primary of the step-
down transformer as shown. In this way the input to the recti-
fier system may be varied from 0 to 135 volts in an efficient
and continuous manner. Since the control device is avariable
auto-transformer, no wasteful heat is generated and the re-
gulation of the system isgood from zero to full load. Typical
circuit values are given for a system which can provide an
output of 0 to 10 volts at 50 amperes DC. The filter circuit
can be added to the output terminals shown if a smoother out-
put voltage is reguired.

Storage Battery Charging

Storage battery charging is another interesting and
profitable application for power rectifiers of the metallic type.
For this applicationa heavy current output at low voltage (6,12,
or 24 volts DC) is needed. A basic battery charging circuit
using a magnesium-copper sulfide rectifier is given in Fig.
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10-7. The primary power is derived from an AC source such
as a convenience outlet of a lighting circuit at 117 volts, AC.

STEP-DOWN MAX. SEC. 12.5V.@ 75 A.
TRANSFORMER /.AIN. SEC. 9.0V.@ 18 A.
/ FULL-WAVE, MAGNESIUM -COPPER

SULFIOE RECTIFIER BRIDGE
CONVECTION COOLED
SECH Y

Olerin

10 A. FUSE or
CIRCUIT BREAKER

+0

Fig. 10-7. The Basic Battery Charging Circuit, Low Amperage, Con-
vection Cooling.

The timer in the primary circuit predetermines the length of
the charge while the tapped primary permits adjusting the
charging rate. The basic circuit gives values for components
which are suitable for a low amperage, convection cooled type
of installation.

800 CFM
FAN

STEP-DOWN
TRANSFORMER

TAP SWITCH
2V,
A

o

~ CIRCUIT sEC. sV.

BREAKER b - 0-1504. Q)
oc

DATA ON TRANSFORMER SECONDARIES
MAX. 13V. 1O A.
MIN. 9V. 20A.
A FULL-WAVE MAGNESIUM-COPPER 78y, pe
SULFIDE BRIDGE RECTIFIER IN A
EACH SECONDARY.

‘L 15V,

+ é_

Fig. 10-8. A More Elaborate Battery Charging Cir-
cuit,

The circuit shown in Fig. 10-8 is an elaborate version
of a storage battery charger; besides having all of the features
of the previous basic model, it has a switching system in the
output circuit to permit charging either 6 or 12 volt batteries.
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At 6 volts the circuit's capacity is 150 amperes; at 12 volts
the current capacity is 75 amperes. For this installation forced
air cooling is necessary inorder tomaintain the rectifier oper-
ating temperature within safe limits. The electric fan is rated
at 800 cubic feet per minute.

TABLE FOR LEAD-ACID TYPE STORAGE BATTERY

DC CHARGING RATE CONTROLLED BY PRIMARY TRANS. TAPS.
MAX. DC CURRENT BASED ON 2.35 VOLTS PER CELL PLUS
| VOLT DROP IN CONNECTING LEADS.

MIN. DC CURRENT BASED ON 2.2 VOLTS PER CELL PLUS
| VOLT DROP IN CONNECTING LEADS.

. DC Charging Transformer Secondary Data
No.of | Nominal [ pote ~ Amps | Voltage Range
Lead-Acid| Battery Mox No-
Cells Voltage | Mmgx. | Min. | Max. Min. Load Amps
Top Tap
10.5 0
2 4\V. 10 6.8
80 9.7 10
14 0
3 6V. 10 9.3
80 13 1o
17 [o]
3 6V. 10 10.5
100 15.5 140
20 o]
4 8V. 10 13.5
100 18.5 140
28 o]
6 12 V. 10 19
180 25 140
30 o]
6 12V. 10 20.5
100 27.5 140

Fig. 10-9. Charging Rate Table With Transformer Secondary Data.

An interesting storage battery charging table is given
in Fig. 10-9 correlating the battery voltage against maximum
and minimum charging rate and the required transformer
secondary data. This design data is intended for use with the
magnesium-copper sulfide type rectifiers.

DC Supply for Electroplating

The use of metallic rectifiers in DC power supplies for
electroplating, electrocleaning, and anodizing was somewhat
new before World War II, but "three-shift" operation during
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the war and their expanded usage after has firmly established
them a place in this field.

POWER
SWITCH

STEP-DOWN
FULL-WAVE

POWER
TRANSFORMER METALLIC
RECTIFIER

FUSE or
CIRCUIT
BREAKER

HnT V.
AC

VARIABLE
AUTOTRANSFORMER

PraK IEJ]

Fig. 10-10. A Single-Phase, Full-Wave Electroplating
Circuit.

For this electro-finishing application the single-phase,
full-wave rectification circuit of Fig. 10-10 is satisfactory for
small jobs. It simply involves a means to control the output
(the variable autotransformer),a power transformer to reduce
the line voltage down to the required lower voltage, a full-wave
metallic rectifier, and an ammeter and voltmeter to measure
the DC output. Suchanarrangement canbe compact, noiseless,
and simple to use. A portable unit can easily have a rated
output of 6 volts at 25 amperes, DC. Other single-phase
electro-plating power units are being manufactured with
current capacities of up to 150 amperes at 6 volts and with
reduced current ratings at the higher voltages of 12, 18, 24,
and 48 volts.

Single-phase, full-wave rectification power units are
satisfactory for most electroplating, cleaning, and anodizing;
often in hard chrome plating which usually requires high
current densities and less AC ripple in the output, three-phase
type power rectifier circuits are used. Electro-plating recti-
fiers with DC output ratings over one kilowatt are also manu-
factured in the three-phase designso as to attain efficient and
balanced connection to the factory three-phase power supply
of 220, 440, or 550 volts AC.

Fig. 10-11A shows the diagram of the three-phase, half-
wave rectification circuit; and Fig. 10-11B the three-phase
bridge circuit. Louis W. Reinkin, chief engineer of W. Green
Electric co., N. Y. in his series of articles entitled "Rectifiers
for Electro-plating"”, starting with the February, 1947, issue of
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the magazine ""Metal Finishing"*, stresses a good point when
he states that he prefers to call the circuit of Fig. 10-11A a
three-phase star circuit rather than a three-phase, half-wave
rectification circuit. His reason for this preferenceis that it
is common to associate poor efficiency and performance with
half-wave circuits of the single-phase type. A three-phase
star circuit (three-phase, half-wave) is entirely satisfactory
for electrofinishing and is considerably more efficient than a
single-phase full-wave bridge circuit. The three-phasebridge
circuit of Fig. 10-11B requires six rectifier arms in place
of the three half-wave assemblies of the star circuit of Fig.
10-11A for the same output current, but twice the output voltage
of the star circuit can be obtained.

THREE - PHASE RECTIFIERS THREE-PHASE
POWER al POWER RECTIFIERS
Pt
al il
A A L S|
B B
all st
¢ [ M d
al
La §
ol »l
L B B
- + - +
| (| [
TANK TANK
(A) Three-Phase, Half-Wave or “Star’' (B) Three-Phase Bridge Circuit.
Circuit.

Fig. 10-11. Three-Phase Electrofinishing Circuits.

In three-phase applications of the metallic rectifier,
either circuitof Fig.10-11 is satisfactory for electrofinishing
and the final choice is dependent upon the rectifier type selected
and the DC output voitage required.

If the plating power supply uses copper-oxide or mag-
nesium-copper sulfide type rectifiers, the three-phase bridge
circuit is commonly employed because the lower voltage rat-
ings of these rectifiers make it necessary touse the same total
number of rectifier plates for the star circuit and the star
transformer is more expensive to build. When selenium recti-
fiers are employed for the plating power plant, their higher

*Published by The Finishing Publications Inc. Westwood, N. J.

187



voltage ratings per plate (26 volts rms) permit the efficient
application of the star circuit for DC outputs up to 6 to 8 volts,
since the bridge type circuit requires twice as many plates and
would be less efficient than the star circuit. Above 8 voltsDC
output the desirable choice for any type of rectifier is the bridge
circuit.

TO PLATING TANKS
—_—

Fig. 10-12. Method of Paralleling Rectifiers for
Greater Current Capacity.

Power rectifier assemblies for electrofinishing are
available in a wide variety of voltage ratings and current ca-
pacities; the 6 volt rating is the most widely used. At this
voltage rating units are available with current capacities from
1000 to 5000 amperes. Higher current capacities may be ob-
tained by connecting two or more of these rectifier power
supplies in parallel. Fig.10-12 illustrates the proper polar-
ities to observe when paralleling rectifier units and applies
for a system having an output rated at 6 volts, 3000 amperes
DC, obtained from three unit assemblies rated individually at
6 volts, 1000 amperes DC.

The series connection of two or more identically rated
rectifier power supplies is useful when an output voltage higher
thanthe rating for the individual unitisrequired. For example,
if a DC output of 18 volts at 1000 amperes were necessary,
this could be secured by connecting the three power units of
Fig. 10-12 in series in the conventional fashion of positive
terminal to negative terminal and so on. Series connected
rectifiersare particularly useful for anodizing where the final
operating voltage for the process is required to range between
40 and 48 volts.

Electrofinishing equipment has to be carefully designed
to protect the operator from electrical shock hazards and the
power supply components from the corrosive liquids and
atmosphere common to suchoperations. The installations can
become somewhat elaborate too, with the switch gearing,
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meters and the automatic controls. Electric timing meters,
which are preset by experience, may be employed for timing
the electro-finishing process or amperehour controls may be
used which shut off the plating current after a predetermined
quantity of amperehours has elapsed rather than an arbitrary
time interval. Amperehour control is more desirable for if
the voltage, bath temperature,and bath composition are main-
tained reasonably constant, then the plating thickness can be
closely controlled by the setting of the amperehour meter.

Power Supply for DC Motor Application

There are many fields of application for an adjustable
speed motor. Although it might appear that this need could be
fulfilled by means of a variable autotransformer of the Variac
or Powerstat type feeding an AC motor of the series or re-
pulsiontype, experience has proven that this arrangement while
satisfactory at constant loading will produce wide changes in
speed under varying load.

DC motors, particularly the DC shunt or compound type,
provide better speed regulation and wider speed range as ad-
justable or variable speed drives. The problem then is a DC
power supply to drive the shunt or compound motor. Againthe
metallic rectifier lends a hand with the help of the variable
autotransformer to facilitate an economical answer to the pro-
blem described above. Inthese arrangements of variable speed
motors an adjustable autotransformer of the Variac or Power-
stat type feeds a full-wave rectifier bridge to supply thereby
a variable armature voltage of 0 to about 125 volts DCto a DC
shunt or compound motor. The field of this motor is usually
maintained at a constant value with full excitation over the
speed range. Sometimes, this field excitation may be reduced
to a lower constant value to provide another and higher speed
range. Such a system as described provides a speedrange of
15 to 1 to as much as 50 to 1. The commercially available
variable speed power units fulfilling this system control motors
upto 1/3 horsepower and are compact enough to be conveniently
installed on the bench near the device to be operated by the
variable speed motor.

Applications for which this type of motor controls are
especially suitable are: coil winding machines, small lathes,
drill presses, and other light machine tools where easily con-
trolled shaft speeds are a requirement or a convenience.
Where timing of an operation must be adjustable over a wide
range as inelectroplating, blue printing machines, and photo-
graphic developing; this type of motor control is suitable. In
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variable speed systems where the load is practically constant,
the motor speed will be maintained very close even for small
line voltage variations. The reason for this is that in a shunt
motor the change in the field excitation partly compensates
the armature variation.

CHOKE
7000
ARMATURE
FULL-WAVE \
v, SoRIoeE &
50/60 !
cYCLE + i
]
DP.DT. DIRECTION
VARIABLE REVERSING SWITCH
AUTO
TRANSFORMER
FULL-WAVE
SELENIUM
) BRIDGE SHUNT
¥ FIELD

Fig. 10-13. A Speed Control Circuit for a DC Motor
Fed From an AC Source.

Fig. 10-13 shows the circuit connections for a metallic
rectifier speed control suitable to power a DC shunt or com-
pound motor. You will note that separate full-wave bridge
rectifiers are used to supply the armature and shunt field in-
dependently. In this way the armature voltage may be varied
from O to about 125 volts DC, while the shunt field voltage is
kept constant over the speed control range. The double-pole
double-throw switch provides a means toreverse the direction
of rotation of the motor armature while the choke in series
with the armature serves to maintain a low ripple current in
the armature circuit as well as improve the speed regulation.

FULL-WAVE

SELENIUM

PO‘;I'ER / b3

1| AMPERE CONTROL
SWITCH DC OUTPUT J RHEOSTAT

100 WATTS
200 OHMS
MAX,

nrv. 8
Ac SHUNT
FIELD

Q0000 -

oo V.

° ARMATURE

176 HP. SHUNT MOTOR

Fig. 10-14, A Simple Variable-Speed Drive Circuit.

A simpler circuit for controlling the speed of a DC motor
retains most of the previous advantages but its speed range
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and regulationare impaired somewhat. It is more ecomical of
rectifier bridges and does not use a variable autotransformer
but a less expensive rheostat. This circuit is shown in Fig.
10-14 and has been successfully employed with shunt motors
of 1/6 horsepower over a speed range of 5 to 1 without com—
pensation for the voltage loss through the full-wave rectifier
bridge. The full-wave rectifier is rated at 135 volts rms maxi-
mum. At 117 volts rms it has a DC output of 100 volts at 1
ampere. Incontinuous application both the motor and the recti-
fier run cold at any position of the speed control.

Rectifier Supply for Automotive Use

This application does not fulfill the statement in the intro-
duction of this Chapter — that of being a current popular use
for power rectifiers of the metallic type, but it is likely to
prove an important factor in the automotive field in the near
future. It is well known that all of the electrical equipment on
automotive vehicles is powered from the storage battery and
DC generator; the generator also serves to maintain the bat-
tery's charge. Recently the electrical demand upon this battery-
generator system has increased so greatly that it isbecoming
more difficult to design economical DC generators which can
handle the needs of the new electrical accessories mounted
upon the vechicles. The commutator and brushes of the DC
generator are especially expensive to build — along with the
increased maintenance problems.

The idea being tested which involves the metallic recti-
fier is to use analternator whose outputis rectified by a full-
wave bridge type rectifier. This combination offers economi-
cal design, less rotating and moving parts to maintain (for there
are no brushes and commutators), automatic and better voltage
regulation with varying engine rpm, and automatic reverse
current protection. In addition, it is feasible to use the AC
output directly for such electrical equipment as the radio,
lights, electric gauges, heater, and windshield wiper withbene-
ficial results in cost and service.

By careful design of the alternator, it is possible to ob-
tain almost constant voltage output without the troublesome
electro-mechanical voltage regulator used with the present DC
generator and storage battery combination. This feature alone
results in longer electric light life and simple design for the
electrical fuel, oil pressure, and engine temperature gauges.

A simplified circuit presenting the basic idea of the full-
wave metallic rectifier applied in the automotive field is given
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in Fig.10-15. This figure is self-explanatory; however, it is
to be noted that the rectifier bridge because of its unilateral
conductivity acts as a reverse current cut-out relay, since it
prevents the storage battery from discharging back into the

stator windings.
g STATOR
WINDING
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ROTOR
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Fig. 10-15. Metallic Rectifier Application in
Avutomotive Vehicles.

Several of the large automotive vehicle manufacturers
have been running road tests on cars equipped with metallic
rectifier systems similar to that described above and thereis
a good possibility that this versatile power rectifier may soon
invade the automotive field.

Cathodic Protection Against Corrosion

The last application of metallic rectifiers of the power
type to.be discussed in this section is cathodic protection
against corrosion. This is the protection of metallic struc-
tures which have to be buried in soils or immersed in water,
for example, oil and gas pipe lines, bottoms of metal storage
tanks, lead sheathed cables for telephone and electric power
work, water tank installations, submerged portions of building
structures, and the like.

Any metallic structure buried in soils or immersed in
water is subject to corrosion because destructive electric
currents which are generated by chemical action between
structures and the surrounding electrolytes strip off minute
particles of the metal until the buried metallic structure, pipe,
steel beam, or metal surface becomes so weakened that it is
eventaully destroyed. Hence, corrosion of buried or submerg-
ed metal is the result of electrical current flowing from the
metal into the surrounding soil or water. This current flow
carries metal particles of the structure away from it in minute
quantities and the result is corrosion or electrolysis. Over a
period of time this electrolytic action will result in leaks in
pipes or disintegration of metallic structures which have to
be buried or submerged. This electrolytic corrosion can be
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overcome if direct current can be induced to flow from the
surrounding soil or water toward the metal pipe or structure
being protected instead of away from it. This type of protection
is called cathodic protection and involves the flow of direct
current through the soil or water to the entire exterior of the
structure or a current flow direction opposite to that of the
corroding current.

