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ELECTRONIC CIRCUITS

Part

2-2

2-3

2-4

SECTION 1- [INTRODucTION

Purpose

Use

Scope

Handbook Changes

Definitions of Letter Symbols Used

SECTION 2-POWER SUPPLIES

INTRODUCT ION
Electron Tube Diode Principles
Electron Tube Diode Ratings
%niconductor Diode Principles
Silicon Controlled Rectifiers
Rectifiers
Basic Power Supplies
Multiphase Power Supplies
Voltage Multiplier Power Supplies
0C-to-0C Converters
Rotating Electromechanical Systems
Vibration Type Power Supplies

BASIC POWER SUPPLY CIRCUITS

Single-Phase, Half-Wave Rectifier
(Electron Tube)

Single-Phase, Half-Wave Rectifier
(Semiconductor)

Single-Phase, Full-Wave Rectifier
(Electron Tube)

Single-Phase, Full-Wave Rectifier
(Semiconductor)

Single-Phase, Full-Wave 8ridge
Rectifier (Electron Tube)

Single-Phase, Full-Wave Bridge
Rectifier (Semiconductor)

MULTIPHASE POWER SUPPLIES

Three-Phase, Half-Wave (Single “Y”
Secondary) Rectifier (Electron Tube)

Three-Phase, Half-Wave (Single "Y"
Secondary) Rectifier (Semiconductor)

Three-Phase, Full-Wave (Single "Y"
Secondary) Rectifier (Electron Tube)

Three-Phase, Full-Wave (Single “Y”
Secondary) Rectifier (Semiconductor)

Three-Phase, Half-Wave (Double "Y"
Secondary) Rectifier (Electron Tube)

Three-Phase, Half-Wave (Double "Y"
Secondary) Rectifier (Semiconductor)

VOLTAGE MULTIPLIERS

Half-Wave Voltage Doubler (Electron
Tube)

Half-Wave Voltage Doubler (Semicon-
ductor)

Full-Wave Voltage Doubler (Electron
Tube)

Full-Wave Voltage Doubler (Semicon-
ductor)

Voltage Tripler (Electron Tube)

Voltage Tripler (Semiconductor)

Voltage Quadruple (Electron Tube)

Voltage Quadruple (Semiconductor)

DC-to-DC CONVERTERS

0C-to-DC Converter, Audio Oscillator
Type (Electron Tube)

DC-to-0C Converter, Square-Wave
(Audio) Oscillator Type (Semicon-
ductor)

DC-to-0C Converter, R-F Oscillator
Type (Electron Tube)

Dosimeter Charger (0C-to-DC Converter)
(Semiconductor)
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2-5 SILICON-CONTROLLED RECTIFIERS
Single-Phase, Full-Wave SCR
Three-Phase, Full-Wave SCR
Bridge-Connected SCR
SCR Inverter (DC to AC)

SCR Regulator

2-6 ELECTROMECHANICAL POWER SUPPLIES
Dynamotor
Inverter
Nonsynchronous Vibrator Supply
Synchronous Vibrator Supply

SECTION3 - VOLTAGE REGULATORS

3-0 INTRODUCT ION

1 Voltage Regulation Circuits
12 Electronic Rggulators

12 Electromechan!cal Regulators
12 Electromagnetic Regulators

2-13 31 ELECTRONIC VOLTAGE REGULATORS
2-15 Gas-Tube Regulator
Breakdown Diode Shunt-Type Regulator
2-15 Shunt Transistor Regulator
Series Transistor Regulator
2-18 DC Regulator Using Pentode Amplifier
0C Regulator Using Cascode Twin-Triode
2-21 Amplifier
DC Regulator Using Cascade Twin-Triode
2-25 Amplifier )
DC Regulator Using Twin-Triode and
2-27 Pentode (Balanced Input)
DC Regulator Using Twin-Triode and
2-33 Pentode (Balanced Output)
2-37 Base-Controlled Requlator (Semicon-
ductor)
2-37 Emitter-Follower Requlator (Semicon-
ductor)
9-41 Constant-Current Regulator (Semicon-
ductor)

Current-Limited Series Voltage Regula-

2-43 tor (Semiconductor)
2-53 Hi?n-VOrtage Series Stack Regulator
Semiconductor)

2-58 SECTION 4- FILTERS

2-62 41 POWER SUPPLY

2-65 Power Supply Filters (General)
Shunt-Capacitor Filter

2-65 R-C Capacitor-Input Filter
L-C Capacitor-Input Filter

2-6% L-C Choke-Input Filter
Resonant Filter

2:69 4.2 SIGNAL

2-72 High-Pass Filters

2-75 Low-Pass Fl!ters

2-78 Band—Pa§s Ellterg

2-81 8and-Rejection Filters

2-84 SECTIONS - AMPLIFIERS

2-87

5-0 INTRODUCT ION

2-87 Biasing Methods (Electron Tube)
Biasing Methods (Semiconductor)
Triode Common-Base Circuits

2-90 Triode Common-Emitter Circuits
Triode Common-Collector Circuits

2-95 Oiode Stabilization Circuits
Classes of Amplifier Operation

2-98 (Electron Tube)

Classes of Amplifier Operation
(Semiconductor)
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5-1

5-2

5-3
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INTRODUCTION  (Continued)
Coupling Methods (Electron Tube)
Coupling Methods (Semiconductor)
Time Constants

0C AMPLIFIERS

Oirect-Coupled (0C) Amplifier
(Electron Tube)

Oirect-Coupled (0C) Amplifier
(Semiconductor)

Push-Pull Direct-Coupled (0C)
fier (Electron Tube)

0C Chopper Amplifier (Electron Tube)

0C Chopper Amplifier (Semiconductor)

AUOIO  AMPLIFIERS

Audio Amplifiers (General)

R-C Coupled Triode Audio Amplifier
(Electron Tube)

R-C Coupled Triode Audio Amplifier
(Semiconductor)

R-C Coupled Pentode Audio Amplifier

Impedance-Coupled Audio Amplifier
(Electron Tube)

Impedance-Coupled Audio Amplifier
(Semiconductor)

Transformer-Coupled Audio Amplifier
(Electron Tube)

Transformer-Coupled Audio Amplifier
(Semiconductor)

Single-Ended, R-C Coupled, Triode
Audio Power Amplifier (Electron
Tube)

Single-Ended, R-C Coupled Pentode
Audio Power Amplifier

Push-Pull Audio Power Amplifier
(Electron Tube)(Class A,AB, & B)

Push-Pull Audio Power Amplifier
(Semiconductor)(Class A, AB, & B)

Push-Pull, Single-Ended Complementary
Symmetry Audio Power Amplifier
(Semiconductor)

Push-Pull, Single-Ended, Series-
Connected Audio Power Amplifier
(Semiconductor)

Push-Pull, Capacitance-Diode Coupled
Audio Power Amplifier (Semicon-
ductor)

Compound-Connected Audio Power Ampli-
fier (Semiconductor)

Bridge-Connected Audio Power Ampli-
fier (Semiconductor)

Feedback Amplifiers

Positive Feedback Amplifier (Direct,
Regenerative)(Electron Tube)

Negative Feedback Amplifier (Inverse,

Ampli-

Degenerative)(Electron Tube)
PHASE  INVERTERS

Transformer Type Phase Inverter
(Electron Tube)

Single-Stage Paraphase Inverter
(Electron Tube)

Single-Stage Paraphase Inverter
(Semiconductor)

Two-Stage Paraphase Inverter (Elec-
tron Tube)

Two-Stage Paraphase Inverter (Semi-
conductor)

Paraphase, Cathode-Coupled Inverter
(Electron Tube)

Differential Paraphase Inverter

(Electron Tube)
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5-4

5-5

5-6

5-7
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CONTENTS

Page
CATHODE = FOLLOWERS 5-154 ~=
Basic Cathode Followers (Electron
Tube) 5-154
Low-Level Video Cathode Follower
(Electron Tube) 5-159

Pulse Cathode Follower (Electron Tube) 5-161

VIDEO 5-163
Video Amplifiers (General)

5-163
Triode Video Amplifier (Electron Tube) 5-164 .

Pentode Video Amplifier 5-170
Triode Video Oriver Amplifier (Electron
Tube) 5-173
Beam-Power Video Oriver Amplifier 5-176
Chain (Mixer, Amplifier, and Driver)
Video Amplifier (Electron Tube) 5-179
Cathode-Coupled (In-Phase) Video
Amplifier 5-182
Wide-Band Video Amplifier (Semicon-
ductor) 5-184 _
R-F 5-189
R-F Amplifiers (General) 5-189
Triode Grounded-Grid R-F Amplifier 5-193
Pentode R-F Voltage Amplifier 5-197
Cascade R-F Amplifier (Electron Tube) 5-200
Cascode R-F Amplifier (Electron Tube) 5-203
Tuned Interstate (I-F) Amplifier
(Electron Tube) 5-208
Tuned Interstate (1-F) Amplifier
(Semiconductor) 5-213
Triode R-F Buffer Amplifier (Electron
Tube) 5-217
Pentode R-F Buffer Amplifier (Elec-
tron Tube) 5-221
Tuned Common-Base R-F Amplifier 5-225
Tuned Common-Emitter R-F Amplifier 5-229
Single-Ended R-F Amplifier (Electron
Tube) (Class B or C) 5-233
Push-Pull R-F Amplifier (Class 8 or C) 5-242
Traveling-Wave Tube R-F Amplifier 5-247
Multicavity Klystron R-F Amplifier 5-251
RF FREQUENCY MULTIPLIERS 5-257
RF Frequency Multipliers (General) 5-257
Pentode RF Frequency Multiplier 5-257
Push-Push RF Frequency Multiplier
(Electron Tube) 5-261
DEFLECTION 5-265
Deflection Amplifiers (General) 5-265
Basic Deflection Amplifier (Electron
Tube) 5-266
Voltage Deflection Amplifier (For
Electro-static CRT)(Electron Tube) 5-268
Current Deflection Amplifier (For
Electro-magnetic CRT)(Electron Tube) 5-273
OPERATIONAL ~ AMPLIFIERS 5-27
Operational Amplifiers (General) 5-279
Combining Amplifier (Electron Tube) 5-279
Combining Amplifier (Semiconductor) 5-281
Coincidence Amplifier (Electron Tube) 5-283
Derivative Amplifier (Electron Tube) 5-285
Derivative Amplifier (Semiconductor) 5-286
Differential Amplifier (Electron Tube) 5-288
Differential Amplifier (Semiconductor) 5-290
Balanced Differential Amplifier (Semi- 5-292
conductor)
Single-Ended Output Differential
Amplifier (Semiconductor) 5-293
Balanced Super-Alpha Differential
Amplifier (Semiconductor) 5-295
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SECTION 12- MODULATORS 13-2 LIMITERS (Continued)
Two-Olode, Positive and Negative
12-1 AM 12-1 Lobe Diode Limiter (Semiconductor) 13-28
Amplitude Modulation (Electron Tube) i i i 13-29
(General) 12-1 Triode Saturation Limiter (Electron
Amplitude Modulation (Semiconductor) Tube) 13-33
(General) 12-4 Triode’Cutoff Limiter (Electron
Choke (Heising) Modulator (Electron Tube) 13-35
Tube) 12-4 Triode Overdriven Amplifier Limiter 13-43
Plate Modulator 12-8 Video Limiter (Electron Tube) 13-44
C0||9Ct|0r-|nj;19Cti3nl Modulator 12-22 R-F Pentode Limiter (Electron Tube) 13-47
Control Grid Modulator 12-24
8ase-Injection Modulator 12-28 13-3 CLAMPERS 13-50
Cathode Modulator 12-33 D!ode Clamper (Elec_tron Tube; 13-50
Emitter-Injection Modulator 12-40 Diode Clamper (Semiconductor 13-53
Suppressor-Grid  Modulator 12-43 Biased Oiode Clamper (Electron Tube) 13-56
Screen Grid Modulator 12-50 Blgsed Oiode Clamper (Semiconductor) 13-59
Plate and Screen Modulator 12-56 Trgode Clam_per (Electron Tube) 13-61
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Tube) 12-65 tron Tube) 13-65
12-2 SINGLE SIDEBAND 12-70 13-4 WAVESHAPING  CIRCUITS 13-67
Single Sideband Modulation (SSB) R-C Differentiator 13-67
(General) 12-70 R-L Oifferentiator 13-69
Balanced (Push-pull Carrier Input) R-C  Integrator 13-72
Modulator (Electron Tube) 12-72 R-L Integrator } 13-74
Balanced (Parallel Carrier Input) SatL_JrabI_e—Core Reactor Peaking
Modulator (Electron Tube) 12-75 Circuit 13-76
Balanced (Parallel Carrier Input) Semiconductor Pulse Shaper 13-77
Modulator  (Semiconductor) 12-78 13-5 TIME OELAY CIRCUITS 13-80
Balanced Complementary Symmetry Basic Phantastron Circuits 13-80
Modulator  (Semiconductor) 12-81 Fast-Recovery Phantestron Circuit 13-86
Balanced Bridge Modulator (Electron Electromechanical (Acoustic) Oelay
Tube) 12-84 Lines 13-91
Product Modulator (Electron Tube) 12-87 Electromagnetic Delay Lines 13-93
12-3 FM 12-89
Frequency Modulation (FM)(General) 12-89 SECTION 14-SYNCHROS ANOSERVOS
Ba;ljge)Reactance Modulator (Electron 12260 14-1 SERVOMECHANISNS o 14-1
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13-2 LIMITERS 13-13
Series, Positive or Negative Lobe 16-0 INTRODUCTION 16-1
Oiode Limiter (Electron Tube) 13-13 Logic Polarity 16-1
Series, Positive or Negative Lobe Gating Circuits 16-2
Oiode Limiter (Semiconductor) 13-16 Logic Computation 16-3
Parallel, Positive or Negative Lobe Input Signals 16-4
Diode Limiter (Electron Tube) 13-18 Failure Analysis 16-4
Parallel, Positive or Negative Lobe B
Oiode Limiter (Semiconductor) 13-23 161 SWéIv(i:iChLO(E:JC_ 16-5
_ o _ gic (General) 16-5
Two-Olode, Positive and Negative OR Circuits 16-7
Lobe Diode Limiter (Electron Tube) 13-26 AND Circuits 16-10
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16-1 SWITCH LOGIC (Continued)
F1 ip-Flop Circuits
Two-Way and Three-Way Circuits
Simplification Principles
16-2 DIODE LOGIC
Oiode Logic (General)
OR Gate
AND Gate
Rectangular Matrices
Encoding Matrices
Oecoding Matrices
Two-Level AND-OR Gate
Half-Adder Circuits
Full Adder
16-3 TRANSISTOR  LOGIC
Transistor Logic (General)
OR Gate
ANO Gate
NOT Gate
NOR Gate
NAND Gate