For this type of protection a continuous and economical
source of DC is required; this is easily secured from metallic
rectifiers, particularly of the selenium type. Usually, the in-
stallations for this type of service operate at a voltageof 2 to
12 volts and at a current capacity of from 10 to 1000 amperes
depending upon the surface area to be protected.

POWER
TRANSFORMER
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Fig. 10-16. Cathodic Protection of Buried
Metal Pipe.

Fig.10-16 illustrates an installation designed to protect
a section of metallic pipe buried in the soil and carrying oil,
for example. The corrosion of this pipe can be caused by stray
or electrolytic DC currents flowing away from this pipe. This
galvanic action may be counteracted by making the pipe negative
(cathodic). To do this requires an external source of electric
potential applied between the pipe and earth, forcing the pipe
potential below the earth potential and maintaining it there.
To do this, an AC source is coupled to a power transformer,
to the secondary of which is connected a full-wave metallic
rectifier. The positive terminal of the rectifier is connected
to a number of grounding plates, while the negative terminal
is connected to the pipe as shown. Direct current flows from
the rectifier to theground plates buried at a suitable distance
from the protected pipe, through the earth to the pipe and back
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to the rectifier again. This system renders the pipe cathodic
to the soil electrolyte and protects it against corrosion.
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CHAPTER N

Applications of Small Current Rectifiers

Introduction

Small current or power rectifiers have been classified
as those having a DC output of one ampere or lower. While
these metallic rectifiers can be any one of the three types pre-
viously discussed (copper-oxide, magnesium-copper sulfide,
or selenium) and of the half-wave or full-wave structure, they
are generally designed for single-phase operation. The most
popular type employed for applications requiring this current
capacity is the selenium. Compactness, light weight, low cost,
and satisfactory voltage rating are the chief reasons for this

Fig. 11-1. A Small Selenium Power Rectifier. (Cour-
tesy of Federal Telephone and Radio Corp.)

choice. The photograph of Fig. 9-1 displayed one example of
such rectifier assemblies. If the structure is selenium, stock
assemblies rated at 130 volts rms maximum, half-wave,
single-phase, are easily and economically available from most
electronic supply dealers and cover current capacities of 25
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to 1000 milliamperes. As an example, the physical size of a
500 milliampere selenium rectifier assembly consisting of a
5 plate structure is 1 1/2 x 3 inches with a stack height of
1 5/16 inches. Fig. 11-1 illustrates a single-phase, half-wave
selenium rectifier rated at 130 volts rms maximum, with a
current capacity of 100 milliamperes DC. It consists of 6 se-
lenium plates assembled upon an insulated bushing with two
terminal members soarranged that soldering the rectifier into
an application circuit will not damage the active rectifier areas
by overheating. The physical size of the plates are 1 x 1 inch
and the overall stack height is about 3/4 inch. This type of
power rectifier is used in great numbers in power supplies
for radios, television receivers, amplifiers,and other electri-
cal devices requiring small amounts of DC power. A few ex-
amples from some of the more useful applications will illus-
trate their deserved popularity.

DC Power Supply for Electric Shavers

Most electric shavers use AC topower the internal elec-
tric motors whichare designed to operate on either AC or DC.
If a DC supply were always available these shavers could pro-
vide a more smoother, comfortable shave because the speed

| A. FUSE /or CURRENT LIMITING
RESISTOR.

100 Ma. 130V rms
[SELENIUM RECTIFIER

|I / / /—PLASTIC HOUSING

8 L+
PLUG TERMINALS MFD s, DC RECEPTACLE FOR
FOR 117V AC 250V'= SHAVER MOTOR
- 117V@ 100Ma. DC

Fig. 11-2. A Selenium Rectifier Power Converter
for Electric Shavers.

and performance of the shaver motor can be improved by a
factor of as much as 25% by applying DC in place of the us-
ually available AC. Any converter device for this application
would have to be inexpensive, compact, and immediately ready
for operation upon the application of AC power. The small
selenium rectifier has provided a suitable solution to this
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problem. The shaver converter is available in a compact plas-
tic housing which has means to plug into the convenience outlet
of a 117 volt AC supply. A receptacle in this plastic housing
is the DC source of power for any AC/DC shaver and about
115 volts at 100 milliamperes of rectified and filtered DC is
supplied under load conditions to atypical shaver motor. The
circuit is given in Fig. 11-2. As shown in this diagram, the
fuse and current limiting resistor may be combined. The pur-
pose of the 8 mfd 250 volt electrolytic capacitor is toprovide
smooth delivery of DC power over both the conducting and
non-conducting half-cycles of the applied input in the manner
discussed in Chapter 9.

DC Power Supply for Phonograph Amplifier

Most compact electrical phonographs are designed to
cortain in a suitable housing about the size of a typewriter case
the motor driventurntable, a tone arm carrying a crystal cart-
ridge with its stylus structure, anelectronic amplifier,and the
loudspeaker. The device is intended for operation on AC be-
cause the shaded pole motor used in suchapplications runsthe
turntable at approximately the 78 rpm despite line voltage
changes of reasonable magnitude. The electronic amplifier,
however, even though it may involve only one radio tube, will
need DC voltages to polarize and power its electrode elements.

QUTPUT
TRANSFORMER
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s T2

400V
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Fig. 11-3. A Phono Amplifier Using a Selenium Rectifier Power
Supply.
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This DC supply should be inexpensive, compact, and efficient
S0 as tominimize heat dissipation within the confined cabinet.
A selenium type small power rectifier will be suitable and a
typical diagram of such an application is shown in Fig. 11-3.
The turntable motor is driven by the 117 volts AC input
of suitable frequency, usually 60 cycles per second. The
electronic amplifier, however, requires DC potentials which
are obtained by means of the half-wave selenium rectifier
which is rated at 130 volts rms at a current capacity of 50 to
100 milliamperes. The output of the rectifier is well filtered
by means of two stages of resistance-capacitance filters to
minimize electrical hum in the loudspeaker. This wellfiltered
DC source then powers the elements of the tube which drives
the loudspeaker when the electrical signals from the crystal
cartridge are applied to the control grid of the tube.

Power Supply for Small Electrical Devices

Frequently, it is necessary to power some DC actuated
device when the only convenient power source is the AC line.
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SELECT SELENIUM RECTIFIER SR WITH ADEQUATE CURRENT
RATING FOR DESIRED CURRENT OUTPUT.

SELECTION CHART FOR CAPACITOR C
ELECTROLYTIC RATED AT 250V

CURRENT OUTPUT REQUIRED C IN MFD
oc
250 Ma. 40
300 Ma. 50
350 Ma. 60
400 Mo. 70

Fig. 11-4. A Selenium Rectifier Power Supply
Suitable for Small Electrical Devices.

Such devices may be small motors, DC electromagnets, relays,
and the like. A suitable power conversion device for theseap-
plications giving the appropriate circuit constants for a number
of current capacities is given by Fig. 11-4. The arrangement
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uses the familiar half-wave selenium rectifier consisting of a
5 plate assembly and has a DC output rating of about 120 volts.
The 0.01 mfd micacapacitor which is shunted across the DC
output terminals is not absolutely necessary for the proper
functioning of this power supply, but it does minimize line
carried electrical disturbances of impulse or high frequency
character which may upset the operation of the DC device
powered from this supply. Otherwise, the operation of this
circuitis as described in Chapter 8, under the heading ''Single-
Phase, Half-wave Rectifier with Capacitor'.

DC Supply for Magnetic Chucks

Grinding and polishing machines require magnetic
chucks to hold the work pieces in place during these opera-
tions. A metallic rectifier system for supplying the DC power
necessary has the advantage of simplicity, no waiting time for
heater warm -up (as in tube type rectifiers), compactness, and
practically zero maintenance. A satisfactory circuit to supply
280 volts at 500 milliamperes DC is diagrammedin Fig.11-5.
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SWITCH 80
=, MFD
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MFD 280V DC
SR "r- 450v 500 Ma.

Hrv
AC

SR~HALF-WAVE SELENIUM RECTIFIERS

Fig. 11-5. Selenium Rectifier Power Supply for a Magnetic Chuck.

This circuit uses the principle of the voltage doubler scheme
previously discussed to secure an output voltage greater than
the AC input without the use of step-up transformers.

AC-DC Radio Power Supply

The next application of small power rectifiers of the
metallic type to be discussed here involves radio receivers,
usually, of the "table' type which are so designed to operate
on either an AC or DC supply of 117 volts without switching
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or relay devices. With this type of universal supply on DC it
is only necessary to be sure that the plug on the end of the
power cord is inserted into the line receptacle correctly so
as to match the positive polarity of the power line with the
positive polarity of the plug terminal. No damage is done if
the plug is reversed on the first try except that the radio will
not operate after the usual warm-up time has elapsed. It is
then necessary to'"reverse' the plug in the line receptacle to
ensure proper operation on the DC supply. The rectifier which
is used in this type of circuit serves no useful function on the
DC supply. If the same plug is now insertedintoan ACrecep-
tacle, the AC-DC radio receiver still operates properly and
in this case the rectifier and its associated filters are doing
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Fig. 11-6. An AC-DC Radio Power Supply Using Selenium Rectifiers.

the work to make this possible. The circuit is given in Fig.
11-6. The heaters of the four conventional radio tubes used
for radioreception are wiredin series with a current limiting
resistor, and pilot light across the power line when the power
switch is actuated.

Television Power Supplies

A power supply commonly used in television receivers
is a half-wave, voltage-doubler circuit using two selenium
rectifiers. A circuit employing this method is shown in Fig.
11-7. In this circuit, a filament transformer is used to supply
one 12.6- and two 6.3- volt sources for tube filaments.

The 5- ohm resistor R1 functions as a current limiter
which opposes the initial surge current occurring when ca-
pacitor C1 first charges. This resistor also acts as a fuse
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and protects some of the more expensive components in case
a short circuit develops across the output load.

FOCUS
CONTROL

ON- OFF
SWITCH
FILAMENT
TRANSFORMER

12.6VAC

6.3VAC

Fig. 11-7. Half-Wave, Voltage-Doubler Circuit Employing Selenium
Rectifiers, Used in Television Power Supplies.

One of the simplest and perhaps the most popular low-
voltage power supply used in TV receivers is the half-wave

O 130V
1AMP Sn
FUSE
T
ON-OFF =

SWITCH SV

SERIES 600 MA
FILAMENTS

Fig. 11-8. Conventional Half-Wave Rectifier System Using Selenium
Rectifiers.

rectifier system shown in Fig.11-8. Somewhat larger values
in the filter network are required for a circuit of this design.
The receiver used in this example employs a series filament
string; and is typical of the newer chassis designs.

Sarkes Tarzian, Inc. has made available a unit which
will enable the service technician to plug selenium rectifiers
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into a set in the same manner that tubes are inserted. This
conversion chassis Model CC-1, together witha pair of typical
selenium rectifiers may be seen in Fig. 11-9.

Fig. 11-9. A Pair of Selenium Rectifiers Together
with Conversion Chassis Model CC-1 Made by Sarkes
Tarzian, Inc.

Fig. 11-10. View of Conversion Chassis with Recti-
fiers in Place.
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Fig. 11-10 shows the rectifiers after they have been
plugged into the conversion chassis. The only step necessary
before the rectifiers can be plugged in is to twist the positive
terminal on each rectifier 90 degrees. Twisting the lug inthis
way ensures that the rectifier will always be in the correct
polarity when it is inserted.
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CHAPTER 12

Instrument Recdtifiers

Introduction

The usual type of instrument used in the measurement
of voltage and currentin alternating current circuits depends
upon the moving iron vane principle. In this type of meas-
uring instrument the voltage or current to be indicated ener-
gizes a solenoid within the instrument case which in turn
reactsupon a pivotediron vane carrying with it the instrument
pointer. Although such instruments are rather accurate
(1 to 2%) and are commonly used for measurements in AC
circuits, there are three major limitations accompanying
their usage: first, considerable power must be '"robbed"
from the circuit in which it is desired to make the measure-
ment, that is, the instrument sensitivity is poor; second, as
compared with the linear scale properties of DC instruments,
the scale of commonly used AC instruments is nonlinear and
rather crowded at the lower end. Fig. 12-1 shows a com-
parison of the linear scale of a 0 to 1 volt DC voltmeter to
that of an AC voltmeter of the moving vane type covering the
same voltage range. The third limitation of commonly used
AC measuring instruments is the narrow frequency range;
the frequency response of the moving vane type AC meter
is limited to a few hundredcycles at most — usually about 125
cycles per second.
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Fig. 12-1. Scale Comparison of AC and DC Meters.

These disadvantages, namely, excessive power con-
sumption, nonlinear scale spread, and limited frequency
response may be overcome by using the more sensitive meter
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movement of the D'Arsonval type equipped with instrument
type metallic rectifiers to permit operation on AC circuits.
It is true that the accuracy of this type of AC meter is not
as good as that obtained from the moving vane type and that
means must be provided for compensation of certain condi-
tions, yet for many electronic and communication circuits,
the loading presented by moving vane instruments allows no
readings at all or readings in error by several hundred per
cent. Hence, the 3 to 5% error normally attributedto rectifier
meter type of AC instruments becomes quite attractive.

RECTIFIER D'ARSONVAL
METER

Fig. 12-2, Rectifier Type AC Volt-
meter.

SCALE
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RESISTOR

INPUT TERMINALS [e]

Fig. 12-2 shows a simple circuit for converting a
D'Arsonval meter movement into an AC measuring instru-
ment — in particular an AC voltmeter. The arrangement
consists of a calibrating resistor, half-wave metallic recti-
fier, and a D'Arsonval meter, all connected in series. The
rectifier converts the alternating currentinto pulsatingdirect
current, the moving coil meter indicates the average value of
this current, andthe calibrating resistor establishesthe value
of the AC input potential necessary to deflect the meter
pointer to full scale.

Using Fig. 12-2 as our pattern for rectifier type AC
measuring instruments, we can see that they consist essen-
tially of a device for rectifying the alternating current and a
moving coil meter to indicate the value of the rectified direct
current supplied by the rectifier. The moving coil meter is
a current operated device, commonly a microammeter or
milliammeter movement, wherein the deflection of the indi-
cating pointer is proportional to the current flow through the
moving coil. Therefore, the sensitivity of the rectifier meter
combination is determined by the ratio of the forward to re -
verse current that the rectifier is capable of producing in the
moving coil of the meter. This ratio depends upon the recti-
fier type selected and upon the circuit in which the rectifier
is used.
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Some Required Properties of an instrument Rectifier

The metallic rectifiersused in rectifier type AC meters
are called instrument rectifiers; although they operate on
the same basic principle of unidirectional conductivity common
to all metallic rectifiers, their successful operation for in-
strumentation purposes requires certain properties not neces-
sarily important in other rectifier applications. The more
important of these properties are: no threshold effects,
permanence in characteristics,and high efficiency and stability.
Without getting too involved into the ideal requirements of an
instrument rectifier, we know that the above considerations
limit our selection of the type to that of the copper-oxide
rectifier.

This type metallic rectifier is the only one of the three
types previously discussed which does not exhibit some
threshold effect, that is, it does not require a critical value
of input or applied voltage before current conduction results.

By requiring permanence of characteristics as a pro-
perty in the desired rectifier for instrument application, we
mean minimum '"aging" or changes inthe electrical properties
of the rectifier after it has been applied and calibrated into
the meter circuit.

By high efficiency we desire a high ratio of forward to
reverse direct current; and by stability we desire minimum
changes in rectifier properties due to external effects, such
as temperature, atmospheric conditions,and the like.

From our previous study of metallic rectifiers we
learned that the process of rectification depended upon the
property known as unidirectional or unilateral conductively;
moreover, we found that this "unilateral conductivity' is not
perfect — that there is always some current flowing through
the rectifier in the reverse direction when the applied po-
tential is reversed, as when applied in an AC circuit. Thus,
whereas the ideal instrument rectifier should have the volt -
ampere characteristics shown in Fig. 12-3A, in practice this
characteristic is more nearly like Fig. 12-3B.