Inhibit Gate
Dual Type (AND-OR) Gate
Flip-Flop Circuit

Resistor-Transistor Logic Flip-Flop

Inverter

Emitter-Follower Circuits

Lamp Orivers and Relay Pullers
Parallel Adder

Series Adder

Series-Parallel Adder

Half Subtracter

Full Subtracter

Retiming and Reshaping Circuit
Current Steering Gate
Diode-Transistor Matrix Switch
Oiode-Transistor Flip-Flop
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16-4 COUNTERS
Logic Counters (General)
Operational Counter
Ring Counter
Decimal Counter

16 -5 REGISTERS
Logic Registers (General)
Clear Register
Shift Register
Complement Register
Double-Line Transfer Register
Circulating Register
Accumulator Register

16-6 MEMORY DEVICES

Memory Oevices (General)
Magnetic Core Memory
Memory Driver Circuit
Data Memory Circuit
Magnetic Orum Memory
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Magnetic Tape Memory
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OPERATIONAL  AMPLIFIERS (Continued)

Direct-Coupled Cascaded Differential
Amplifier (Semiconductor)
Direct-Coupled Cascaded, Complemen-
tary-Symmetry Differential Ampli-
fier (Semiconductor-)
Exponential Amplifier (Electron Tube)
Exponential Amplifier (Semiconductor)
Integrating Amplifier (Electron Tube)
Integrating Amplifier (Semiconductor)
Logarithmic Amplifier (Electron Tube)
Logarithmic Amplifier (Semiconductor)
Summing Amplifier (Electron Tube)
Summing Amplifier (Semiconductor)
Ring-Bridge Amplifier (Semiconductor)

SECTION 6-0SCILLATORS

ELECTRONIC

Armstrong (Tickler-Coil) Oscillator
(Electron Tube)

Armstrong (Tickler-Coil) Oscillator
(Semiconductor)

Hartley Oscillator (Electron Tube)

Hartley Oscillator (Semiconductor)

Colpitts Oscillator (Electron Tube)

Colpitts Oscillator (Semiconductor)

Clapp Oscillator (Electron Tube)

Clapp Oscillator (Semiconductor)

Tuned-Plate Tuned-Grid Oscillator

Electron-Coupled Oscillator (Electron
Tube)

Ultra-audion Oscillator (Electron Tube)

R-C Phase-Shift Oscillator (Electron
Tube)

R-C Phase-Shift Oscillator (Semi-
cotiductor)

Wien-Bridge Oscillator (Electron Tube)

Wien-Bridge Oscillator (Semiconductor)

Magnetostriction Oscillators
Negative Resistance Oscillators
(General)

Dynatron Oscillator

Transitron (Negative GM) Oscillator

Kallitron (Push-Pull) Oscillator
(Electron Tube)

CRYSTAL

Crystal Oscillator (General)
Grid-Cathode (Miller) Crystal
Oscillator (Electron Tube)
Grid-Plate (Pierce) Crystal
lator (Electron Tube)
Electron-Coupled Crystal
(Electron Tube)
Overtone Cathode-Coupled (Butler)
Crystal Oscillator (Electron Tube)
Overtone Crystal Oscillator (Semi-
conductor)
Tickler-Coil Feedback Crystal
lator (Semiconductor)
Colpitts Crystal Oscillator (Semi-
conductor{

Oscil-

Oscillator

Oscil-

TUNEO LINE

Tuned-Line (General)

Lighthouse-Tube Oscillator

Lecher-Wire Oscillator

Magnetron Oscillator

Reflex Klystron Oscillator

Backward Wave (Carcinotron) Oscilla-
tor
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Fast-Recovery Blocking Oscillator
(Electron Tube)

Nonsaturating Oiode-Clamped Blocking
Oscillator (Semiconductor)

Pulse-Freouencv Divider (Electron
Tube) “

Oistance-Mark Oivider (Electron Tube)

Shock-Excited Ringing Oscillator
(Electron Tube)

Shock-Excited Peaking Oscillator
(Electron Tube)

SECTION 7 - MULTIVIBRATORS

ASTABLE

Astable (Free-Running) Multivibra-
tors (General)

Basic Astable (Free-Running) Multi-
vibrator (Electron Tube)

8asic Astable (Free-Running) Multi-
vibrator (Semiconductor)

Pentode Electron-Coupled Astable
Multivibrator

Triode Cathode-Coupled Astable
Multivibrator

BISTABLE

Bistable (Start-Stop) Multivibrators
(General)

Basic Flip-Flop (Eccles-Jordan)
Multivibrator (Electron Tube)

Basic Flip-Flop Multivibrator (Semi-
conductor)

Pentrode Flip-Flop (Eccles-Jordan)
Multivibrator

Direct-Coupled (or Binary) Multivi-
brator (Semiconductor)

Squaring Multivibrator (Semiconduc-
tor) -

Saturating Multivibrator (Semicon-
ductor)”

Nonsaturating Multivibrator (Semicon-
ductor)

Relay Control
ductor)

Multivibrator (Semicon-

MONOSTABLE

Monostable (One-Shot) Multivibrators
{General)

Triode Plate-to-Grid-Coupled Mono-
stable Multi vibrator

Triode Cormnon-Cathode-Resistor
Coupled Monostable Multivibrator

Basic One-Shot Transistor Multivibra-
tor

Phantastron Multivibrator
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9-2
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SECTION 8 -SwEEP GENERATORS

SAWTOOTH

Sawtooth Wave, Gas-Tube Sweep Genera-

tor Circuits (General)

Triode Sawtooth-Wave Sweep Generator

Circuits (CGeneral)

Semiconductor Sawtooth Wave Circuits

(General)

Neon Gas-Tube Sweep Generator

Thyratron Sweep Generator

Unijunction (Oouble-Base Diode) Saw-

tooth Generator

Four-Layer Oiode Sawtooth Generator
Basic Triode Sawtooth Sweep Generator

(Electron Tube)

Bootstrap Sweep Generator (Electron

Tube)

Triode Trapezoidal-Wave Sweep Genera-

tor (Electron Tube)

SECTION 9- CRT CIRCUITS

ELECTROSTATIC
Electrostatic Cathode-Ray Tube

Circuits (General)

Basic Electrostatic Oscilloscope

Circuits
Synchroscope
CRT Display Circuits

ELECTROMAGNETIC
Electromagnetic Cathode-Ray Tube

AN

AM

FM

Circuits (CGeneral)

Plan Position Indicator (PPI)

Other Types of Electromagnetic Scans

CILLARY CIRCUITS
Blanking Circuits
DC Restorer

Damper and Flyback Circuits

SECTION 10- DETECTORS

AM Oetectors (General)

Diode Detectors (Electron Tube)

Voltage Output Diode Detector (Semi-

conductor

Current Output, Diode Oetector

(Semiconductor)

Oiode Detector with AVC (Electron

Tube)

Diode Detector with Noise Limiter

(Electron Tube)
Grid-Leak Detector
Plate Detector
Common-Emitter Detector
Cormnon-Base Detector

Infinite Impedance Detector (Elec-

tron Tube)

Regenerative Detector (Electron Tube)
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PREFACE

POLICY AND PURPOSE

The Electronics Installation and Maintenance
Book (EIMB) was established as the medium for
collecting,” publishing, and distributing, in
one convenient source document, those subordi-
nate maintenance and repair policies, installa-
tion practices, and overall electronic equip-
ment and material-handling procedures required
to implement the major policies set forth in
Chapter 400 of the Naval Ships’ Technical
Manual. All data contained within the EIMB
derive their authority from Chapter 400 of the
Naval Ships’ Technical Manual, as established
in accordance with Article 1201, U.S. Navy
Regulations.

Since its inception the EIMB has been
expanded to include selected information of
general interest to electronic installation
and maintenance personnel. These items are
such as would generally be contained in text-
books, periodicals, or technical papers, and
form (along with the information cited above)
a comprehensive reference ,document. In appli-
cation, the EIMB is to be used for information
and guidance by all military and civilian
personnel involved in the installation, main-
ntenance, and repair of electronic equipment
under cognizance, or technical control, of the
Naval Sea Systems Command (NAVSEA). The
information, instructions, and procedures, in
the EIMB supplement instructions and data
supplied in equipment technical manuals and
other approved maintenance publications.

INFORMATION SOURCES

Periodic revisions are made to provide the
best current data In the EIMB and keep abreast
of new developments, INn doing this, many
source documents are researched to obtain
pertinent information. Some of these sources
include the Electronics Information Bulletin
(EIB), the NAVSEA Journal, electronics and
other textbooks, industry magazines and peri-
odicals, and various military installation and
maintenance-related publications. In certain
cases, NAVSEA publications have been incorpo-
rated into the EIMB in their entirety and, as
a result, have been cancelled. A list of the
documents which have been superseded by the
EIMB and are no longer available is given in
Section 1 of the General Handbook.

CHANGE 1

ORGANIZATION

The EIMB is organized into a series of
handbooks to afford maximum flexibility and
ease in handling. The handbooks are stocked
and issued as separate items so that individ-
ual handbooks may be obtained as needed.

The handbooks fall within two categories:
general information handbooks, and equipment-
oriented handbooks. The general information
handbooks contain data which are of interest

to all personnel involved in installation and
maintenance, regardless of their equipment
specialty. The titles of the various general

information handbooks give an overall idea of
their data content; the General Handbook
includes more complete descriptions of each
handbook.

The equipment handbooks are devoted to
information about particular classes of equip-
ment. They include general test procedures,
adjustments, general servicing information,
and field change identification data.

All handbooks of the series are
listed below with their STOCK
numbers.

HANDBOOK TITLE STOCK NUMBER

EIMB General Information Handbooks

0967-LP-000-0100

0967-LP-000-0110
0967-LP-000-0120
0967-LP-000-0130
0967-LP-000-0140
0967-LP-000-0150
0967-LP-000-0160

General
Installation Standards
Electronic Circuits
Test Methods & Practices
Reference Data

EMI
General

Reduction
Maintenance

EIMB Equipment-Oriented Handbooks

0967-LP-000-0010
0967-LP-000-0020
0967-LP-000-0030
0967-LP-000-0040
0967-LP-000-0050
0967-LP-000-0070

Communications
Radar

Sonar

Test Equipment
Radiac
Countermeasures
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DISTRIBUTION

Initial Set: An “AF’ Restriction Code has
been assianed to NAVSEA 0967-LP-O00-0000 to
control the over-requisitioning of the EIMB
Series. Fleet and shore activities requiring
an initial set of the EIMB Series (13 hand-
books with all changes and heavy-duty binders)
should submit their-requisition- (DD Form 1348
with written justification) through their
Supply Officer or area, for issue approval to:

Commander
Naval Sea Systems Command

SEA 05L32

Washington, DC 20362

Use the following data on the DD-1348,

Block A - 288 NAVPUBFORMCEN PHILA
Stock No. - P967-LP-ppp-0p00
Unit of Issue - SE

Fund -00

All other blocks are to be filled in as
normally done by the requisitioner when order-
ing publications.

Changes and Revisions: The EIMB is contin-
uously being updated. For efficiency these
changes and revisions are automatically dis-
tributed to using activities who are on the
Automatic Distribution List for the EIMB.

Requests and/or changes to the EIM8 Auto-
matic Distribution List and any problems in
requisitioning should be directed to:

Commander
Naval Sea Systems Command
SEA 05L32

Washington, DC 20362

Individual Handbooks: To order individual
handbooks and changes, use the stock numbers

listed in the Box Score on page ii. Using the
stock number for the “BASIC” provides the
handbook (with vinyl cover) and all applicable
changes.

CHANGE 1

SUGGESTIONS/CORRECTIONS

NAV SEA recognizes that users of the EIMB
will have occasion to offer corrections or
suggestions. TO encourage more active parti-
cipation, a pre-addressed comment sheet is
provided in the back of each handbook change.
Complete information should be gqiven when
preparing suggestions. Suggesters are encour-
aged to include their names and addresses so

that clarifying correspondence can be initiated
when necessary. Such correspondence will
by letter directly to the individual concerned.

If a cotnnent sheet is not available, or if
correspondence is lengthy, corrections or sug-
gestions should be directed to the following:

Commander

Naval Sea Systems Command
SEA 05L32

Washington, DC 20362

be

~—
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SECTION 1
INTRODUCTION

PURPOSE

The purpose of the Handbook of Electronic
Circuits is to provide Nava persomel with an
informative reference which describes basic elec-
tronic circuits employed in all types of electronic
equipment. In addition, this handbook is used to
support circuit descriptions contained in equipment
technical manuals.

USE

The Handbook of Electronic Circuits will find
use as a convenient reference for personnel in
three general categories, as follows:

a. Experienced Technician

The experienced technician will have no great
difficulty in coping with maintenance problems
because of previous experience and developed
maintenance skills. This individual will use the
handbook as reference or review material and to
increase his knowledge of electronics as new
circuits are added to the handbook.

b. Technician Out-of&hool

This category of technician is represented by
the individual who has completed Navy training
courses and has been in the fleet for some time,
but his experience is limited to equipments
covered in training courses and to equipment types
serviced and maintained during his tour of duty
with the fleet. The handbook should prove
extremely valuable to this individual, especialy
when confronted with newer equipments, because
the circuit descriptions in the handbook will help
familiarize him with circuits employed in the
newer equipment. Furthermore, it is likely that
the technical manuals accompanying newer type
equipments will refer the reader to the Handbook
of Electronic Circuits for information on basic
functional circuits, rather than discussing the cir-
cuits in detail.

c. Trainae or Student h-school

The trainee or student should find the informa-
tion contained in the handbook useful as reference
material while in training and later as review and

ORIGINAL
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reference material while on duty with the fleet. As
a training aid, the individual circuit descriptions
may be used as suggested materird for reading
assignments.

The reader of the Handbook of Electronic
Circuits may readily locate the circuit of interest
by consulting the Table of Contents. Each circuit
description includes information on the circuit
application, its important characteristics, an
anrdysis of circuit theory and operation, and a
faillure analysis based upon signal output indica
tions. Since only basic circuits are presented and
described, some variations in design will be found
in production equipments because of one or more
of the following factors: distributed inductance,
capacitance, and resistance; mechanical and
physical layout of component parts; circuit devia-
tions necessitated by peculiarities in design and
licensing agreements; modifications to enable oper-
ation under environmental extremes; etc. However,
if the reader thoroughly understands the operation
of a basic circuit presented in the handbook, he
can reason out the circuit variations without too
much difficulty.

The semiconductor device has become one of
the outstanding scientific achievements in the
electronics field in recent years. As a result, new
techniques of circuit design, miniaturization, reli-
ability, and maintenance concepts are being
developed. These advances mean that the elec-
tronics technician must be prepared to maintain
electronic equipments in which semiconductors are
employed. To ensure that he will have the circuit
information available for attaining proficiency in
the maintenance of semiconductor equipment, this
handbook includes semiconductor equivalents of
the electron-tub circuits, whenever such equiv-
alents exist, and in addition, includes some semi-
conductor circuits for which there are no
electron-tube equivalents.