The ideal characteristic shows no leakage or reverse
direction current flow, no threshold effects, and a linear
forward current flow with the applied forward potential. The
characteristic of available instrument rectifiers show that
as the reverse potential is increased, an increasing amount
of leakage current flows and that, although there is no prac-
tical threshold effect, if the copper-oxide type of rectifier is
used, the forward characteristic is not linear; for equal in-
crements of applied voltage more current flows at higher
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levels of potentials than for lower levels of potential. The
undesirable leakage currentof the practical rectifier reduces
its efficiency and complicates its application in multi-range
instruments. The non-linear forwardcharacteristic makes it
more difficult to approach linear AC scales and conformity
of scales between ranges of multi-range AC meters; however,
both of these effects canbe compensated in instrument appli-
cations.
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(A) Ideal Characteristic. (B) Practical Characteristic.

Fig. 12-3. Characteristics of Theoretical and Practical Instrument
Rectifiers.

By requiring permanence in the instrument rectifier,
we want minimum drift or aging in the rectifier so that the
factory calibration of the rectifier meter combination will be
retained. Aging in metallic rectifierscan be caused by mech-
anical damage, chemical action, improper processing during
manufacture, or overheating the active areas when soldering
the rectifier into the application circuit.

The reader will recall that the unidirectional conducti-
vity of the copper-oxide rectifier is due to the copper-oxide
barrier layer; this layer is of a crystalline nature. All
crystals are solids and their forms can not be changed by
mechanical means without fracturing the crystal. In the
crystalline layer which represents the rectifying or barrier
junction in the metallic rectifier, any mechanical stresses
which cause even slight deformation of the rectifier disc will
tend to produce minute cracks in the crystals forming the
barrier layer. These minute cracks or fractures in the
crystalline layer cause permanent changes in the electrical
properties of the rectifier. For this reason, rough handling,
subjection to mechanical stresses,or inaccurate dimensions
in manufacture, which result in areas of uneven compression
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upon the assembly of the rectifier discs, are to be minimized
in instrument rectifiers if "aging'" or permanent changes in
the electrical properties of the rectifiers are tobe avoided.

Chemical action also causes aging. This chemical action
can be the resultof incorrect or incomplete processing during
the manufacture of the rectifier or due to external chemical
action from contamination in the atmosphere. The presence
of rubber insulation in the proximity or contact with the recti-
fier is detrimental too. An adequate lacquer coatingis usually
sufficient protection against atmospheric contamination but
sulfur compounds in the rubber are more difficult to counteract.

Overheating metallic rectifiers when soldering them into
circuits can also cause aging or change in its electrical prop-
erties. For this reason most instrument rectifiers are pro-
vided with flexible, multi-stranded wire leads so as to pre-
clude direct soldering to the rectifier terminals. These
flexible leads are soldered to the terminal plates before the
rectifier is processed and assembled; in this way direct
soldering to the rectifier terminals is avoided for such pro-
cedure can cause intense localized heating resulting in uneven
expansion of the rectifier discs common to the terminals and
thus cracking the crystalline rectifying junctions. This brings
about loss of rectifying efficiency and change in the electrical
characteristics of the instrument rectifier.

Physical Description of Instrument Rectifiers

Instrument rectifiers are the specializedclass of metal-
lic rectifiers having disc areas much smaller than those used
for conventional power supply units. The smaller physical
size serves three useful purposes. First, the reduced active
area provides less shunting capacitance; this helps improve
or extend the high frequency response of the rectifier.
Second, the reduced active area increasesthe current density
of the rectifier helping to reduce its forward resistance.
Third, the smaller physical size makes more practical the
special processing requiredin instrument rectifiers to obtain
the necessary electrical properties. One such special process
is the thin layer of pure gold whichis sputtered onthe cuprous
oxide film and upon the reverse side of the rectifier disc to
improve the electrical conduction and to protect the active
surfaces.

Sketches of twotypes of instrument rectifiers are shown
in Fig. 12-4. They represent the full-wave bridge structure
although instrument rectifier assemblies may also be obtained
in half-wave or special combinations of rectifier discs. In the
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rectifier shown in Fig. 12-4A the disc diameter is about 1/2
inch and the active areaof eachdisc is about0.15 square inch.
Usually 2 to 3 inches of braided, tinned, copper leads are
furnished already soldered to the cell terminals. Nickel
plated end plates and an insulated machine screw hold the
assembly together. The whole assembly is coated with one
or more layers of clear lacquer as a protectionagainst atmos-
pheric conditions. In a conventional bridge arrangement such
an instrument rectifier has a continuous electrical rating of
5 to 10 volts rms input and a DC output current of 30 milli-
amperes. This type of rectifier is suitable for the operation
of less sensitive or more robust meter movements, relays,
and other electrical devices requiring more than one milli-
ampere of rectified output. It is also suitable for all com-
mercial and lower audio frequency applications and will
operate upto 50,000cycles per second in arrangements where
the accuracy of the meter reading is not important.
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Fig. 12-4. Instrument Rectifiers.

The instrument rectifier shown in Fig. 12-4B has a disc
diameter of approximately 0.15 inches and an active area of
0.02 square inches. This rectifier is also furnished with 2 to
3 inches of stranded, tinned, copper leads. The assembly
structure is not evident because it is sealed in a moisture
proof compound. This type rectifier is suitable for extended
frequency range with a meter, relay, or other device requiring
less than one milliampere of current for operation. With
special circuitryandcare,frequency response up to 15,000,000
cycles per second can be attained with the type rectifier shown
in Fig. 12-4B. Its normal continuous electrical rating is 2 to
5 volts rms input and it can supply up to 5 milliamperes
output current.
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The Half-Wave Instrument Rectifier Circuit

The simple circuit of Fig. 12-2,which illustrates the
application of a half-wave instrument rectifier to a moving
coil DC meter along with the calibrating resistor to provide
us with a rectifier-type AC voltmeter, will serve if we are
not too critical of the linearity of the instrument scale and if
we do not propose to make it into a multi-range instrument
as shown in Fig. 12-5. For example, suppose we wish to
construct a two range, rectifier-type AC voltmeter patterned
after Fig. 12-5 and covering the full scale ranges of 5 and
100 volts rms. Having selected a suitable half-wave copper-
oxide rectifier and a 0 to 1 DC milliammeter it is firstneces-

~ry for us to decide upon the value of the series multiplier
resistor to be used in the 5 volt range. I the input wereb5
volts DC and we did not use the rectifier, we would know at
once that the multiplier resistor should be 5000 ohms. How
would we know this? For an input of 5 volts DC we desire a
full scale indication of the milliammeter pointer (which re-
quires 1 milliampere). The multiplier resistance R, equals
E/I or 5 volts divided by 0.001 ampere or 5000 ohms, the
proper value for the multiplier resistance for the low range.

0-1 MA.
+|  INSTRUMENT
RECTIFIER DCMETER

Fig. 12-5. Multi-Range Rectifier-
Type AC Voltmeter.
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Another way of saying the same thing is to say that the DC
voltmeter just described has a sensitivity of 1000 ohms per
volt.

When we apply the half-wave rectifier to the voltmeter
circuit to permit measurements in AC circuits, this value of
5000 ohms for the 5 volt range is too much. One reason for
this is that in the half-wave rectifier circuit, current flows
during every other half cycle of the input in the manner
previously explained; the other reason is that we have neg-
lected to take into account the waveform of the alternating
input.
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Ifour AC input were rectangular as shown in Fig. 12-6,
the half-cycle flow of current would necessitate the reduction
of the 5000 ohms resistance by one half to secure full scale
indication on a half-wave circuit. This multiplier resistance
of 2500 ohms assumes that the input is alternating but of a
rectangular waveform, for we have assumed that the 5 volts
full scale input was applied during the whole half-cycle period.
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Fig. 12-6. Rectangular and Sine Waveforms.

We know that when 5 volts AC is applied to our meter (for
which we desire a full scale indication), we mean 5 volts
root-mean-square. We also know from previous explanations
of alternating current circuits that the peak value of a sine
wave is 1.414 time the rms value or if the peak value is E
thenthe rms value is 0.707E, thatis, E divided by1.414. Fur-
thermore, we know that the average value of a sine wave is
0.636E. Thus, when we apply 5volts rms toour rectifier type
voltmeter, the peak value of the voltage appliedis 5times1.414
or 7.070 volts; and the average value of this voltage is 7.070
times 0.636 or approximately 4.5 volts. We are interested in
this average voltage for this is the value of the potential which
causes the average current to flow —- the value of current
which is indicated by our moving coil meter. The average
value of voltage, 4.5, divided by the average full scale cur-
rent,namely 0.001 ampere, would indicate a multiplier resis-
tance of 4500 ohms, and since this average voltage is present
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but half of the time (due to the half-wave rectification of the
AC input), we must halve the series multiplier resistance if
we desire the full scale current to be 0.001 ampere; hence,
it appears that the value of this multiplier resistance is
2250 ohms.

One additional factor must be included in our computa-
tions to approach the ultimate value of this multiplier re-
sistance; the forward resistance of the half-wave rectifier
must be considered. Correcting for the voltage drop across
the forward resistance a value of about 2000 ohms for the
multiplier resistance for the 5 volt range is just about right;
and for the 100 volt range one would say that 20 times 2000
ohms or 40,000 ohms was correct. These computations have
neglected the resistance of the moving coil of the meter which
is in series with the multipliers. For a typical 0 to 1 mil-
liampere DC meter this resistance may range from 50 to
200 ohms and must be considered as part of the multiplier.
This factor and the lengthy discussionas to why the multiplier
resistance amounts to about 400 ohms per volt instead of the
familiar 1000 ohms per volt are given so that the reader will
better understand some of the problems in the commercial
application of the instrument rectifier. Here however, we
want to see chiefly why the rectifier's reverse current gets
us into difficulty when we attempt to construct a multi-range
AC voltmeter such as that shown in Fig. 12-5.

We have tried to design a two range, half-wave recti-
fier type AC voltmeter having the ranges of 5 and 100 volts
AC rms. We have computed the values of the multiplier re-
sistances in the foregoing and found them to be 2000 ohms
and 40,000 ochms respectively. Upon testing the newly de-
signed circuit we find that when we apply 5 volts we obtain a
full scale pointer deflection whenusing the 5 volt range of the
instrument. However, when we use the 100 volt range and
apply 100 volts AC rms to the input, we find that the pointer
deflects only about 50 percent of full scale. The reason for
this discrepancy is that our computations for the multiplier
resistance have been based upon forward current alone —
assuming that the reverse resistance of the rectifier was
infinite. Actually this reverse resistance of the half-wave
rectifier may be for example, 50,000 ohms resulting in a
reverse or leakage current of 0.1 milliampere on the 5 volt
range and 2 milliamperes on the 100 volt range; these re-
sults are obtained by using Ohm's law to determine the full
scale reverse current. The full scale forward current is fixed
for the tworanges andis 5 volts dividedby our multiplier re-
sistance of 2000 ohms or 2.5 milliamperes for the low range and
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100 volts dividedby 40,000 ohms or again 2.5 milliamperes for
the high range. The forwardto reverse current ratio on the low
range of our simple voltmeter is 2.5/0.1 or 25, whereas for the
high rangeit is 2.5/2 or 1.25. This decrease of current ratio
as a result of an increase of reverse direction voltage de-
creasesthe rectification efficiency causing a reduced pointer
deflection for the 100 volt range. This experience clearly
shows that for more uniform full scale pointer deflection in
multi-range, rectifier-type AC voltmeters someway must be
devised to reduce the reverse voltage across the half-wave
rectifier.

The Half-Wave Instrument Rectifier Circuit With Resistance Shunt

An arrangement which will hold the reverse voltage to
a low value is obtained by shunting the series combination
of the meter andthe half-wave rectifier with a resistance. A
circuit usingthisidea in a two-range AC voltmeter is given in
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Fig.12-7. The reader will note thatitis similar to the previ-
ously discussed circuit of Fig. 12-5 but with the addition
of Rs the shunting resistor. This shunting resistor, in
conjunction with the active multiplier resistance, provides
a voltage divider arrangement so that the voltage drop across
the rectifier-meter combinationis held to the same low volt-
age on all ranges of the voltmeter whenthe input potential has
reversed its polarity (as during the non-conducting halfcycle
on an AC source). By this circuitry, the value of the reverse
or leakage current through the rectifier and meter has the
same value for both ranges of the voltmeter.
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Withthe forwardto reverse direction current ratio fixed
by this shunt resistance scheme, the rectifier efficiency and
the meter scale curvature are alike on both ranges.

The value of the shunt resistance has twolimits: infinity,
as in the example of Fig. 12-5 wherein we ran into the scale
trouble on the two desired ranges; and short-circuit,in which
case no useful meter indication can be obtained. Between
these two limits we can experimentally find a value of shunt
resistance which will make the scale of the two ranges of our
voltmeter about uniform. Say that a typical value for this
shunt is about 1000 ohms. Having applied this value of shunt
resistance we find that for our gain in uniformity of scale
between the two ranges, we must pay by a reduction of meter
sensitivity in the form of decreased values for the multiplier
resistors — or in a lower ""ohms per volt".

Moreover, the scheme of holding the reverse direction
voltage to low values by this shunt circuit also works in a like
manner for the forward direction voltage; that is, the shunt
circuit maintains the forward voltage to a low value at full
scale regardless of which range is used. At half scale the
voltage developed across the shunt (which is part of the volt-
age divider circuit when considered in conjunction with the
active multiplier) is one half that required for full scale in-
dication and the same proportion holds for any partial scale
voltage. Operated under these conditions the current density
property of the rectifier causes the AC meter scale to depart
from linearity resulting in bad crowdingtowards the zeroend
of the scale. This current density property is the familiar
characteristic of the rectifier in which the forward resistance
is not fixedbut decreases asthe current through the rectifier
increases. This forward resistance has a maximum value for
small magnitudes of forward current and reduced values for
larger forward current flow. When the rectifier input voltage
is maintained fixed by a resistive shunt as in Fig, 12-7Tto a
value proportional tothe voltage impressed acrossthe instru-
ment terminals, the resistance increase in the rectifier
causes less current to flow in the rectifier meter circuit
which further increases the rectifier resistance because of
its current density property, until an equilibrium is reached
at a point on the meter dial substantially below the point on
the linear scale correspondingto the voltage being measured.

We can see that the shunting resistor idea of Fig. 12-7
has made possible uniform AC scales for the two (or more, if
desired) ranges of our voltmeter but the price we have to pay
for this advantage is reduced sensitivity and a crowded
graduation for the lower portion of the meter scale.
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The Half-Wave Instrument Rectifier Circuit With Rectifier Shunt

If we could devise a shunt which would be active during
the nonconductive cycle of the input potential to the meter,
and inactive during the conducting cycle of the input potential
to the meter, we might approach our ideal of uniform scales
between ranges, a linear scale, and suitable sensitivity. This
thought suggests using a half-wave rectifier similar to the
meter rectifier asthe shunting element of the voltage divider
of the circuit shown in Fig. 12-7, This new arrangement is
given in Fig. 12-8.

DC METER

RECTIFIER

SHUNT
RECTIFIER
+

Fig. 12-8. Half-Wave Recti-
fier-Type ACVoltmeter with
Rectifier Shunt.
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We are now in the fortunate position of having a shunt
which is active during the reverse polarity half-cycle of the
input and this reverse direction voltage is held to a lower
value than can be realized by any practical resistive shunt
scheme. Other advantages of the method of Fig. 12-8
are: the shunt rectifier is not active during the forward half-
cycle with the result that the input voltage to the rectifier-
meter combination approaches the linear DC scale, andthe
higher sensitivity of the circuit of Fig. 12-5 is recovered.

The Full-Wave Instrument Rectifier Circuit

The three instrument rectifier circuits discussed thus
far are half-wave operated and are suitable at input fre-
quencies higher than say 50 or 60 cycles per second. As the
frequency of the input is reduced or where the input is of a
lower frequency, say 25 cycles per second, the above circuits
are no longer satisfactory. Their failing is that at lower fre-
quencies the inertia of the meter movement is not sufficient
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to reduce or "snub'' the pointer vibration causedby the half-
cycle flow of current. That is, the period of no-current con-
duction is long enough at low frequencies to cause the hair
springs of the meter moving system to partly restore the
meter pointer towards zero. During the next conductive
half-cycle, a pulse of forward current pushes the pointer up
again,

At 50 to 60 cycles per second these periods of activity
and inactivity occur so fast that the inertia of the coil and
pointer system average outthe vibration. Another reason that
the half-wave circuits described may notbe satisfactory even
at medium frequencies is that more instrument sensitivity
may be required. We can approximately double the sensitivity
and at the same time reduce the pointer quiver by eliminating
the non-conducting half-cycle if we can devise a full-wave
instrument rectifier circuit to overcome these limitations.
A full-wave circuit is shown in Fig. 12-9.

DC MILLIAMMETER or
MICROAMMETER

Fig. 12-9. A Full-Wave Rec-
tifler-Type AC Voltmeter.
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The DC output terminals of the full wave instrument recti-
fier are applied directly to the corresponding polarity terminals
of the DC meter whereas the AC input is applied to the AC
terminals of the bridge rectifier with one branch of the input
having a suitable multiplier resistance in series. By this
method not only is the instrument sensitivity on AC input
doubled over the half-wave circuits and pointer quiver
minimized at low frequency inputs, but in addition there is no
requirement for resistive or rectifier shunt circuits to per-
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mit uniformity of meter scales on multi-range meters be-
cause both halves of the input cycle are utilized for the
operation of the meter. On one half of the input cycle the two
rectifiers A and B pass the current through the meter, and
during the next half cycle the two rectifiers C and D pass
current through the meter. During the inactive half cycle
some reverse current does flow through the ""non-conducting
rectifiers. Upon comparison with the diagram of Fig., 12-8
it will be noted that this scheme of Fig. 12-9 is the full wave
version of the half-wave circuit shown in Fig. 12-8. The full-
wave version is superior over the half-wave circuit because
of improved sensitivity and minimized pointer quiver at fre-
quencies below 50 cycles per second.

The Full-Wave Instrument Rectifier Circuit Using Two Rectifiers

If economy in the full-wave operation of the instrument
circuit is necessary, this can be obtained at some loss of line-
arity and sensitivity by replacing two of the half-wave recti-
fiers in the full-wave bridge by resistors. There are two
such arrangements, the first of which is given in Fig. 12-10.

Fig. 12-10. A Full-Wave
Rectifier-Type AC Voltme-
ter Using Two Rectifiers.

MULTIPLIER

INPUT TERMINALS

Upon comparison with the circuit of Fig. 12-9 it can be ob-
served that half-wave rectifiers B and D have been replaced
withtwo identical resistors. The arms ofthe full-wave bridge
containing the identical rectifiers and the resistors are labeled
after the same pattern as established for Fig. 12-9. The
reader cantrace the circuit mentally to verify that during one
half cycle the forward current flows from the source through
the multiplier resistance, through rectifier A, the meter coil,
and thence through resistor B back to the AC source. During
the succeeding and reverse half cycle the forward current
from the AC source flows through rectifier C, the meter coil,
and thence through resistor D, the multiplier resistance,and
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back tothe source. Duringthe conducting cycle each rectifier
and its corresponding resistor behave in the manner described
for the half-wave rectifier circuit with resistive shunt of
Fig. 12-7; this circuit in Fig. 12-10 is essentially a full-wave
version of Fig. 12-7. The full-wave version of Fig. 12-10
has the advantage over the half-wave version of Fig. 12-7 of
almost twice the sensitivity and minimized pointer quiver for
moderately low frequencies. Like the half-wave version,
however, the full-wave circuit of this metering circuit has
an AC scale which is crowded near zero and uniformity of
scales for multi-range instrumentation is retained.

RECTIFIER

BRIDGE
RESISTOR

Fig. 12-11, Another
Method of Connecting a
Full-Wave Rectifier-Type
AC Voltmeter Using Two
Rectifiers.
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The other full-wave meter circuit which reduces the
pointer quiver at low frequency inputs but which has poorer
sensitivity is drawn in Fig. 12-11. The chief advantage of
this arrangement of rectifiers and their associated resistors
in the full-wave bridge is that by proper experimental choice
of these associatedresistorsthe AC scale of the voltmeter can
be made nearly linear.

Errors in Instrument Rectifiers

In our introductory material on instrument rectifiers
we discussed avoidable causes which may result in errors in
rectifier type AC meters; these, you may recall, were
mechanical damage due to careless handling, chemical action
due to improper processing or exposure to contaminating
atmosphere, or overheating the active areas of the rectifier
when soldering the rectifier assembly into the application
circuit.

There are four properties of instrument rectifiers
which can cause undesirable errors which cannot be avoided
by processing or handling but most of which can be com-
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pensated for by suitable circuit design. These error pro-
perties may be listed as:

Waveform of input signal.
Frequency.

Ambient temperature.
Current density.

gpooe

Waveform Error

We have described rectifier type instruments as indi-
cating the average value of the alternating current. Usually
this alternating currentis of the sine-wave form andthe meter
scaleis calibrated to read rms values of the sine wave although
its indication is proportional tothe average value of the wave-
form, namely 0.636 times the peak value of the applied sine
wave. For this reason when distorted sine waves, for example,
alternating voltages of essentially sine characteristics but
rich in harmonics, or alternating current waveform other
than sine such as triangular or square wave are applied to
the input terminals of the rectifier-type meter, the indications
are no longer correct — the meter pointer deflection is pro-
portional tothe average value of the applied waveform but the
rms reading is no longer correct. That is, the rms value of
the unknown waveform which is not a true sine wave is not
related to its average value by the same ratio as that of the
sine-wave form. In the sine wave, the rms value is related
tothe average value by the ratio 0.707 to 0.636 or 1.11, which
is called the form factor of the sine wave.

There is no means for compensating for this type of
waveform error but fortunately, if the problem is recognized
the operator need not be led astray. In most cases where
rectifier type AC instruments are applied the waveform is
sinusoidal and the meter readings are accurate.

Frequency Error

We have already discussed the difficulties encountered
when measuring alternating potentials having frequencies
below 30 cycles per second when using rectifier-type AC
measuring instruments. If the rectifier circuit involved is
half wave,a serious pointer quiver precludes accurate meas-
urement below 20 to 30 cycles per second. This condition is
minimized or practically overcome for this frequency range
by the application of full-wave rectification. When the input
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potential is of a still lower frequency, say 5 to 10 cycles per
second, even the full-wave circuit will not eliminate an
objectional and cyclic pointer oscillation. H the rectifier type
AC instrument is to be used only for low frequency,and a
small delay in pointer indication after the voltage is applied
or changes its level is not objectional there are two easy
ways to overcome this low frequency pointer oscillation.
Inthe first methodthe meter moving system (coil and pointer
assembly) is specifically designed to have considerable
mechanical inertia so that its period of oscillation will be
low and the pointer system will give the desired averagein-
dication rather than an oscillation about the mean indication.
A way to accomplish this is to add an aluminum vane to the
pointer system and enclose this vane in a chamber with a
predetermined vent; this scheme is equivalent to the
pneumatic dash-pot idea of snubbing mechanical oscillations.
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The second method of damping pointer oscillation of a
rectifier type AC meter at the lower input frequencies is
illustrated by the diagram of Fig. 12-12. Here the familiar
full-wave, rectifier type AC meter circuit has a large ca-
pacitor shunted across the DC meter. This capacitor acts
as a large reservoir or tank for the rapidly varying DC po-
tentials impressed across its terminals and across the
shunted DC meter. It functions to average out the oscillation
potential and present to the meter terminals an averaged po-
tential. Thisis desiredto causean average current indication
and the addition of this capacitor smoothens out the pointer
response at low frequencies. The value of this capacitor de-
pends upon the meter and the circuit constants and may have
a capacitance of from several hundred to several thousand
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microfarads; especially processed electrolytic capacitors
have been used.

As the frequency of the applied potential of constant
amplitude to a conventional rectifier type AC meter is in-
creased the pointer deflection, which should remain constant,
begins to decrease and at some high value of applied fre-
quency the indication may be zero.

MULTIPLIER
RESISTANCE

CONSTANT AMPLITUDE VARIABLE
FREQUENCY GENERATOR

(A) Test Circuit.

,/ CAPACITOR COMPENSATION

— {_CA_PA_CIQR-RESISTOR COMPENSATION
\UNCOMPENSATED

APPLIED FREQUENCY

METER READING

(B) Rectifier-Type Meter Reading Versus
Applied Frequency.

Fig. 12-13. Frequency Response of Rectifier-Type
AC Meters.

Fig. 12-13A shows a test circuit which may be used to
obtain the frequency response of the rectifier type AC meter.
A variable frequency generator, having its output voltage set
at a constant level of say 10 volts, is varied over the frequency
range of particular interest, say, 20 to 50,000 cycles per
second. A typical frequency response is shown by the solid
curve of Fig. 12-13B. It can be seen that asthe applied fre-
quency increases, the meter reading decreases at the higher
frequencies even though the input is maintained constant.
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This loss of meter reading at the higher frequencies is the
result of the following factors:

a. Capacitance effect of the rectifier assembly.
b. Impedance of meter coil and multiplier.

The capacitance property of the rectifier is equivalent
to the effect obtained when the ideal rectifier is shunted by a
small capacitance. See Fig. 12-14. With this picture of the
equivalent circuit it is easy to see that at high frequencies
the rectifier becomes less efficient, for the reverse resistance
is reducedby the decreasing reactance of the shunting capaci
tor across it. It is true that the smaller disc area of the in-
strument type rectifiers is conductive to less shunting ca-
pacitance and therefore, this type rectifier is more efficient
at the higher frequencies.

cS SHUNTING CAPACITOR

EQUIVALENT TO CAPACITANCE
EFFECT OF RECTIFIER.

MULTIPLIER
RESISTOR
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20D
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Fig. 12-14, Equivilant Circuit lllustrating Capacitance
of Rectifier at Higher Frequencies.

Another factor which causes reduced meter readings at
the higher frequencies is the meter coil impedance. The
reader will remember that the moving coil of the meter is
essentially equivalent to a small inductance in series with the
coil resistance through which the rectified current pulses
must pass. This equivalent circuit is shown in Fig. 12-15.
There are small stray capacitance effects due to the moving
coil structure also; as these are effective at frequencies
much higher than that in which we are interested, they are
neglected here.

Naturally, as the input frequency increases the imped-
ance of the moving coil increases because of the inductive
component of the moving coil — again causing a reduction in
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the current through the meter. The simplified equivalent
circuit of the meter moving coil resistive and inductive com-
ponents is givenin Fig. 12-15. If the multiplier resistance is
wire wound, this element of the rectifier type AC meter will
alsohave anincreasing impedance tending to furtherdecrease
the meter current at input frequencies of higher order.

M#E";'SP%ERR RECTIFIER

AC
SOURCE

>e—-—AC INPUT TERMINALS:

Fig. 12-15. Simplified Equivalent of DC Meter Coil
at High Frequencies.

Fig. 12-16 shows circuit compensation means to over-
come this type of decrease in meter reading. In Fig. 12-16A
the multiplier is shunted by a small capacitor which decreases
in reactance as the input frequency increases. This idea
makes it possible to reduce the impedance of the shunt cir-
cuit, consisting of the multiplier resistance and the capacitor,
which is in series with the rectifier and the DC meter. Over
a range of frequenciesthis reduction of circuitimpedance can
compensate for the increasing meter coil impedance and that
of the multiplier, and for the decreasing rectifier efficiency
because of its capacitance effect.

A rise in the frequency response curve may take place
by this compensation scheme because the multiplier shunting
capacitor is over-compensating the other errors. See the
dot-dashed curve of Fig. 12-13B. This over-compensation
may be minimized by adding a suitable value of resistance in
series with the shunting capacitor as in Fig. 12-16B. This
resistor limits the amount of compensation possible with any
given shunting capacitor, and by the proper selection of ca-
pacitance and resistance, a flatter response at higher fre-
quencies may be obtained as representedby the dashed curve
of Fig. 12-16B. The problem is not easily represented by
simple equivalent circuits, so that values for the capacitance
andthe resistance willhave to be determined by trial; more-
over, the response curve at best may not be flat over the
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entire high-frequency range, but may have dips and humps
which are caused by the stray capacitances combining with
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(A) Capacitor Compensation.
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(B) Capacitor-Resistor
Compensation.

Fig. 12-16. Compensation for High-Frequency Errors in Rectifier-
Type AC Meters.

the circuit inductances to cause series or parallel resonance
conditions at certain frequencies.

Ambient Temperature Error

Ambient temperature errors are caused by changes in
the forward and reverse direction resistance in the rectifiers
used in rectifier-type AC meters when the temperature
changes. In the copper-oxide type of rectifier both the for-
ward and reverse direction resistance decrease with in-
creasing temperature. This represents a negative coefficient
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of resistance. This resistance change causes errors in the
meter circuit which are dependent upon the circuit type used
and upon the operating conditions selected for the rectifier.
Ininstrument circuits similar to that of Fig. 12-8 or Fig. 12-9
the temperature erroris directly proportionalto the rectifier
resistance change. This error will be most noticeable on the
low voltage range where the series multiplier will not have
a large enough ohmic value to swamp out resistance changes
of the series rectifier. The temperature error will be quite
small on the high voltage ranges, where the series multiplier
resistance is so large that moderate ohmic changes of the
rectifier,because of temperature changes, will be negligible.
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Fig. 12-17. Compensating Resistor in Series With
Meter for Temperature Effects.

One way to compensate for temperature errors is to
include an additional resistance in series with the meter as
shown in Fig. 12-17 for the full-wave circuit, This circuit
trick increases thereverse direction voltage drop across the
rectifier so that enough reverse current flows at the higher
temperatures to compensate for the increased forward cur-
rent. This scheme also improves the AC scale linearity but
the limit to the ohmic value of this series resistance isap-
proached when the maximum reverse direction voltage
reaches the safe operating limits of the rectifiers used.

Another scheme to compensate for temperature effects
in rectifier-type AC meters is to use positive temperature
coefficient multipliers in conjunction with the positive co-
efficient of the moving coil to compensate or minimize the
negative coefficient of the rectifiers. This only gives partial
correction at low voltage ranges of the meter because the
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negative coefficient of the rectifier is greater than that ob -
tained for commercially available positive temperature co-
efficient multiplier resistors.

Current Density Error

We have learnedthat the forward resistance of rectifiers
is not constant but is dependent upon the value of the forward
current; for large values of forward current this forward re-
sistanceis low; for small values of forwardcurrent this for-
ward resistance is large. The reverse direction resistance
remains constant at any given temperature. This dependency
of the ohmic value of the forward resistance upon current
flow causes multi-range instruments to track poorly on a
common scale because this rectifier resistance change is a
substantial percentage of the multiplier resistance value on
low voltage ranges and almost negligible on higher voltage
ranges. Conant Laboratories have devised a shunt circuit
using rectifiers for the shunting elements. This type of cir-
cuit provides almost exact compensation for errors due to
current density variation. It also corrects errors due to
temperature changes and partially corrects frequency errors.
"
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Fig. 12-18. Compensated Rectifier-Type AC Volt-
meter.

The completely compensated circuit after this patternis drawn
in Fig. 12-18. For further information, the reader can refer
to "Instrument Rectifiers' by H. B. Conant, Conant Labora-
tories, Lincoln 5, Nebraska.
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CHAPTER 13

Metallic Rectifiers as Electrical Valves

Introduction

There are a number of interesting and important appli-
cations for an electrical device which permits current flow in
one direction but obstructs the current flowin the reverse di-
rection when the polarity of the applied potential is reversed.
This can be accomplished electromechanically by means of a
polarized relay but the more elegant solution is the application
of the property of unilateral conduction of a metallic rectifier.
When used for this kind of application, metallic rectifiers are
called electric valves.

Selenium and copper-oxide types of metallic rectifiers
have both been successfully used as electric valves; each new
application requires specific consideration to determine which
set of rectifier properties can be used to best advantage. For
example, in an arrangement wherein the current flows through
a selenium type electric valve in the forward direction most
of the timeand rarely is the polarity of the applied voltage re-
versed, then, at these rare intervals when the applied potential
is reversed the reader will recall that there willbe a high re-
verse leakage current until the rectification junction has had
an opportunity to reform. This high reverse leakage current
is of very short time duration and it may or may not be ob-
jectional in the problem considered. If the electric valve act-
uated device has a reasonable mechanical or thermal inertia
then this surge of reverse current is of little harm. If the
actuated device is a fast acting electro-mechanical relay, this
leakage current may cause a false actuation of this relay re-
sulting in improper operation of subsequent controlled circuits.
This momentary reverse current may have a magnitude of 10
to 20 percent of the normal forward current when the rated
DC voltage is applied per rectifier junction. If this value of
reverse current causes improper actuation of the circuit, the
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reverse direction voltage per rectifier junction may be reduced
by adding more plates to the selenium type electric valve, until
satisfactory performance is attained. Or it may be that a
copper-oxide type rectifier is better for the job considered
because of its better electrical stability and no need for electro-

forming.
In circuit applications of metallic rectifiers as electric

valves in which there is a cyclic change of the applied potential,
there is no difficulty from the electroforming current effect,
and selenium type rectifiers may be used.