The Handbook of Electronic Circuits is used as
supporting information for technical manuals
covering electronic equipment. Technical manuals
written and produced in accordance with recent
publication specifications do not require a detailed
theory treatment of so-called “standard” circuits,
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but instead may refer to the Handbook of Elec-
tronic Circuits for a discussion of a particular
functional circuit. Since the Handbook of Elec-
tronic Circuits describes a basic functiona circuit
and may not describe a circuit identical with the
circuit employed in the equipment, the equipment
technical manual discusses the circuit differences
which are unique and peculiar to the equipment,
or differences which represent changes or modifica-
tions to the basic functional circuit described in
the handbook. Thus, the handbook will describe a
basic circuit which is typical and performs a given
function. If necessary, the equipment technical
manual will treat only circuit differences in detail,
building upon the discussion given in the Hand-
book of Electronic Circuits.

SCOPE

Preliminary studies made by the National
Bureau of Standards leading toward electronic cir-
cuit standardization indicate that a large per-
centage of circuit functions could be standardized
without adverse effect on equipment performance.
Further, many circuits already in use for severa
years represent designs which have proven to be
extremely reliable and have undergone only minor
improvements since their initial use. Today there
exists a large number of commercial and military
equipments employing similar circuits to perform
identical electrical functions. Thus, many similar
electronic circuits can be reduced to a “common-
denominator”  circuit representing a basic circuit
from which others performing an identical elec-
tronic function have been derived either through
modification or other engineering improvements.
As a result, the technician is frequently confronted
by new equipments introduced to the fleet which
contain circuits reflecting design improvements.

Frequently, it is up to the individurd to
familiarize himself with new equipment by means
of the technical manual supplied with the equip-
ment. Furthermore, circuits may be incorporated
which are totally unfamiliar to the individual. In
this case the use of the Handbook of Electronic
Circuits should prove extremely valuable, since the
circuit or group of circuits in question can likely
be reduced to one or more “common-
denominator” circuits. When these basic circuits,
described in the handbook, are understood by the
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individual, similar circuits employed in new equip-
ment, together with their modifications or dif-
ferences, can be more readily understood by the
individual.

The Handbook of Electronic Circuits has been
divided into sections based upon the circuit func-
tion, rather than being classified according to use
as communications, radar, or sonar equipment.
Severrd sections are devoted to general circuit
information applicable to either electron-tube or
semiconductor circuits. When an electron-tube
circuit is described, generally the most common or
likely tube type (triode, pentode) is utilized in the
handbook description. Where the basic electronic
theory is the same for either electron-tube or
semiconductor circuits, the basic theory is dis-
cussed within the description of the electron-tube
circuit and referenced from the semiconductor
circuit description; thus, repetition of text is
reduced.

Each description of an electronic circuit
employing an electron tube or semiconductor is
divided into four main parts: application, charac-
teristics, circuit anaysis, and failure analysis.

a. Application

This part of the circuit description states briefly
how the circuit is employed, its common uses, and
the types of equipments employing the circuit.

b. Characteristics

This part of the circuit description consists of
short statements concerning technical data and
other useful information to assist in circuit iden-
tification.

c. Circuit Analysis

The circuit analysis section of the description is
written to outline in general terms the circuit
function and to name the component parts of the
circuit, to describe critical elements or component
parts in detail, and to present the theory of opera-
tion of the circuit. A schematic with reference
designations is used to illustrate the circuit; the
associated text utilizes the reference designations
when discussing the circuit. Actua values of parts
do not normally appear in the text or on the
schematic. Additional illustrations, such as
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idealized waveforms and simplified diagrams, are
provided where deemed necessary to supplement
the text.

d. Failure Analysis

This portion of the circuit description is written
from an output-indication standpoint based upon
possible degradation of performance, changing
vrdues of components, etc. The critical circuit
components affecting amplitude, time (or fre-
quency), and waveshape are treated in the circuit
analysis section. These critical components are
again mentioned in the failure analysis discussion,
but in this instance from the standpoint of the
output signal observed.

The failure analysis discussion is intended to
assist the reader in the development of a logical
approach to trouble shooting. The failure analysis,
as written for an individual circuit, does not pin-
point (or name) parts which “could be” defective
but, in effect, encourages the reader to think
logically and determine defective or deteriorating
parts from the output indications noted. The text,
therefore, discusses in broad terms the various
troubles that might logically be suspected as the
cause of an abnormal (output) indication.

Abnormal output indications observed in equip-
ments are actually symptoms which can be elabo-
rated upon to further localize trouble with a func-
tional circuit. Output indications as discussed in
the text elaborate on the circuit analysis text to
assist the reader in analyzing a failure; thus, an
arbitrary conclusion as to the source of trouble or
fallure is discouraged and logical reasoning is
stimulated. Typical indications discussed are: no
output, distorted output, low output, and
incorrect output frequency. In these discussions,
the reader’s attention is called to the improper
function within the electronic circuit. Furthermore,
so-called “critical” parts (or components) were dis-
cussed in the circuit analysis portion of the circuit
description from the theoretical and operational
standpoint; thus, a complete story is given for the
circuit. Logical thinking, therefore, can be applied
to the problem of localizing the failure within the
circuit after the reader has studied the entire
circuit description given in the handbook.

HANDBOOK CHANGES

The handbook, as sectionaized, permits the
future addition of circuits to keep the handbook

ORIGINAL
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abreast of electronic developments. Also, the lay-
out of the handbook is designed to permit the
addition of new electron-tube or semiconductor
circuits, as well as to permit the revision of the
existing circuits.

Changes to this handbook will be publicized in
the Electronic Information Bulletin (EIB), NAV-
SHIPS 0967-001-3000 and automatically distributed
to holders of the EIMB series. Recommendations
for changes and corrections to the handbook
should be addressed to:

Commander, Naval Ship Engineering Center

Technical Support Branch

Technical Data and Publications Section

(SEC 6181C)

Department of the Navy

Prince George's Center

Hyattsville, Maryland 20782

DEFINITIONS OF LETTER SYMBOLS USED

Throughout this technical manual a number of
letter symbols are used to indicate components,
sources of voltage and current, and to differentiate
between points not at the same power and voltage
levels. Since the technician must be able to read,
speak, and understand the jargon of the trade, he
should also learn to recognize the letter symbols
used as a form of shorthand notation in technical
discussions and on engineering drawings and
schematic diagrams. To avoid any conflict or con-
fusion, standard letter symbols are used where
available. Since definitions and usage change from
time to time, an alphabetical listing of symbols
used throughout this manual is included for refer-
ence (they need not be memorized).

While the basic symbol such as the capita
letters E and | always indicate voltage and current,
the lower case and subscript letters (or numbers)
are assigned as described in the following list of
symbols. Therefore, it is recommended that the
user of this manual refer to this list to determine
the correct meanings of the letter symbols used in
the circuits in this technical manual.

a. Construction of Symbols
The letter symbols are made up of single letters
with subscripts or superscripts in accordance with
the following conventions:
1. Maximum, average, and root-mean-
square values are represented by capital (upper
case) letters; for example: |, E, P.
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2. Where needed to distinguish between
values in item a above, the maximum value may
be represented by the subscript “m”; for example:
Em, Im, Pm.

3. Average vahres may be represented by
the subscript “av”; for example: E_, I, P,.

NOTE
When items 2 and 3 above are used,
then item 1 indicates rms, or effective,
values.

4. Instantaneous values of current, voltage,
and power which vary with time are represented
by the lower case (small) letter of the proper
symbol; for example: i, €, p.

5. Externa resistance, impedance, etc, in
the circuit external to a vacuum-tube electrode
may be represented by the upper case symbol
with the proper electrode subscripts; for example:
R.> Rsc, Z,, Zsc.

6. Values of resistance, impedance, etc,
inherent within the electron tube are represented
by the lower case symbol with the proper elec-
trode subscripts; for example: r, Z,, r,, Zp, Cgp.