Where the manufacturer's tables, or specifications, give
the DC ratings of the rectifier plates (these ratings are the
most useful for electric valve problems), the reader will find
that these DC ratings are somewhat higher than the ratings of
the same plates when used as conventional rectifiers; the
reason for this is that the absence of alternating current in
these valve applications precludes heating due to leakage
currents on a continuous basis.

A few examples of the application of metallic rectifiers
as electric valves will be given in this Chapter to illustrate
these possibilities.

Metallic Rectifiers as Voltage Surge and Arc Suppressors

Metallic rectifiers can be used as electric arc suppre-
ssors to preserve contact life of switches and relays used in
circuits having inductive loads. This application is shown in
Fig. 13-1.
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SOURCE = INDUCTIVE Fig. 13-1. Metallic Rectifler
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! as an Arc Suppressor.
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Here, the use of the metallic rectifier as a device for
absorbing inductive energy so as to prolong switch contact life
is dependent upon the unidirectional property of the half-wave
rectifier used as an electric valve.

As shown in this figure the rectifier is connected in
parallel with the inductive load which may be a motor, solenoid,
a relay, or an electromagnet. When the switch contacts are
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closed (these contacts may be that of a manually operated
switch or the control contacts of a sensitive relay), the current
flow from the power source is through the inductive load with
little or practically no current flow through the rectifier be-
cause the applied polarity is in the highresistance or reverse
direction.

When the switch is opened, the load current still tries
to flow in the same direction as before and now it is possible
for it to do this because of the shunting rectifier which pro-
vides, by its lowforward resistance, a suitable discharge path
as represented by the dotted arrows. Because the rectifier
presents a low resistance circuit, a discharge path is provided
for the stored inductive energy and the inductive voltage rise
across the load is suppressed. This helps preserve the switch
contacts from the detructive arcing normally present and the
stressing and ultimate breakdown of the coil insulation by the
induced surge voltages.
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An additional improvement on this voltage surge or arc
suppression circuit using metallic rectifiers as electric valves
has been developed by Federal Telephone and Radio Corpor-
ation and its affiliates. This development uses selenium type
rectifiers and may also be applied to relays, contactors,
magnets, solenoids, or any inductive device powered by a DC
source. The principle of this development is alsoto limit the
self-induced voltage in these inductive devices, and thereby
increase contact and wire insulation life. Fig.13-2 shows the
improved version of the application of the electric valveaction
of metallic rectifiers.

In the original surge suppression circuit, see Fig. 13-1,
a half-wave selenium rectifier isused to provide contact pro-
tection in DC circuits by shunting the inductive device. The
valve action of the metallic rectifier blocks the flow of current
from the DC source when the coil is energized, but offers
little resistance to the reverse or induced current when the
circuit is opened by the relay or actuator contacts.

The new type voltage surge suppressor, Fig.13-2,uses
two or more selenium rectifier cells connected "back-to-back".
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The basic idea here is to employ the rapidly decreasing resis-
tance of the selenium rectifier cell with the increasing reverse
voltage as shown in Fig. 13-3.

CELL RESISTANCE ~OHMS

= v T ™ +
REVERSE VOLTS 80 60 40 20 O FORWARD VOLTS

Fig. 13-3. Reverse Voltage Versus Rectifier Cell Re-
sistance for Selenium Type Cell.

The reader can verify from the voltage-resistance curve
that the reverse resistance at minus 10 volts is many times
greater than that at minus 80 volts. When an electric valve
fashioned of selenium rectifier cells mounted back-to-back is
connected across an inductive load, one of the rectifier cells
blocks the current from the battery or DC source, while the
other rectifier cell effectively limits the self-induced voltage
rise across the coil when the work current is interrupted as
by opening the relay or actuator contacts. In this way the
magnetic energy stored in the inductance is dissipated in the
resistance of the selenium rectifier and the coil. An advant-
age obtained by this circuit is that radio frequency interference
is reduced because oscillatory discharge is suppressed.

Another advantage of this circuit is that because of the
back-to-back construction the reverse resistance to the supply
voltage is greater and the normal leakage current from the
DC source is low resulting in economy of operation where the
suppressor is used across the power source on a continuous
duty basis.

One other advantage of this circuit is that it reduces the
releasetime of the system when the inductive device is arelay.
When the original circuit involving the half-wave selenium
rectifier is used the self-induced voltage surge is minimized
but the release time is excessive. The new circuit arrange-
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ment for reducing voltage surge may improve the release time
by a factor of 5 to 1.

For voltage surge applications involving telephone re-
lays, magnetic clutches, or like devices, protectors of the type
shown in Fig. 13-2 are available in a packaged unit 5/8 inch
long by 3/8 inch in diameter. When the work circuit involves
120 volts DC and the inductance device uses 1/2 ampere, the
surge suppressor isabout 1inch long and1/2 inch in diameter.
In external appearance these voltage surge suppressors look
like paper capacitors.

Metallic Rectifiers as Relay Devices

A common application of the metallic rectifier as an
electric valve is as a cut-out or reverse current relay in
battery charging circuits. See Fig.13-4. While the generator
is operating, it is able to supply current to charge the storage
battery and help carry the DCload, whenever its output voltage

RECTIFIER
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Fig. 13-4. Reverse Current )\ STORAGE — 10 DC
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is great enough. When its output voltage drops or the gener-
ator stops, the battery can not discharge through the generator
windings because of the valve characteristics of the metallic
rectifier cell. The rectifier behaves as a reverse current
cut-out relay without physical contacts which are subject to
vibration, pitting, or burning.

Duplex Operation of Controls

It is often desirable to actuate two independent controls
at the end of a single, two wire control line, where ordinarily
a three or four wire line would be necessary. A solution to
this problem has been offered by the skillful application of the
unilateral conduction or valve action of two half-wave recti-
fiers and two relays, as shown in Fig. 13-5. In this circuit
relay RE1 can be closed when the double-pole, double-throw
switch engages the set of contacts "B'". In this position the
lead common to the rectifiers is positive and the current passes
from the source through rectifier D1, thence through relay
coil RE1, through the lead common to the relays, and back to
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the negative terminal of the DC power source. Withthe double-
pole, double-throw switch in position "B", current cannot flow
through rectifier D2, therefore, relay No. 2 remains open.

RCCI ¥
I

[}
oc A} B Fig. 13-5. Duplex Opera-
source | § T’? tion from a DC Source.
D b2 S
i [}

RCC2 o_’

When the double-pole, double-throw switch is positioned
to engage the set of contacts labeled "A", the lead common to
the rectifiers is connected to the negative terminal of the DC
power source; now the current flows through rectifier D2,
through relay coil RE2, thence through the lead common to the
relays and back to the positive terminal of the DC power source.
It is to be noted that now the current cannot flow throughrecti-
fier D1; therefore, relay RE1 remains open. Hence, with the
duplex circuit of Fig. 13-5 either relay control circuit RCC1
or RCC2 may be closed when desired by properly positioning
the double-pole, double-throw switch.

jgA.
Rccno_‘__r,

i
RCC2 O_T

Fig. 13-6. Duplex Operation from an AC Source.

When the power source is alternating, another metallic
rectifier assembly may be used to convert the alternating
current into direct current to make possible the operation of
the above scheme from the ordinary commercial AC power
lines. This "all AC'" arrangement is pictured in Fig. 13-6.
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The AC duplex operation of the control relays may be
further simplified by the elimination of two of the half-wave
rectifiers at the sending or control end of the line. See Fig.
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reel “ ¥
]

Fig. 13-7. Simplified
Method of Obtaining
Duplex Operation
from an AC Source. AC 8

POWER
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13-7. The principle of the operation is the same as before
with individual control over relays RE1 and RE2 being obtained
at the sending end of the two lines by closing either switch S1
or switch S2. A further advantage secured by this simplific-
ation is that, when switches S1 and S2 both are closed, both
control relays may be actuated simultaneously from the sending
end of the two lines.

Square Wave Operation by Metallic Rectifiers

For circuit testing purposes it is necessary to have
available a "square' waveform of potential. For example, a
cathode-ray oscilloscope voltage calibrator uses a square
wave source as a means of calibrating the amplitude of the un-
known waveforms seen on the oscilloscope screen.

R

AN\~
DROPPING
RESISTOR

SINE WAVE Dt

SQUARE

RECTIFIERS D2 WAVE

= BIAS

INPUT —[ BATTERIES _;]- OUTPUT

Fig. 13-8. Square Wave or Clipping Cir-
cuit Using Metallic Rectifiers.

By utilizing the electric valve property of the metallic
rectifier, but delaying its action by means of bias potentials,
it is possible to obtain ""'square~wave'' voltages from sine wave
sources. See Fig. 13-8.
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On either sine wave alternation,rectifier elements D1
and D2 do not conduct until the sine wave voltage exceeds the
biasing potential shown;after this point in the voltage rise the
rectifiers conduct causing a heavy voltage drop in the common
dropping resistor R. This results in an effective "chopping"
off of the tops of the sine wave alternations giving an output
appearing similar to a ''square wave''.

Fig. 13-9. Circuit for

j ¢ Obtaining a Pulse

SQUARE

% WAVE R PULSE ) Waveform from a
T INPUT OuTPUT Square Wave Input.

O

By passing this square wave through a differentiating
circuit (see Fig.13-9) comprising a small capacitor inseries
with a large resistor, the voltage waveform obtained across
the resistor consists of pulses which are useful in the labor-
atory for tripping thyratron circuits or for control purposes
in electronic circuits.
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CHAPTER 14

Other Applications of Metallic Rectifiers

Introduction

There are a number of applications of metallic rectifiers
which do not fall under the previous classifications. These mis-
cellaneous, but important, jobs for metallic rectifiers will be
described in this chapter.

Metallic Rectifiers for Magnetic Amplifiers

Since World War II magnetic amplifiers have become
exceedingly popular for many control problems. This type of
amplifier, which is extremely reliable and permits substantial
power amplification, does not use electronic tubes, but acom-
bination of saturable core reactors and metallic rectifiers.
Because of this combination, this type of amplifier is ready to
operate as soon as power is applied — there is no warm-up
time. It is so rugged that it can be applied to fire control
problems and it will easily withstand the shock. Moreover,
when using this type of amplifier, the replacement and main-
tenance problems are greatly minimized.

The chief disadvantage of the present magnetic ampli-
fiers is that the frequency range is usually limited to a few
hundred cycles per second, or at best through the audio fre-
quency range with special circuit arrangements. Ultimately,
with better saturable core materials and metallic rectifiers,
the frequency range may be extended into the radio frequency
range. A further disadvantage of present magnetic amplifiers
is that they consume some power from the signal source.

Within the limitations of frequency range and power con-
sumption from the signal source, the magnetic amplifier pro-
vides stable and ample power amplification for AC and DC
usage. It is particularly useful for motor controls, regulated
power supplies, non-mechanical power relays, and the like.
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Figs. 14-1 and 14-2 illustrate twopractical applications
of magnetic amplifiers. Fig. 14-1 shows the rear view of a

Fig. 14-1. Magnetic Amplifier Type Voltage Regulator for 200 KVA

Generator Using Three-Phase Metallic Rectifiers. (Courtesy of Vick-
ers, Inc.)

magnetic amplifier type generator voltage regulator for a 200
kva generator. This magnetic amplifier uses three-phase, full-
wave rectifiers. The rectifiers are of the selenium type, con-
vection cooled, and deliver 3.2 to 4.8 kw DC.
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The power rectifiers of the magnetic amplifier can be
seen in the bracket mounting in the lower left-hand corner of

LR B A 7 4

Fig. 14-2. Magnetic Amplifier Type Voltage-Regulator for 100 KVA
Generator. (Courtesy of Vickers, Inc.)

the control panel. Other and smaller selenium rectifier stacks
are also used as components for the preamplifier stages of
this magnetic amplifier.

Fig. 14-2 is aview of a generator voltage regulator fora
100 kvagenerator. Italsousesthree-phase, full-wave selenium
rectifiers. These are convection cooled and deliver 2.1 to 4
kw DC, and are located in the right-hand portion of the control
panel, mounted one above the other.
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In this book we are not going to deal with the circuitry
of magnetic amplifiers because this subject is a big field all
its own. In an elementary manner this subject is discussed in
the writer's book entitled "Saturable Core Devices' to which
the interested reader is referred.* Our concern in this book
is with metallic rectifiers and in particular with metallic recti-
fiers suitable for magnetic amplifiers. The chief requirement
for this type of applicationis a high forward to reverse current
ratio so as to make best use of the properties of the magnetic
core of the saturable core device. Currently,the selenium type
rectifiers are most commonly used in this application andeven
these must be especially processed and selected. One means
to secure the better current ratio neededis to derate the con-
ventional 26-volt rectifier plates to 16 or 20 volts. By this
scheme a current ratioof 500 to1 can be attained and by care-
ful selection of the rectifier plates anadditional 2 to 1increase
in forward to reverse current ratiois achievedor all together
a current ratio of 1000 to 1.

This ratioof forward current to reverse current of 1000
to 1 is still short of the ideal ratio required by presently avail -
able magnetic cores; however, one manufacturer has announced
selenium rectifiers stacks consisting of 5 by 6 inch plates,
connected as a single-phase, full-wave bridge that have forward
to reverse current ratios as high as 4000 to 1 when the stack
is derated to 16 volts.

Power Frequency Multipliers

For experimental test and measurement purposes it is
often desirable to have an alternating power source with a
higher frequency of alternation than that obtained from the
power line. By using the valve action of the metallic rectifier
it is possible to double and quadruple the fundamental power
frequency by simple circuits.

Fig. 14-3 shows a frequency doubler circuit. Fig.14-4
indicates the magnetizing current, flux set-up, and the voltage
output. The solid arrows in Fig. 14-3 shows the flux setup by
coil No. 1 when terminal M of the power supply voltage is
positive. For this polarity of applied voltage, primary No. 2
is carrying a negligible current because of the oppositely con-
nectedrectifier D2, hence negligible magnetizing force. In the
next half cycle, indicated by the dashed line portion of the ap-
plied voltage curve, primary No. 2 magnetizes the core in the
direction shown by the dashed-line arrow.

*Published by the Scientific Book Publishing Co. Vincennes,
Indiana.
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Despite the reversal of the applied voltage the rectifiers
behave as commutating devices to cause the current toflow in

DIRECTION OF
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No.l (TWICE INPUT FREQUENCY)
i oo g E——
SEE
HALF -WAVE : JJ
RECTIFIER PRIMARY
No.2 w
S+
DIRECTION OF a
CURRENT CONDUCTION 3
M N eined BN TIME
o N 4 AXIS
APPLIED ALTERNATING I \ S
HALF-WAVE VOLTAGE 3.
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Fig. 14-3. A Frequency Doubler Circuit Using Two
Primaries and Two Rectifiers.

such a direction as to setup flux in the same direction. This
is clearly shown in Fig. 14-4B where in waveform No. 1 is the

(A) Graphical Analysis of Conducted

Current Waveform.

(B) Waveform Analysis of Frequency

Doubling.
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Fig. 14-4. Analysis of Frequency Doubler Circuit.

applied voltage; waveform No. 2 shows that during the positive
half cycle only coil No. 1 is energized; waveform No. 3 shows
that only coil No. 2 is energized during the negative half cycle
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of the applied voltage. Coils No. 1 and No. 2 are so poled on
the core that the flux is set up in the same direction as shown
in waveform No.4. The rate of change of this flux curve will
produce the voltage generated according to Lenz's law. This
voltage curve is shown in waveform No. 5 in Fig. 14-4B.

LAMINATED CORE

2]
CENTER-TAPPED

PRIMARY I <:; seconpary Fige 14-5. Frequency Dou-

T % bler Circvit Using Two Rec-

S >0 tiflers and a Center-Tapped

Primary.

The arrangement may be simplified, for example, it is
seen that coils No. 1 and No. 2 of Fig. 14-3 have a common
connection. Hence, if but a single coil provided with a center-
tap were mounted on the core, in place of the two coils shown,
the results would be equivalent to that described but the ap-
paratus would be simplified. This form of the doubler is shown
in Fig. 14-5.
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Fig. 14-6. A Frequency Quadrupler Circuit.

In rectifier-transformer frequency doublers there will
be two full waves producedin the secondary for each half wave

LAMINATED CORE
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Fig. 14-7. A Frequency Doubler Circuit Using Full-
Wave Rectifiers.

in the primary. The frequency can be doubled as oftenas de-
sired by increasing the number of rectifier-transformer
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circuits. Fig. 14-6 shows a schematic circuit in which the
basic frequency is first doubled then quadrupled by the use of
two rectifier-transformer arrangements each using a tapped
coil primary.

Fig. 14-7 displays the apparatus designed to use a full-
wave rectifier, involving four half-wave elements, in the man-~
ner shown to achieve unidirectional current flow through the
primary; the double primary coil of Fig. 14-3, or the tapped
primary of Fig. 14-5 is replaced by a single coil. A study of
this circuit will show that the basic idea is the same as that
described in connection with the previous circuits.

Actuation of Vibrating Power Tools

Metallic rectifiers are used in numerous power applic-
ations where it is necessary to produce rapid mechanical
oscillation or vibration. The following electric hammer de-
scription is illustrative of one manner in which this principle
is applied to the power field.

TO POWER SOURCE

| S

\METALLIC /
RECTIFIER

HAMMER

AN

. O

Fig. 14-8. Cutaway Section of an Electric Hammer
Designed for Operation With Metallic Rectifiers.

Electric hammers are somewhat similar toair hammers
in design, with a free piston that strikes a positive blowon the
shank of the tool being used — 3600 blows per minute when
operated on a 60 cycle circuit. Fig. 14-8 is a drawing of the
hammer, piston, windings, and rectifier circuit connections
of the hammer.

The piston is the only working part and is pulled back
and forth by two powerful magnets wound around thebarrel of
the hammer.
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The magnets are energized alternately by pulsating
currents derived from a metallic rectifier circuit that is a
part of the hammer outfit.

Due to the simple magnet principle operated by recti-
fiers, this type of electric hammer will work continuously
through the toughest jobs without breakdown or time out.

Due tothe rectifier control, this type of electric hammer
is very powerful. It strikes thousands of sharp blows every
minute, drilling, cutting, channelling, scaling, bushing, or any
of its other uses, and one of these electric hammers will do
the work of several men.

Metallic Rectifier as Voltage Regulator

The metallic rectifier may be employed in simple
circuits to help maintain load voltages more constant. In this
application the nonlinear resistance characteristics of the
rectifier in the forward direction is utilized. Referring tothe
voltage-current curve of the metallic rectifier which has been
reproduced in Fig. 14-9A, it will be noted that the rectifier

LINEAR RESISTOR (A) Rectifier and Linear
CURVE .
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AMPERES
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CURVE  AppLiED

VOLTS

[=]
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Fig. 14-9. Rectifier Curves.

does not obey Ohm's law — for if it did, its curve would be
linear as represented by the dotted line. However,at any point
on the curve the voltage drop across the rectifier divided by
the current through the rectifier produces the forward re-
sistance for that operating point.

It is interesting to learn in what manner the rectifier
resistance varies. The curve giving this information can be
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derived from the voltage-current curve of Fig. 14-9A by
obtaining its reciprocal. This operation yields the forward
resistance curve of the rectifier as shown in Fig. 14-9B or
this curve may be obtained experimentally.

It is to be noted that the resistance change is rapid for
initial applied voltage changes but that larger values of applied
voltage yield almost constant resistance.

VDC=VARIABLE APPLIED DC VOLTS Eg
VAC s VARIABLE APPLIED AC VOLTS Eg

(A) DC Regulated (B) AC Regulated
Voltage Voltage
[<
w
)
g
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APPLIED VOLTAGE, Eg

Fig. 14-10. Voltage Regulator Circuits.

Taking advantage of this nonlinear resistance property
of the metallic rectifier in conjunction with the use of a fixed
resistor, circuits may be devised to regulate load voltage for
both AC or DC circuits. Fig. 14-10 shows the circuit con-
figurations and the regulation obtained.

As the applied voltage increases the current increases
more rapidly at first because of the nonlinear characteristic
of the metallic rectifier; hence a series current-limiting re-
sistor R which absorbs the increasing applied voltage in the
form of an IR drop tends to maintain the load voltage more
nearly constant.

Since in alternating current circuits the polarity of the
load leads periodically reverse, it is necessary to use two
rectifier assemblies "back-to-back' to obtain regulation over
both parts of the alternation.

Full-Wave Rectification Without Transformer for Use in
Control Circuits

A unique application of a center-tapcoilas shownin Fig.
14-11may be employed in the control of relaysand other sole-
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noid actuated devices whereby full-wave rectification is obtain-
ed with half the rectifiers that would be required for operation
of a conventional type coil. The conventional type coil and
circuit arrangement is shown in Fig. 14-12. In the center tap

RELAY

CcoiL. Fig. 14-11. Full-Wave Rectifica-

tion Without a Transformer.

L RELAY CONTROL CIRCUIT

Fig. 14-12. Conventional Type
Coll Used in Relays.

coil arrangement the coil is wound with a center tap and con-
nected into the circuit so that both halves of the coil winding
are additive as shown in Fig. 14-11. During one-half cycle
current flows through the upper half of the coil and through
rectifier D1 and back to the source as shown by the solid line
arrows. When the current reverses polarity current flows (in
the direction shown by the dash line arrows) through rectifier
D2 thence through the lower half of the coil to the source. A
very important feature of the circuit is that this type of relay
is highly efficient since the rectifier actsas a shunton the half
of the coil not receiving current thereby permitting its stored
up electromagnetic energy to be returned to the circuit as the
other coil currentis increasing from zero thus preventing the
current ever reaching zero during the off half of the cycle.

In certain applications of the center-tap coil arrangement,
it may be important that the pull exerted by either of the two
coils be exactly equal. In this instance, the conventional type
of center ~tap coil would not meet this specific requirement be-
cause the magnetic pull of the two coil halves will not be ex-
actly equal due to the fact that the inner half of the winding
(being nearer the core) will have a smaller diameter than the
outer half of the coil; therefore, its resistance will be greater
and it will pass a smaller current.

To overcome the above difficulty the coil may be wound
in the manner shown in Fig. 14-13, here the coil is shown as
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wound of two wires (of the same size) in parallel;therefore,the
two coil halves will be exactly equal in length and have ex-
actly the same resistances. The direction of current flow

Ll = RELAY COIL No.i
L2 =RELAY COIL No.2
S sSWITCH

Fig. 14-13. Special Type of Relay
Coll to be Used for Full-Wave Rec-
tification.

r———
4_RELAY CONTROL CIRCUIT

through this type of coil is shown in Fig. 14-13. When point
A of the AC source is positive and point B is negative the current
flow through the coil and circuit will be as indicated by the solid
line arrows. When the polarity changes so that point B becomes
positive then the current flow through the coil and circuit will
be as shown by the dash line arrows.
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CHAPTER 15

The Silicon Rectifier

EDITOR'S NOTE

At the time of completion of the preceding 14 Chapters, which con-
stituted the original manuscript of "Metallic Rectifiers, Principles and
Applications,' the use of silicon as the semiconductor in rectifiers was
announced. In order to include information onsilicon rectifiers, we
have included this chapter which discusses the basic concepts of design
and application of this new type rectifier. We wish to thank Mr. George
Eannarino, Director of the Rectifier Division of Sarkes Tarzian, Inc.,
for his co-operation in making this information available.

Introduction

The silicon rectifier is a new development recently in-
troduced in the field of power conversion and semiconductors.
The silicon rectifier exhibits several properties which make
its future outlook perhaps brighter than the three types
previously discussed.

The semiconductor properties of silicon have been
known for many years. As early as 1904, point contact (cats
whiskers) detectors made of silicon were used in radio re-
ceivers. With the advent of the vacuum tube, interest in the
point contact detector decreasedand it wasnot for many years
that interest was again revived.

In the 1930's research workers began the study of
shorter radio wavelengths. They found that ordinary vacuum
tubes were of little use in this region and some new type of
detector was needed. In the search for a new detector, the
properties of the old point contact silicon detector were
evaluated,

In an attempt to improve the old detectors, methods of
producing purer silicon were developed. Improvements came
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rapidly and the silicon detector became a practical device,
thus making radar practical during World War II.

Fig. 15-1. The Sarkes Tarzian M500 Silicon Rectifiers
Being Used in Television Receivers.

Through further experiments during and after World
War I, the silicon transistor was developed in 1948. Con-
tinuing researchlead to the introductionin 1956 of the silicon
power rectifier whichis shown in the photograph of Fig. 15-1.

Theory of Operation

Silicon, as used in siliconrectifiers, is a nearly perfect
single crystal of pure metal to which has been added an
element from either Group III or Group V of the Periodic
Table. (Silicon isin Group IV.) Silicon doped with a Group III
element conducts electrical current by means of holes, and
is designated as '"P'" type. Silicon doped with a Group V ele-
ment conducts current by means of electrons, and is designated
as '"N'" type. Actually, since the introduction of all undesired
elements is impossible to control, there are both Group III and
Group V elements present andthe overall effect is that of the
net difference. Thus, in '"N" type silicon, the difference in
the number of Group V atoms minus the number of Group III
atoms determines the number of conduction electrons. The
most numerous carriers are designated as majority carriers;
for example, electrons are majority carriers in "N type
silicon and holes (positive charges) are minority carriers.

The silicon junction rectifier or diode consists of a
"P" - "N'" boundary within the lattice of a single crystal of
silicon. In silicon area type rectifiers, the body of the wafer
generally consists of '"N'' type silicon on which a very thin
layer of '""P" is formed by either alloying or diffusing a suit-
able material. The boundary or barrier layer thus formedis
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very thin, less than 10~3 centimeters; therefore, on a junction
capable of blocking a potential of 1000 volts, the space charge
across the barrier layer is greater than 106 volts per centi-
meter. It is obvious, that to produce high voltage junctions,
extreme care must be taken to eliminate all unwanted im-
purities that tend to ionize at high potentials.

At zero bias, diffusion effects of electrons and holes
are opposed by an electrostatic space charge and the junction
is at equilibrium; however, as an external voltage is applied,
the junction exhibits unilateral characteristics of current
flow. Current flows readily when a positive potential is con-
nected to the "P" side of the junction, and very low currents
flow when the potential is reversed. This unilateral effect
defines the area of usefulness of a silicon rectifier, and the
ratio of conductive to blocking resistance establishes the
rectification ratio of the rectifier cell. Blocking resistances
are as high as 109 ohms, while the forward resistances are
measured in fractions of ohms; therefore, the rectification
efficiency is greater than 99% with the forward drop contri-
buting nearly the total loss.

Production of Silicon Rectifiers

Silicon does not readily lend itself to zone refining;
therefore, the most popular methods to produce single crystals
of pure silicon iscrystal "pulling’ where a seedof pure single
crystal silicon is dipped into molten silicon, rotated slowly and
withdrawn at a predetermined rate. A major problem in
crystal "pulling” is to keep the resultant crystal free from
contaminants. Molten silicon is very active and attacks the
materials used in containers and holders. Quartz crucibles
are commonly used and the entire process is conducted in an
inert atmosphere to reduce the possibility of contamination.
Temperatureis alsoveryimportant and plus or minus 0.1° C.
at approximately 14300 C. must be maintained.

When it is determined that the crystal has resulted in
the desired type (either "P' or "N"), and that the resistivity
is within the range that will produce suitable voltage ratings,
the crystal is cut into thin slices and finally into small wafers
or dice of desired size and thickness.

After suitable etching and grading to separate wafers
that do notconform to established thickness specifications, the
dice are alloyed by a special process. Alloying is conducted
at high temperatures and provides not only a 'P'" - "N"
junction on one side of the wafer, but a low ohmic content
on the base. Low resistance contacts are important, since
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once the internal space charge is overcome the resistance of
the cell decreases exponentially and contact and lead re-
sistances become factors limiting current flow.

Alloyed dice are brazed to a base and then hermetically
sealed after a contactis providedto the alloyed side. Extreme
care must be taken during the mounting and assembly opera-
tions to keep the surface free from contamination of any type
since contaminants will ionize and shunt the junction.

Final electrical and mechanical tests are performed be-
fore and after successive heatcycles to make certain that the
rectifier is stable under all conditions of temperature,
humidity, altitude, and shock.

Forward Characteristics

The direction of low resistance or high current flow is
definedas the "forward" direction of the silicon rectifier, and
since the majority of the power losses within the device are con-
centrated in the conduction cycle we will consider this care-
fully. Fig. 15-2 shows the classic static forward-current
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characteristics versus applied voltage. The curve of Fig. 15-2
shows that the effect of the space charge establishes a thres-
hold voltage at approximately 0.6 volts DC. Note that once
the device starts to conduct, the current increases expo-
nentially with small increments of voltage andthen increases
nearly linear on a very steep slope.

The current density of a silicon rectifier is very high
and on present designs ranges between 600 and 750 amperes
per square inch of effective barrier layer area. This depends
to a great extent on the general construction of the enclosure
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and particularly on the ability of the heat sink to conduct heat
from the crystal. A rectifier rated at one ampere DC and 15
amperes of peak surge current, contains a cellthat has a total
volume of .0000112 cubic inches. A rectifier rated at 15 am-
peres DC and 75 amperes of peak surge current, has a totalcell
volume of .000227 cubic inches. Peak currents are, therefore,
extremely critical because the small mass of the cell will
heat instantaneously and could conceivably reach failure
temperatures within a time lapse of a few microseconds.

An increase in junction temperature increases efficiency
as is shown by the curves of Fig. 15-2. Not only does an in-
crease in cell temperature cause a general forward re-
sistance decrease, but a relative decrease of threshold volt-
age also occurs. This decrease is caused by an increase in
thermal energy and agitation which,in turn, raisesthe energy
level of the holes and electrons, thus reducing the space charge.

€

210 VOLTS RMS INPUT
RESISTIVE LOAD 100°C AMBIENT

Fig. 15-3. Typical Regulation
Curves for Various Circuits.
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Typical regulation curves for various circuits are shown
in Fig. 15-3. Thethree-phasebridge is the most efficient with
a change of only 0.6% in output voltage as the load is varied
from O to 100%. The single-phase half-wave circuit is the
least efficient with a change of 2% in output voltage as the
load is varied from 0 to 100%.

Reverse Characteristics

The reverse direction of a silicon rectifier is charac-
terized by extremely high resistance, up to 109 ohms, below
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avalanche voltage; at the avalanche voltage, a very sharp
break occurs and the resistance rapidly decreases. This
characteristic, graphically illustrated in Fig. 15-4, shows
typical reverse current versus reverse voltage. Note the
initially low values of reverse current and the sharp breakas
the critical voltage is reached. Because of this it is good
practice to rate the peak inverse working voltage at least
20% below the avalanche point to provide a safety factor.

The avalanche point varies between rectifiers produced
from the same crystal and depends to great extent on two
factors: (1) The resistivity of the segment of crystal from
which the wafer is cut, with crystal resistivity depending on
distributed impurities withinthe crystal lattice; and (2) sur-
face contamination introduced during alloying, brazing, assem-
bly, or sealing. Contaminants will ionize at relatively low
voltages and shunt the junction.

In a high voltage silicon rectifier that is virtually free
of surface contamination and with uniform distribution of im-
purities, the avalanche is caused by ionization of atoms within
the crystal and the junction assumes characteristics similar
to those that apply to ionization of gases.
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Fig. 15-4. Static Reverse Isothermal
Curves for Sarkes Tarzian Type 15N1
Silicon Rectifier.

Isothermal reverse curves are shown in Fig. 15-4.
These show that the avalanche voltage increases with an in-
crease in temperature and a general softening of charac-
teristics is noted. The avalanche voltage decreases by about
10% between room temperature and extremely low tem-
peratures; however, since 20% is allowed on initial rating,
a safety factor is provided. At temperatures higher than
room temperature the avalanche voltage increases; therefore,
there is no need for derating.
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Efficiency of the Silicon Rectifier

Reverse losses represent a negligible factor of power
dissipation because of extremely low back currents. The
forward losses, however, contribute very nearly the total loss
within a siliconcell. Toillustrate the magnitude of difference,
a typical 600-volt rectifier will pass approximately 5 micro-
amperes of back current at rated voltage for a back resistance
of 120 megohms and a power dissipation of .003 watts. The
same rectifier rated at one ampere DC connected in a single-
phase half-wave circuit, would have a forward voltage drop of
2.5 volts when operating at 100% rated current. The forward
resistance of the cell would be 2.5 ohms and a power dissi-
pation of 2,5 watts. Inthiscase, the resistance ratiois approx-
imately 120,000,000 to 1 and the forward to reverse power
ratiois approximately 800 to 1. A rectifier ratedat 600 volts
peak inverse will deliver approximately 200 watts of power to
a load, in a half-wave circuit, with internal losses of about
1 watt at an efficiency of 99.5%. This will become important
as the fields of application extendto heavy current equipment.

Operating Temperatures

Silicon rectifiers are designed to operate in ambients
from -550 C. to 1000 C. without derating and to 150° C. with
moderate derating. The maximum case temperature is 170°
C. with a 209 C. thermal gradient anticipated between the
case and the cell.