7. The symbols “g” and “p” are used as
subscripts to identify instantaneous (ac) values of
electrode currents and voltages; for example: eg,
e

gy 15

8. The total instantaneous values of elec-
trode currents and voltages (dc plus ac com-
ponents) are indicated by the lower case symbol
and the subscripts “b” for plate and “c” for grid;
for example: ib, e, i, eb.

9. No-signrd or static currents and voltages
are indicated by upper case symbol and lower case
subscripts “b” for plate and “c” for grid; for
example E, Ib, Eb I

10. RMS and maximum vahres of a varying
component are indicated by the upper case letter
and the subscripts “g” and p; for exampie: Eg,
Ip, Ep, Ig.

11. Average vahres of current and voltage for
the with-signal condition are indicated by adding
the subscript “s’ to the proper symbol and sub-
script; for example: |bs, Ebs.

12. Supply voltages are indicated by the
upper case symbol and double subscript “bb” for
plate, “cc” for grid, “ff” for filament; for example:
Eff, E., Ebb.

p! g’

cc?
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b. List of Symbols

Since the rules above are somewhat complex, an
alphabetical list of the commonly used symbols is
presented below.

Symbols Definitions

c Capecitor, capacitance

Ce Coupling capacitor

Cd Distributed circuit capacitance

C, Grid-leak or grid capacitor

c& Grid-cathode capacitance

Cep Grid-plate capacitance

Ck Cathode capacitor

Cn Neutralizing capacitor

C, Plate capacitor

Cpk Plate-cathode capacitance

Csc Screen capacitor

Csup Suppressor capacitor

E,V Voltage

Ea Applied voltage

E., Average voltage

Eb Plate voltage, static dc value

Ebb Plate voltage source
(supply voltage)

Ec Capacitor voltage

E, Grid voltage, static dc (bias) vahre

Ecar DC voltage applied to produce
carrier

E.. Grid bias supply voltage

E.l Control grid supply

Ecc2 Screen grid supply

E.3 Suppressor grid supply

E., Negative tube cutoff voltage

Ef Filament voltage

Eff Filament supply voltage

E, Root-mean-square value of grid
voltage

Egm Maximum value of varying grid
voltage component

Eip, Ei Input voltage

Ep Reactive voltage drop

Em, E... Maximum voltage

Emin Minimum voltage

E, E.t Output voltage, pack

Ep Plate voltage rms value

Epeak, Epk Peak voltage

ER Resistive voltage drop

Erms rms voltage value

Egc Screen voltage, dc value
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¢ Instantaneous voltage i, Instantaneous ac component of
b I nstantaneous pl ate voltage plate current
‘e Instantaneous grid voltage it Current per instant of time
Ccar Instantaneous carrier voltage iz Instantaneous current through
€, Iqstantaneous ac component of impedance
grid voltage L Inductance, inductor
E| Instantaneous voltageon element 1 P Power
e, Maximum instantaneous voltage Py Grid dissipation power
o AC component of output voltage Pi Input power
e, Instantaneous ac component of Py Output power
plate voltage Pp Plate dissipation power
epri Instantaneous ac component of gq EeaCthet powver
secondary voltage § pparent power
er Instantaneous resistive voltage Q Fi gure of men't
drop R Resistance, resistor
esc Instantaneous screen voltage RG Generator internal resistance
€sec Instantaneous ac component of gg Grgdreﬂ §tance
primary voltage L Load resistance
esig Instantaneous signal voltage Rk Cathode.res stance
€su Instantaneous suppressor voltage Ep Plate resistance, dc
f Frequency S Series resistance
fo, fr Resonant frequency R Screen resistance
gm Transconductance L 3; load ;teﬂ stance
[ Current r, e resistance, ac
Tav Average current SWR SFanding-wave ratio
Ib, 1, Static dc plate current t Time
Ic Capacitive current td Deionization time
I}: Stlatic dc grid current :fk Eualtie ;allhtégg .
I Filament current ode ing time
l Grid current, rms value tp Pulse clzlurai.ion time
I Inductive current tr Pulse rise time
., Imax Maximum current T T.ransformer
Imi* Minimum current TC Time constant
1 D-C plate current, rms value Vv, E Voltage, volts
IR Current in resistor w Watts
Irk Cathode current X Reactqn_ce
Irms rrns current value Xc Capacitive reactance
IT Total current XL Inductive reactance
It Current for time interval (usually Adn;gtance
used with subscripts, as ti, t2, etc) Z_ Imp ance od
ib Instantaneous plate current %m :_”palg 'Imped ance
ic Instantaneous grid current L 00 Impedance
's Instantaneous ac component of Z. Characteristic impedance, surge
grid current impedance
iL Instantaneous inductive current Zout Output impedance
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SECTION 2
POWER SUPPLIES

PART 2-O. INTRODUCTION
ELECTRON TUBE DIODE PRINCIPLES

General.

A diode electron tube consists basicaly of only
two elements: a cathode (or filament) and a plate.
The cathode is responsible for the primary emission
of electrons, while the plate collects the electrons
emitted by the cathode. The general arrangement of
the elements within a diode electron tube is shown in
the figure below. Thisis aso the basis of. operation
for all types of electron tubes.

A. Electron Flow When Plate is Positive

~ M—L_

®
[0]0]070

1

B. Electron Flow When Plate is Negative

When heat is applied to the cathode circuit by the
filament, the cathode emits electrons into the space
surrounding it (the Edison Effect). With no voltages
applied to the cathode or plate, this space charge will
move randomly between the two elements, and no
current will flow in the tube circuit.

When the positive side of the battery is connected
to the plate of the diode and the negative side of the
battery is connected to the cathode (refer to part A

ORIGINAL 2-1

of the figure), the electrons emitted from the cath-
ode will move toward the plate, since unlike charges
attract each other, and current flow results in the
tube circuit. If the connections are reversed as shown
in part B of the figure so that the cathode is positive
with respect to the plate, the electrons in the space
charge will instead be attracted toward the cathode.
Additionally, the negative charge of the plate further
repels these electrons toward the cathode, and no
current flow results in the tube circuit. Thus, in a
diode tube circuit, it can be seen that electron flow
can only exist if the plate is positive with respect to
the cathode.

ELECTRON TUBE DIODE RATINGS

General.

Three important ratings used in connection with
diode electron tubes are discussed in the following
paragraphs.

Peak Forward Anode Voltage. Thisvoltage is the
maximum instantaneous anode (plate) voltage that
can be applied to the tube without damage to the

tube structure. _
Peak Inverse Anode Voltage. This voltage is the

maximum (reverse) instantaneous voltage that can be
applied to the anode (plate) during non-conducting
periods. When the diode is used in power supply cir-
cuits for rectitlcation, the aternating voltage applied
to the diode plate will go highly negative with respect
to the cathode. If the maximum peak inverse voltage
is exceeded, the plate can become so negative with re-
spect to the cathode that the tube can arc from the
negative plate to the positive cathode. When this
happens, the tube is generally permanently damaged.
Peak Anode Current. This current rating is the
maximum instantaneous plate current that can be
conducted by the diode without tube damage.

SEMICONDUCTOR DIODE PRINCIPLES

General.
Semiconductor diodes are employed for rectifica-
tion and detection similarly to electron-tube diodes;
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in addition, they have specia properties that make
them particularly useful for bias and voltage stabiliza-
tion. Since junction diodes can be made of the same
material as the transistor and have the same tempera-
ture coefficient and resistance, they will track bette.
over the same temperature range, providing nearly
ideal thermal compensation. Likewise, application of
the avalanche breakdown phenomena provides a spe-
cia voltage-stabilizing (Zener) diode.