Parallel Operation

Silicon rectifiers are produced as half-wave units with
maximum current limits; however, at times it is necessary
to use individual rectifiers in parallel to obtain sufficient
output. Because the forward resistance is very low once a
silicon rectifier starts to conduct, any unbalance between
threshold voltages or internal voltage drop would cause
serious unbalance of load distribution and ultimate failure of
the overloaded section. For this reason it is recommended
that a small series resistance be used with each half-wave
section operating in parallel.

Series Operation

No special precaution is required when silicon recti -
fiers are operated in series, provided that the sum of the
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peak inverse ratings is not exceeded. Fig. 15-5 shows the
effect of operating rectifiers with unbalanced peak inverse
ratings. Note that each unit will increase until its individual
avalanche point is reached; at this point, there is a leveling
off regardless of how much the source voltage is increased.

Q
=)
7
H75
g
v 150 A
o
£ N4
= 125
S 00 —
@ ! f— ~-
: EalDZan
& 75 -
w /%
O 50 et ]
g ESse=
T
Q 25 A
w
4
o 100 200 300 400 500 600
= TOTAL INVERSE VOLTAGE- VOLTS DC

Fig. 15-5. Inverse Voltage Per Rectifier
with Five Sarkes Tarzian “P" Type Silicon
Rectifiers Connected in Series.
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Fig. 15-6. Inverse Voltage Per Rectifier
with Two Sarkes Tarzian “P” Type Silicon
Rectifiers Connected in Series.

Fig. 15-6 shows reverse current versus voltage with un-
balanced rectifiers operating in series. This data shows
there is no tendency for the reverse current to increase
sharply even though the peak inverse ratings of individual
rectifiers are exceeded.

Conventional Circuits

Silicon rectifiers are generally produced as half-wave
units; however it is possible to connect single units into a
variety of single phase and polyphase combinations.
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Single-Phase, Half-Wave

Itis not necessary touse more thanone unit per circuit
unless load requirements for voltage and current exceed the
ratings of a single unit. When an input capacitor filter is used,
it is necessary to provide a few ohms of surge limiting re-
sistance to prevent rectifier failure. Also, the peakvoltage

AVERAGE DC
i‘ %" LOAD

ONE
CYCLE

Fig. 15-7. Single-Phase, Half-Wave Rectifier Circuit.

rating of the rectifier should not be exceeded since the DC
voltage contributes to the total back voltage. In the circuit of
Fig. 15-7, a special transformer design is required because
of core saturation effects of unidirectional current and high
rms to DC ratios.

Single-Phase, Full-Wave Bridge

The circuit of Fig. 15-8 shows four half-wave silicon
rectifiers used in a single-phase full-wave bridge circuit.
Full wave output reduces ripple and increases. efficiency.

AVERAGE DC
it A £\ %“ +

L ONE
CYCLE

Fig. 15-8. Single-Phase, Full-Wave Bridge Type
Circuit.

LOAD

Transformer design is simplified since both halves of the in-
put cycle are utilized. The transformer secondary voltage is
approximately 1.25 times the DC output voltage.

Three-Phase, Half-Wave

Three single-phase, half-wave silicon rectifiers are
required to obtain a three-phase, half-wave circuit. See Fig.
15-9. Better circuit utilization provides relatively high effi-
ciency and low ripple at three times the fundamental fre-
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quency. The output voltage is approximately equal to the
phase voltage; however, the rms voltage rating of each arm

/— AVERAGE DC LM

N

« ONE 4,‘
CYCLE
# % LOAD

Fig. 15-9. Three-Phase, Half-Wave Rectifier Circuit.

R -
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of the rectifier must be equal to the line voltage which is
1.73 times the phase voltage.

Three-Phase, Full-Wave Bridge

The three-phase bridge circuit, shown in Fig. 15-10,
requires six single-phase, half-wave units. This circuit de-
livers very high efficiency and is commonly used where DC
power requirements are large. Due to overlapping of the
three phases the ripple percentage is low,approximately 4%,

[AVERAGE 3] L_QQQ) w

OXYNYYXYYNON _— ==
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Fig. 15-10. Three-Phase, Full-Wave Bridge Type
Circuit.

e
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and though additional filtering may be required, the resultant
ripple that is six times the fundamental source frequencyis
easily filtered. The DC output voltage is approximately 25%
higher than the input phase voltage.

Comparison of Output Voltages of Silicon Versus
Selenium Rectifiers

A typical full-wave voltage doubler circuit, commonly
used in television receivers, is shown in Fig. 15-11. The
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charts shown in the following, compare the output voltage of
the silicon rectifier with that of the selenium rectifier, using
values of 4.2 ohms and 5.2 ohms for the series resistor R1.
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Fig. 15-11. A Typical Full-Wave, Voltage-Doubler
Circuit.

SILICON RECTIFIER (SARKES TARZIAN M500)

RECTIFIER DC OUTPUT VOLTS
NO. 4.2 OHMS 5.2 OHMS
1&2 287 284
3&4 287 284
5&6 287 284

SELENIUM RECTIFIER (SARKES TARZIAN 300)

RECTIFIER DC OUTPUT VOLTS
NO. 4.2 OHMS 5.2 OHMS
1&2 266 262
3&4 266 262
5&6 267 264

The Model M500 silicon rectifiers produced by Sarkes
Tarzian, Inc, are designed primarily for use in television
receivers where-voltage doubler circuits operating directly
off the line are in common use. Their small size, high effi-
ciency, and low cost make them desirable for use in all types
of commercial electronic equipment.
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APPENDIX 1

Some Electrical and Metallic Rectifier Terminology

Aging. Aging of a metallic rectifier is any persisting change
(except failure) which takes place for any reason in either
the forward or reverse resistance characteristic. (NEMA)

Ambient Temperature. Ambient temperature is the air
temperature immediately around the metallic rectifier.

Asymmetrical Conductor. See rectifier cell.

Cell Combinations. The cell combination in a metallic recti-
fier is the arrangement of cells in a stack, stack assembly,
or rectifier unit. The cell combination is described by a
sequence of three numbers, written a-b-c, with the following
significances:

a. Number of rectifying elements.

b. Number of cellsin seriesin eachrectifying element.

c. Number of cells in parallel in each rectifying element.

NOTE: Thetotal number of cells inthe rectifier is the product
of these three numbers. (NEMA)

Cell Current Rating. The current rating of a metallic recti-
fier cell is the maximum current that may be passed through
it inthe forward or low resistance direction and maintain its
thermal ratings.

Cell Voltage Rating. The voltage rating of a metallic rectifier
cell is defined asthe maximum rms value of an AC voltage to
be applied to the cell.

Conductor, Substances in which the electrons are able to
pass readily from atom to atomunder the influence of a small
applied potential are called conductors. Examples of con-
ductors are silver, copper, aluminum, etc.
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Conversion Efficiency of Metallic Rectifier. The conversion
efficiency of a metallic rectifier equals the average DC volts
times the average DC amperes output, divided by the AC watts
input, in percent.

Dry Disc Rectifier. See metallic rectifier.

Dry Plate Rectifier. See metallic rectifier.

Electric Current Flow. The conventional direction of electric
current flow in the circuit external to the applied potential
is from the positive to the negative terminal.

Electron Flow. In a circuit the electron flow is from the
negative terminal of the applied potential to its positive
terminal.

Fin. A square or round metal plate which may or may not
perform an electrical function in a rectifier stack, but is as-
sembled therein for the purpose of dissipating heat.

Forward Current. The current which flows in the forward
direction through a rectifier cell.

Forward Direction. The forward direction of a rectifier cell
is the direction of lesser resistance to current flow through
the cell.

Forward Resistance. The forward resistance of a metallic
rectifier is the resistance measured at a specified forward
voltage drop or forward current.

Forward Voltage Drop. The forward voltage drop is the po-
tential drop inthe rectifier cell as a result of the flow of for-
ward current through the metallic rectifier cell.

Instrument Rectifier. Aninstrument rectifieris a specialized
metallic rectifier having smaller disc area than conventional
power supply units and being especially processed to have
stability, permanence, and high efficiency.

Insulator., Substances in which the electrons are so tightly
bound that it takes enormous electric potential to cause cur -
rent flow are called insulators. Examples of insulators are
ceramics, glass, and mica.

262



kva. A unit of apparent electrical power equal to 1000 volt-
amperes, abbreviated from kilovolt-amperes.

kw. Abbreviation for kilowatts, equal to 1000 watts.

Metallic Rectifier. A metallic rectifier is a rectifier which
has an asymmetrical conductive junction between solid con-
ducting and semiconducting materials which permits current
flow more readily in one direction,

Metallic Rectifier Unit, A metallic rectifier unit is an oper-
able arrangement of a rectifier and essential auxiliaries
such as transformers, filters, switchgear, etc. (NEMA)

Non-symmetrical Conductor. See metallic rectifier.

Power Factor (pf). Power factor isthe ratioin percent of the
AC watts input to the product of the AC volt-ampere input.

Rectifier. A rectifier is an electrical device which changes
alternating current into direct current by its characteristic
which permits the flow of current more readily in one direction.

Rectifier Assembly. A metallic rectifier stack assembly is
an assembly of two or more stacks.

Rectifier Cell. A single junction rectifier which has one
positive electrode, one negative electrode, andone rectifying
junction and is operable as an elementary rectifier.

Rectifier Couple. See rectifier cell.

Rectifier Disc. See rectifier cell.

Rectifying Element. See rectifier cell.

Rectifying Junction. The rectifying junction is the region in
a rectifying cell which possesses asymmetrical conduction.
This junction is also called the barrier layer or blocking
layer.

Rectifier Plate. See rectifier cell.

Rectifier Stack, A rectifier stack is an assembly of one or
more rectifier cells. Rectifier stacks are usually made by
assembling rectifier cells upon an insulated center bolt or
stud.
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Rectifier Valve. A metallic rectifier whose function is to
block the reverse flow of direct current for control or similar
purposes.

Reverse Voltage. The reverse voltage is the voltage which is
applied in the reverse direction to a metallic rectifier cell.

Reverse Current. The reverse current is the current which
flows in the reverse direction through the rectifier cell. It

is also called the leakage current.

Reverse Direction. The reversedirection of a metallic recti-
fier cellis the direction of greater resistance to current flow
through the cell.

Reverse Resistance. The reverse resistance of a metallic
rectifier cell is the resistance measured at a specified re-
verse voltage or reverse current.

Root-Mean-Square (rms). The effective value of sinusoidal
waveform of alternating current or voltage and equal to 0.707
times the peak value of the sine wave.

Semiconductor. Substances which are not good conductors
and yet are not insulators are called semiconductors. Ex-
amples of semiconductors are carbon, metal oxides, and
certain alloys.

Semiconductor Rectifier. See metallic rectifier.

Single-Phase. Theform of distribution of alternating current
commonly used for household purposes and small power
applications.

Three-Phase. A form of distribution of alternating current
commonly used for commercial and industrial purposes; the
voltage across each phase is at an angle of 120 degrees to
the voltage across the other phases.

Threshold Voltage. The threshold voltage of a metallic recti-
fier cell is the minimum value of alternating voltage applied
to the cell before rectification takes place.

Unilateral Conductor. See rectifier cell.

Varistor. See metallic rectifier.
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Voltage Regulation. Voltage regulation is the ratio of the
difference between the no load voltage and the full load voltage
to the full load voltage in percent.

Waveform Factor. The waveform factor is the ratio between
the rms tothe average value of the waveform. The waveform
factor of a sine wave is 1.11.
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APPENDIX 1l

Classified Sources for Metallic Rectifiers

To the potential electrical component buyer, designer,
and professional engineer there are available a number of
directories of sources for electrical merchandise. These
directories, of course, contain sources for metallic rectifiers.
However,the listings are generally mixed — no indication as
to whether the source is for copper-oxide, selenium, or
magnesium -copper sulfide rectifier. Worse yet, the listings
generally contain references which are not primary sources
for rectifiers but those who either purchase their rectifiers
from primary sources and then manufacture rectifier power
supplies or allied devices, and those who purchase the plates
and assemble rectifiers to order.

In the listings to follow every effort has been made to
include only primary sources for metallic rectifiers. This type
of information puts the potential customer in direct contact
with the source and avoids delays and extra charges when
special rectifiers are required.

The first listing contains the names and addresses of
these primary sources of metallic rectifier manufacturers.
The second listing gives the names of the manufacturers of
copper-oxide rectifiers; the third listing gives the names of
the manufacturers of the magnesium -copper sulfide rectifiers.
The fourthlisting gives the names of the manufacturers of the
selenium type rectifiers.

The remaining listings indicate where specialized me-
tallic rectifiers may be obtained. These specialized listings
cover instrument rectifiers, valve rectifiers, high voltage
rectifiers, rectifiers for radio and television receivers, and
high frequency rectifiers.

The writer has checked these listings very carefully and
sincerely hopes that no errors or omissions are present but
in a field which is undergoing change and rapid growth only a
periodic revision can keep the listings up-to-date.
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Directory of Metallic Rectifier Manufacturers

Bradley Labs, Inc.
170 G Columbus Ave.
New Haven 11, Conn.

Conant Labs
6500 O Street
Linclon 5, Neb.

Fansteel Metallurgical Corp.
2220 Sheridan Rd.
North Chicago, Ill.

Federal Telephone and Radio Corp.
88 Kingsland Rd.
Clifton, N. J.

General Electric Co.
Apparatus Sales Division
1 River Road
Schenectady 5, N. Y.

International Rectifier Corp.
1521 E. Grand Ave.
El Segundo, Calif.

International Resistance Co.
401 N. Broad Street
Philadelphia 8, Pa.

Mallory & Co., Inc., P. R.
3029 E. Washington Street
Indianapolis 6, Ind.

Radio Receptor Co.
251 West 19th Street
New York 11, N. Y.

Sarkes Tarzian, Inc.
415 N. College Ave.
Bloomington, Ind.

Syntron Co.
243 Lexington
Homer City, Pa.
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Sylvania Electric Products, Inc.
1740 Broadway
New York 19, N. Y.

Vickers, Inc.
1815 Locust Street
St. Louis 3, Mo.

Westinghouse Electric Corp.
Pittsburg 30, Pa.

Manufacturers of Copper-Oxide Rectifiers

Bradley Labs, Inc.

Conant Labs

General Electric Co.
Westinghouse Electric Corp.

Manufacturers of Magnesium-Copper Sulfide Rectifiers

P. R. Mallory & Co., Inc.
Manufacturers of Selenium Rectifiers

Bradley Labs, Inc.

Fansteel Metallurgical Corp.
Federal Telephone and Radio Corp.
General Electric Co.
International Rectifier Corp.
International Resistance Co.
Mallory & Co., Inc.

Radio Receptor Co.

Sarkes Tarzian, Inc.

Syntron Co.

Sylvania Electric Products,Inc.
Vickers, Inc.

Westinghouse Electric Corp.

Manufacturers of Radio and Television Type Selenium Rectifiers

Bradley Labs, Inc.

Federal Telephone and Radio Corp.
General Electric Co.

International Rectifier Corp.
Mallory & Co., Inc.
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Radio Receptor Co.
Sarkes Tarzian,Inc.
Sylvania Electric Products, Inc.

Manufacturers of Instrument Rectifiers of the Metallic Type

Bradley Labs, Inc.
Conant Labs.

Manufacturers of Valve-Type Rectifiers
(Selenium and Copper-Oxide)

Bradley Labs, Inc.

Conant Labs.

Fansteel Metallurgical Corp.
Federal Telephone and Radio Corp.
General Electric Co.

International Rectifier Corp.
International Resistance Co.

Manufacturers of High-Voltage Metallic Rectifiers (Selenium)

Bradley Labs, Inc.

Fansteel Metallurgical Corp.
Federal Telephone and Radio Corp.
General Electric Co.

International Rectifier Corp.

Radio Receptor Co.

Sarkes Tarzian, Inc.

Manufacturers of High-Frequency Metallic Rectifiers
Bradley Labs, Inc.

Conant Labs.
International Resistance Company.
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APPENDIX IlI

Classified Bibliography for Metallic Rectifiers

For the reader who is interested in delving deeper into the
theory, as well as design and application of metallic rectifiers,
this Appendix contains a classified bibliography for such study.
The classification is divided into four parts. The first part
of the classification contains references to theory as well as
general material on metallic rectifiers. The remaining three
parts cover references tothe copper-oxide, magnesium-copper
sulfide, and to the selenium rectifiers, respectively.