Junction Diode Theory. When P-type and N-type
germanium are combined in manufacture, the result is
a P-N junction diode, which has characteristics similar
to that of the electron-tube diode. If properly biased,
the junction diode will conduct heavily in one direc-
tion and very lightly or practically not at al in the
other direction. The P and N sections of the diode are
analogous to the plate and cathode of the electron-
tube diode. The direction of heavy current flow isin
the forward, or easy current, direction; the flow of
light current (back current) isin the reverse direction.
To produce a forward current flow, it is necessary to
bias the junction diode properly. Proper bias comec-
tions for forward and reverse currents are illustrated
below. The triangle in the graphical symbol (some-
times called an arrowhead) points against the direc-
tion of electron current flow. It is evident that the
polarities and electron current flow of the junction
diode are identical with those of the vacuum-tube
diode and the crystal semiconductor (point-contact)
diode. Because of the reverse (back) current flow
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(which is not present in any appreciable amount in a
vacuum-tube) and the resistivity of the semiconduc-
tor, the operation and theory of a junction diode
differ somewhat from that of the electron tube diode.

A discussion of the operation of the PN (and the
NP) junction and its application to the transistor is
included at this point, since an understanding of cur-
rent flow through the junction and how it varies with
external applied biasis essential to circuit operation
in later discussions. In semiconductor theory two
types of current carriers are encountered, namely,
electrons and holes. At room temperature heat energy
imparted to a semiconductor causes some electrons to
be released from their valence bands with sufficient
energy to place them in the conduction band. The
resultant vacancy created in the valence band pos-
sesses a positive charge and is called a hole. When
holes are present in the valence band, electrons can
change their energy state, and conduction is possible
by hole movement. Likewise, electronsin the conduc-
tion band can change their state, and conduction is
possible by electron movement. Thus, conduction
within the semiconductor is caused by the movement
of positive (hole) and negative (electron) carriers.
Although the movement of holesis the result of the
movement of electrons, the charge which movesis
positive; therefore, it is common to speak of hole
movement in the valence band rather than electron
movement. In contrast, in a pure conductor such as
copper the conduction band and valence bands over-
lap and are not separated by a forbidden region; thus
there is an excess of electrons available, and conduc-
tion is spoken of only in terms of electron movement.

An intrinsic semiconductor is one to which no
impurities have been added, and in which an equal
number of electron and hole carriers exist. An extrin-
sic semiconductor is one to which an impurity has
been added, and in which conduction takes place pri-
marily by one type of carrier. Although the amount
of impurity is extremely small (on the order of one
part in one million or less), the effect upon the
conductivity of the semiconductor is profound. The
addition of an impurity which creates a mgjority of
electron carriers is known as a donor (because it
donates electrons), and the extrinsic semiconductor
which resultsis called N-type. Likewise, the addition
of an impurity which creates a mgjority of hole car-
riers produces a P-type semiconductor, and is referred
to as an acceptor impurity (because it will accept
electrons).
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A PN junction is a single crystal consisting of P
and N types of semiconductors formed by an alloying
or growing process. To facilitate an understanding of
its operation, it is assumed that if the P and N mate-
rials are brought together externally the junction will
function normally, although actually it will not. Each
type of materia is considered to be electrically neu-
tral. When the P and N materials are brought into
contact to form the PN junction, a concentration gra-
dient exists for electrons and holes. Holes diffuse
from the P material into the N material, and electrons
diffuse from the N material into the P material. This
process continues until the donor and acceptor sites
near the junction barrier lose their compensating car-
riers and a potential gradient is built up which
opposes the tendency for further diffusion. Eventu-
ally a condition of balance is reached where the cur-
rent across the junction becomes zero. The relation-
ships across the junction and the final charge dipole
which results from the diffusion process is graphically
illustrated below.
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The region containing the uncompensated donor
(negative) and acceptor (positive) ions is commonly
referred to as the depletion region. (Since the accep-
tor and donor ions are freed and are charged electri-
caly, the depletion region is sometime called the
space charge region.) The electric field between the
acceptor (positive) and donor (negative) ionsis called
abarrier, and the effect of the barrier is considered to
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be represented by a space-charge equivalent battery
(commonly called a potentiul hill battery). In the
absence of an externa field, the magnitude of the
difference in potential across the space-charge equiva-
lent battery (this potential is not available for exter-
nal use as a battery) is on the order of tenths of a

volt.
When the negative terminal of an external battery

is connected to the P material and the positive termi-
nal is connected to the N material, the junction is said
to be reverse-biased. In this condition, the externa
battery polarity is the same as that of the potential-
hill battery as shown below. Therefore, the bias bat-
tery aids the potential-hill battery, and very little or
no forward current passes across the junction. This
action occurs because the holes are attracted to the
negative terminal of the external battery and away
from the junction. Similarly, the electrons are at-
tracted to the positive terminal of the battery and
away from the junction. Thus, the depletion areais
effectively widened, and the potential across the junc-
tion is effectively increased, making it more difficult
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for normal current to flow. With the mgjority carriers
effectively blocked, the only current that can flow is
that caused by the minority carriers, and it isin the
opposite (or reverse current) direction. Thisreverse
current is called back current, and is substantially
independent of reverse-bias vrdues until a certain volt-
age level isreached. At this voltage the covalent bond
structure begins to break down, and a sharp rise in
reverse current occurs because of avalanche break-
down. The breakdown voltage is popularly called the
Zener voltage, although there is some doubt as to the
manner in which it occurs. Once the crystal breaks
down, there is a heavy reverse (back) current flow,
which, if not controlled, can overheat the crystal and
cause permanent damage. If the current iskept at a
safe value, the crystal will return to normal operation
when the reverse hias is again reduced to the proper
value. The construction of the junction determines
the type of back current flow. A crystal with more
N-type material than P-type material will have a back
current due to electron flow; conversdly, a crysta
with predominantly P-type material will have a back
current due to hole flow.

Back current exists solely because the depletion
area, athough depleted of majority carriers, is never
entirely free of minority carriers, and, since they are
effectively polarized opposite to the majority carriers,
the external reverse-hias polarity is actually a forward

bias for the minority carriers.
When the externa bias battery is connected so

that it is oppositely polarized to the potential-hill bat-
tery (positive to P region and negative to N region),
the barrier voltage is reduced, and a heavy forward
current flows; this bias condition is called forward
bias. Forward current flow is heavy because the elec-
trons of the N region are repelled from the negative
battery terminal and driven toward the junction, and
the holes in the P region are forced toward the junc-
tion by the positive terminal. Depending upon the
battery potential, a number of electrons and holes
cross the barrier region of the junction and combine.
Simultaneously, two other actions take place. Near
the positive terminal of the P materia the covaent
bonds of the atoms are broken, and electrons are
freed, to enter the positive terminal. Each free elec-
tron which enters the positive termina produces a
new hole, and the new hole is attracted toward the N
material (toward the junction). At the same time an
electron enters the negative terminal of the N mate-
rial and moves toward the junction, heading for the
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positive terminal of the P material. This action
reduces the effective value of the potential hill so that
it no longer prohibits the flow o'f current across the
barrier, or junction, as shown by the upper portion of
the illustration below. Interna current flow occursin
the P region by holes (the majority carriers) and in
the N region by electrons (also majority carriers).
Externally, the current consists of electron flow and
is dependent upon the bias battery potential.
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Forward-Bias Conditions

If the forward bias is increased, the current
through the junction likewise increases, and causes a
reduced barrier potential. If the forward bias were
increased sufficiently to reduce the barrier potential
to zero, avery heavy forward current would flow and
possibly damage the junction because of heating
effects. Therefore, the forward bias is usually kept at
a low vaue. Although the initial junction barrier
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potential is on the order of tenths of a volt, the mate-
rial comprising the junction is a semiconductor and
has resistance. Thus the applied bias must be suffi-
cient to overcome the resistive drop in the semicon-
ductor; as arule, one or two voltsis usualy required
to produce a satisfactory current flow. *

Even though the depletion region is less depleted
with forward bias, the minority carriers till exist.
The flow of reverse leakage current is practically
negligible, however, because the forward biasisin
effect a reverse bias to the minority carriers and
reduces the back current practically to zero.