General References

1. "Principles and Applications of Semi~Conductors', E. D.
Wilson, Electr. Mig., p. 126, (Dec. 1946).

2. "The Physics of Electronic Semi-Conductors’,G. L. Pear-
son, Trans. AIEE, Vol. 66, pp. 209-214,(1947).

3. "Crystal Rectifiers', H. C. Torrey and C. A. Whitmer, a
book, Vol, 15 from the Radiation Laboratories Series by
McGraw-Hill Book Co., New York, N. Y. (1948).

4. "Semi-Conductor Rectifiers",S. J. Angello, Electrical Eng
Vol 68, pp. 865-872,(0Oct. 1949).

5. "Photo Effects in Semi-Conductors', J. A. Becker, Electri-
cal Eng. Vol. 68, pp. 937-942,(Nov. 1949).

6. "Conductivity in Semi-Conductors’, K. Lark and Horovitz,
Electrical Eng. Vol. 68, pp. 1047-1065, (Dec. 1949).

7. "Electrons and Holes in Semi-Conductors", W. Shockley,
a book published by D. Van Nostrand, Inc., New York, N. Y.
(1950).
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10.

11.

12,

"Standards for Metallic Rectifiers' Publication No. MRi-
1950,Dec. 1950 by National Electrical Manufacturers' Ass-
ociation, 155 E. 44th St., New York, N. Y.

"Military Specifications, Rectifiers, Metallic."” MIL-R-
15736 (Ships),2 Jan. 1951.

"Advanced Developments in Metallic Rectifiers”, W. F.
Bonner and F. J. Oliver, Elect. Mfg.,(Oct. 1951).

"Experiments With Rectifiers', from the book ""Learning
Electricity and Electronics Experimentally”, Leonard R.
Crow, Scientific Book Publishing Co., Vincennes, Ind.

""Rectifier Applications with Magnetic Amplifiers and Sat-
urating Core Devices", from the book "Saturating Core
Devices — Operating Principles and Applications", Leon-
ard R. Crow, Scientific Book Publishing Co., Vincennes,
Ind.

References On Copper-Oxide Rectifiers

1.

""A New Type of Contact Rectifier', L. O, Grondahl, Physical
Reviews, Vol. 27, p. 813, (1926).

""Theories of New Solid Junction Rectifiers', L., O. Grondahl,
Science, Vol. 64, p. 306, (1926).

"The Copper-Cuprous-Oxide Rectifier and Photoelectric
Cell", L. O. Grondahl, Review of Modern Physics, Vol. 5,
p. 157, (1933).

""Fundamental Characteristics and Applications of Copper
Oxide Rectifiers', C. C. Hamann and E. A. Harty, General
Electric Review, Vol. 36, pp. 342-348, (Aug. 1933).

"Aging in Copper-Oxide Rectifiers", E. A. Harty, General
Electric Review,Vol. 39, pp. 244-245, (May 1936).

"Semi~Conductor Theory of Blocking Layer and Point Con-
tact Rectifier', W. Schottky, Zeitschrift flir Physik, Vol.
113, p. 367, (1939).

""Applications of Copper Oxide Rectifiers", Electronics,
p. 15, (July 1939).
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10.

11.

12,

13.

14.

15.

16.

17.

"Metal Rectifiers', A. L. Williams and L. E. Thompson,
Jour. IEE, Vol. 88, part I, pp. 353-371, (1941).

"Which Rectifier for Your DC-Operated Product?' Elect.
Mfg., (Feb. 1942),

"Dry-Disc Rectifiers', Aerovox Research Worker, Vol,
15, No. 3, (March 1943).

"Principles and Applications of Semi-Conductor Recti-
fiers", E. D. Wilson, Elect. Mifg., p. 126, (Dec. 1946).

"Rectifiers — Selenium and Copper-Oxide", W. H. Falls,
General Electric Review, Vol. 50, pp. 34-38, (1947).

"Twenty-Five Years of Copper-Copper-Oxide Rectifiers',
L.O.Grondahl, AIEE Tech, Paper No. 48-66, (Dec. 1947),
also Trans, AIEE, Vol. 67, pp. 403-410, (1948).

"The Copper Oxide Rectifier', I. R. Smith, Trans. AIEE,
Vol. 67, p. 1051, (Nov. 1948).

"The Characteristics and Some Applications of Varistors",
Frank R. Stansil, Proc. IRE, Vol. 39, No. 4, pp. 342-358,
(April 1951).

"Advanced Developments in Metallic Rectifiers', W. F.
Bonner and F. J. Oliver, Elect. Mfg., (Oct. 1951),

"Instrument Rectifiers', H, B. Conant, a booklet available
from Conant Laboratories, Lincoln 5, Neb.

References On Magnesium-Copper Sulfide Rectifiers

1.

"The Copper Sulfide Rectifier as a Source of Power for
Projection Arc', C. A. Kotterman, Journal of the Society
of Motion Picture Engineers, Vol. 32, pp. 558-567, (1939).

"The Magnesium-Copper Sulfide Rectifier Battery Charger
for Railway Passenger Cars', C. A. Kotterman, Trans.
AIEE, Vol. 58, pp. 260-265, (1939).

"Magnesium-Copper Sulfide Rectifier'', Samuel Ruben,
Trans. of the Electrochemical Society, Vol. 87, pp. 275-2817,
(1945).
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"Magnesium-Copper Sulfide Rectifier Design Factors',
R. O. Whitesell, Elect. Mfg., (Dec. 1945).

"Principles and Applications of Semi-Conductor Recti-
fiers", E. D. Wilson, Elect. Mfg., (Dec. 1946).

"AC Automotive Generator System for High Output", Tele-
Tech., (Oct. 1947).

"Keeping Car Batteries Charged", A. D, Gilchrist, FM-TV,
{Nov. 1951).

"High and Low Temperature Characteristics of Dry Disc
Rectifiers', by P.R. Mallory & Co., Inc., Indianapolis, Ind.

References On Selenium Rectifiers

1.

"Selenium Rectifiers', Karl Maier, Electrotechnische Zeit-
schrift, Vol. 55, No. 9, pp. 221-222, (March 1, 1934).

. "Selenium Rectifiers', Karl Maier, Electrotechnische Zeit-

schrift, Vol. 56, No. 9, pp. 237-238, (Feb. 28, 1935).

""Selenium Rectifiers"”, E. Kipphan, Electrical Communic-
ations, Vol. 16, No. 1, pp. 21-29, (July 1937).

""Selenium Rectifiers', Communications, Vol. 18, No. 3,
pp. 7-9, (March 1938).

"Some Industrial Applications of Selenium Rectifiers"”,
S. V. C. Scruby and H. E. Giroz, Electrical Communic-
ations, Vol. 17, No. 4, pp. 366-374, (April 1939).

"Rectifier Power Plant for Transmission Systems', R.
Kelley, Electrical Communications, Vol. 18, No. 1, pp. 60-
64, (July 1939).

""Selenium Rectifiers for Signalling', Railway Signalling,
Vol, 32, No. 12, pp. 673-675, (Dec. 1939).

""Selenium Rectifiers, Construction and Operation", W. O.
Julius, Electrical Review, (May 17, 1940).
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INDEX

AC-DC radio power supply, 199,200
AC-DC meters, 205, 206
AC voltmeter
compensation for high-frequency
errors, 224, 225
frequency response, 222
full-wave rectifier, 217
using rectifier shunt, 216
using resistive shunt, 214
Ambient temperature error
compensation for, 226
in rectifiers for AC meters,
225, 226
Arc suppressors, 230-233
Automotive uses, 191, 192
circuit, 192
B

Barrier layer, 19, 250, 262

c

Cathodic protection, 192-194
buried metal pipe, 193
Cell, 16
Chemical rectifier, 5-7
half wave, 6
full wave, 7
Classification chart, 148, 149
Classification of metallic rectifiers,
145-149
high voltage rectifier, 147
instrument rectifier, 147
power rectifier, 145, 146
radio and television, 146, 147
small current rectifier, 146
Coding of rectifier stacks, 44-46
Commercial practices, 29-48
Commercial stack assembly, 43
Comparison chart, 141, 142
Comparison of silicon vs. selenium,
258, 259
Comparison of three types
comparison chart, 141, 142
current ratings, 139
efficiency, 140
operating temperature, 140,141
volt-amperes, 135-137
voltage rating 138,139
voltage temperature, 137,138

Conductor, 16
Copper-oxide rectifier, 49-73, 207
aging and life, 69, 70
ambient conditions, 72
construction, 53-55
current rating, 65
development, 49,50
effect of idleness, 69
efficiency, 67
element of, 55-58
frequency characteristics, 68
operating temperature and
derating 71, 72
power factor, 68
production, 50-52
speed of operation, 69
temperature characteristics,
61-64
threshold voltage 70,71
voltage rating, 65
voltage regulation, 65,66
voltage-resistance
characteristics, 64
volt-ampere characteristics,
58-61
Cupric oxide layer, 50
Current density error
rectifier type AC meter, 227
Current ratings
comparison of, 139
magnesium-copper sulfide, 129
copper-oxide, 65
selenium, 95

DC generators, 7,8

DC motor applications, 189-191
speed control circuit, 190
variable speed drive circuit, 190

DC power supply for
AC-DC radio, 199, 200
electric shaver, 196, 197
magnetic chucks, 199
phonograph amplifiers, 197,198
small electric devices, 198,199
television, 200-203, 259

DC supply for electroplating,

185-189

single-phase, full wave, 186
three-phase electrofinishing, 187
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Derating, 104-106
copper-oxide cell, 71,72
Direct current
applications, 2
Duplex operation of controls,
233-235
from AC source, 234, 235
from DC source, 234
Dry disc rectifiers, See metallic
rectifiers

Efficiency
comparison of, 140
copper-oxide, 67
magnesium-copper sulfide, 130
selenium, 99-101
silicon, 255

Electric current flow, 15

Electric shaver supply, 196, 197

Electrical energy, 1

Electrical valves, 229-236

Electroforming, 112

Electron flow, 15

Electroplating circuits
single-phase, full wave, 186
three phase, 187

Errors in instrument rectifiers,

219-227

ambient temperature, 225, 226
current density, 227
frequency, 220-225
waveform, 220

F

Forward direction, 16
Forward resistance curve, 28
Frequency characteristics
copper-oxide, 68
magnesium-copper sulfide, 131
selenium, 101, 102
Frequency doubler circuit, 241,242
Frequency quadrupler circuit, 242
Frequency response
rectifier type AC meter, 222
Full-wave instrument rectifier,
216-219
using two rectifiers, 219
Full-wave rectification, 17
without transformer, 245-247

Full-wave, single-phase circuits, 37-44

bridge, 40, 41

center tapped, 39
commercial stacks, 42
series parallel, 43
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Grading of cells, 29, 30

Half-wave instrument rectifier,
211-214
with rectifier shunt, 214, 215
with resistive shunt, 216
Half-wave rectification, 17
circuit, 34-36
High-voltage rectifier, 147

Instrument rectifiers, 147, 205-227
capacitance effect, 223
characteristics, 208
full wave, 216-219
physical description, 209,210
required properties, 207-209

Insulator, 16

Interphase transformer, 178

L

Ladder circuit, 173, 174
Low frequency AC meter, 221

Magnesium-copper sulfide rectifier,
109-134

aging, 132

ambient temperature, 131,132

construction, 116-119

current rating, 129

development, 109,110

effect of idlenss, 131

efficiency, 130

element of, 119-121

frequency characteristics, 131

life and operating temperature,132

power factor, 131

production, 110-116

speed of operation, 131

temperature characteristics,
124-128

threshold characteristics, 133

volt-ampere characteristics,
121-124

voltage rating, 129

voltage regulation, 129

voltage-resistance character-
istics, 128

Magnetic amplifiers, 237-240



Magnetic chuck DC supply, 199
Mechanical rectifiers, 2, 3
Mercury arc rectifiers, 8
Metallic rectifiers, 9-13, 15-27

as electrical valves, 229, 236

barrier layer, 19

basic principle, 9

conventions and nomenclature,

15, 16

dynamic volt-ampere, 26

general 15-27

original discovery, 9

rectifier element, 17

structure, 18,19

volt-ampere curves, 24
Multiplier resistance, 212
Multi-range AC voltmeter, 211

Operating temperature, 104-106
comparison of, 140,141
silicon, 255

Parallel operation
silicon, 255
Peak charging current, 155
Peak limiting resistor, 155
Phonograph amplifier power supply,
197,198
Photoelectric cells, 10
Physical size of rectifier cell, 29
Power factor, 68, 101, 131
Power frequency multipliers,
240-243
Power rectifiers, 145, 146, 179-194
Protective coatings, 33, 34

Quadrupler circuit, 171-173

Radio and television rectifier,
148, 147

Relay devices, 233

Rectifier cells

Rectifier circuits 151-178

center-tapped, 158-160
full-wave voltage-doubler,
166-168
half-wave voltage-doubler,
163-166
ladder circuit, 173, 174
single phase, 151, 152
single-phase, half-wave, 152,158
single-phase, full-wave bridge,
161,162
three-phase circuits, 175-178
three-phase, full-wave,bridge,
177,178

three-phase, full-wave,center-tap,

177
three-phase, half-wave, 175,176

Rectifier stack, 17
Rectifier junction, 16

test circuit, 23

theory, 20-23

volt-ampere, 23-26

voltage-resistance properties,
27,28

Reverse direction, 16

)

Selenium rectifier, 75-107

aging and life, 103, 104

ambient conditions, 106

construction, 79-85

current rating, 95

derating, 104-106

discovery, 75

effect of idleness, 102,103

efficiency, 99-101

elements of, 85-88

frequency characteristics, 101,

102

operating temperature, 104-106

power factor, 101

production, 76-79

speed of operation, 102,103

temperature characteristics,
90-92

threshold voltage, 104

volt-ampere characteristics,
88-90

voltage rating, 95

voltage regulation, 96-98

voltage-resistance character-
istics, 92-95

grading, 29, 30
physical size, 29
voltage and current rating, 30

Semiconductor, 16
Series operation
silicon, 255, 256
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Silicon circuits
single-phase, full-wave bridge,
257
single-phase, half-wave, 257
three-phase, full-wave bridge,
258
three-phase, half-wave, 257,258
voltage doubler, 259
Silicon rectifier, 249-259
conventional circuits, 256-259
efficiency, 255
forward characteristics,
252,253
history, 249, 250
operating temperature, 255
production, 251, 252
reverse characteristics, 253,
254
theory, 250,251
Single-phase,full-wave,bridge
circuit, 161, 162
Single-phase, full-wave,center-
tapped circuit, 158-160
Single-phase, half-wave, 152,153
with capacitor, 153-158
Single-phase rectifier circuit,
151,152
Small current rectifier, 146
applications of, 195-203
Small electrical devices, 198,199
Speed control circuit, 190
Square-wave operation, 235,236
Stack assembly, 30-33
Stock and custom rectifier stacks,
47
Storage battery charging, 183-185
Storage battery eliminator, 181-183

T

Television power supplies,
200-203
Temperature characteristics, 61-64
comparison of, 137,138
forward direction, 63
magnesium-copper sulfide,
124-128
reverse direction, 63
selenium, 90-92
silicon, 255
Temperature range, 47,48
Terminal markings, 36, 37
Three-phase, full-wave bridge,
177,178
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Three-phase, full-wave,center tap,
177

Three-phase, half-wave, 175,176

Threshold voltage
copper-oxide rectifier, 70,71
magnesium-~copper sulfide, 133
selenium, 104

Tripler circuit, 168-171

L

Valve rectifier, 147
Variable speed drive circuit, 190
Vibrating power tools, 243, 244
Vibrating reed rectifier, 4,5
Volt-ampere characteristics
comparison of, 135-137
copper-oxide, 58-61
magnesium-copper sulfide,
121-124
selenium, 88-90
Voltage-current rating, 30
Voltage doubler circuits
full wave, 166-168
half wave, 163-166
silicon, 259
Voltage multiplier circuit, 162
Voltage ratings
comparison of, 138, 139
copper-oxide, 65
magnesium-copper sulfide, 129
selenium, 95
Voltage regulation
copper-oxide, 65, 66
magnesium-copper sulfide, 129
selenium, 96-98
silicon, 253
Voltage regulation chart, 156
Voltage regulation curves
full-wave, voltage-doubler, 167,
168
half-wave circuit, 157
half-wave, voltage-doubler, 165
voltage quadrupler, 172
voltage tripler, 170
Voltage regulator, 244, 245
Voltage-resistance characteristics
copper-oxide, 64
magnesium-copper sulfide, 128
selenium, 92-95

W

Wheatstone bridge, 10-12