The dynamic transfer characteristic curve of the
junction diode, illustrated below, shows how the con-
duction varies with the applied voltage. Observe that
as the reverse bias is increased, a point is reached
where the back current suddenly starts to increase. If
the reverse bias is increased still further, avalanche
breakdown occurs and a heavy reverse current flows
asaresult of crystal breakdown (sometimes called the
Zener effect). The minimum breakdown voltage of
the junction diode corresponds to the maximum
inverse pesk voltage of an electron-tube diode.
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Application.

The application of semiconductor rectifiers in the
design of power supplies for electronic equipment is
increasing. The characteristics which have caused this
increase are: no requirement for filament (cathode)
power, immediate operation without need for warm-
up time, low internal voltage drop substantially
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independent of load current, low operating tempera-
ture, and generally small physica size.

Formerly, metallic or dry-disc rectifiers, such as
copper-oxide, copper-sulfide, and selenium rectifiers,
were used primarily in low-voltage applications and
were limited in use to the lower frequencies (25 to
800 Hz). Additional design improvements have al-
lowed these rectifiers to be used with higher input
voltages, and today they are widely used as power
rectifiers. The newer silicon-type rectifier is now used
in many power-supply circuits where other types
were formerly used. The small physical size of semi-
conductor rectifiers, especialy the silicon types,
makes it practica to place these units in series to
handle the higher input voltages.

The semiconductor rectifier is utilized as a diode
in power-supply circuits in much the same manner as
the electron-tube diode. A semiconductor rectifier
can be substituted for each electron-tube diode in
almost every basic power supply circuit given in this
handbook; furthermore, many power-supply circuits
which were originally designed to use tubes and were
formerly considered impracticable can now be used
to advantage by incorporating semiconductor recti-
fiersin lieu of electron-tube diodes. For example, a
voltage-multiplier circuit with many stages to obtain
an extremely high-voltage output becomes practicable
when semiconductor-type rectifiers are used because
the need for an independent filament-voltage source
for each stage (to operate directly-heated diodes) is
eliminated.

Semiconductor rectifiers are particularly well-
adapted for use in the power supplies of portable and
small electronic equipment where weight and space
are important considerations. Many of these smaller
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power supplies use very practical bridge and voltage-
doubler circuits which require atransformer having
only asingle high-voltage secondary winding; thus,
thereis no requirement for alarge, expensive trans-
former which has a center-tapped secondary winding
(or an extremely high-voltage secondary winding).

Semiconductor Diode Symbol. The rectifying
action of semiconductor diodesis essentially the same
as that for electron-tube diodes. The accompanying
illustration shows two equivalent rectifier circuits for
the purpose of comparison and to establish the cor-
rect use of the semiconductor-diode symbol. (The
small arrow adjacent to the load resistance indicates
the direction of electron flow in the circuit.)

The terminal of the semiconductor diode (CR1),
shown in part B, which corresponds to the cathode
(or filament) of the electron-tube diode (Vi), shown
in part A, is usually identified by a colored dot or
band, or by a plus (+) sign, the letter “K”, the sche-
matic symbol, or other similar means of identifica-
tion stenciled on the rectifier itself. The power
supply circuits described in this section of the hand-
book and their associated schematics will use the
serniconductordiode symbol in the same manner as
shown in the circuit (part B) above.

Reetifier Retings. The use of one or a combination
of several particular type semiconductor rectifiers in
any given circuit is based upon the voltage and cur-
rent requirements of the circuit. All semiconductor
rectifiers are subject to certain voltage breakdown
and current limitations; for these reasons the rectifier
is usualy rated in accordance with its ability to with-
stand a given peak-inverse voltage, its ability to
conduct in terms of a maximum dc load current, or
its working rnis (applied ac input) voltage.

The semiconductor rectifier has an extremely low
forward resistance, and precautions are generally
taken in the circuit design to ensure that the peak-
current rating of the rectifier is not exceeded, espe-
cialy if the rectifier is used with a capacitance-input
filter. For this reason, a small value resistor, called a
surge resistor, is frequently placed in series with the
rectifier to limit the peak current through the recti-
fier; however, if there is sufficient resistance in the
transformer winding (or the ac source), the series
resistor is usualy omitted. The series resistor, if used,
can aso be made to act as a fuse in the circuit. Typi-
cal values for the series resistor range from approxi-
mately 5 ohms for high-current rectifiers (200 milli-
amperes or greater) to approximately 50 ohms for
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low-current rectifiers (50 milliamperes or less). The
series resistor is normally not necessary when the
rectifier is used with a choke-input filter.

Anideal rectifier would have no (zero) resistance
in the forward direction and infinite resistance in the
reverse direction. (The electron tube approaches an
ideal diode.) In commercially available semiconductor
rectifiers, the forward resistance is very small and
almost constant, but the reverse resistance is not as
great as that of an electron-tube diode; however, the
reverse resistance of the semiconductor rectifier can
normally be neglected because it is generally so much
greater than the associated load resistance. Under nor-
mal operating conditions, as long as the rectifier is
not subjected to severe overload or otherwise abused,
the rectifying action is very stable. The only effect of
long use is a gradua increase in the forward resistance
with age and, depending upon the rectifier type, a
gradual increase in the amount of heat developed. An
individual rectifier cell (or element) can withstand
only a given peak-inverse voltage without breakdown
or rupture of the cell; therefore, if higher peak-inverse
voltages are to be sustained, a number of cells must
be connected in series. Therefore, it is common prac-
tice to place many individual cells in series, or to
“stack” several complete rectifier units, to obtain the
desired characteristics and ratings necessary to with-
stand the peak-inverse voltage of the circuit without
breakdown.

When rectifiers are placed in series (or stacked) to
meet the voltage requirements of the circuit, the total
forward resistance is increased accordingly. It is nor-
mal for this forward resistance to develop some heat;
for this reason, many types of rectifiers are equipped
with cooling fins or are mounted on “heat sinks’ to
dissipate the heat. These rectifiers are cooled by con-
vection air currents or by forced-air. In some special
applications, a large number of rectifiers may be
incased in an oil-filled container to help dissipate
heat. Similarly, just as rectifiers are placed in series to
meet certain voltage requirements, they may also be
placed in parallel to meet power (current) require-
ments; however, when rectifiers are operated in paral-
lel to provide for an increased current output, precau-
tions are usually taken to ensure that the parallel rec-
tifiers have reasonably similar electrical charac-
teristics.

Semiconductor Rectifier Circuit Analysis. As men-
tioned before, the rectifying action of a semiconduc-
tor diode is the same as that of an electron-tube
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diode; for this reason, the various power-supply cir-
cuits in this part of the handbook are described only
briefly, especially where the basic circuit is the
counterpart of the electron-tube circuit. Since many
of the power-supply circuits are similar, much of the
detailed theory of circuit operation can be omitted
for the semiconductor version, because the rectifier
action is identical with that given for the corre-
sponding electron-tube circuit.

Semiconductor Rectifier Failure Analysis. Depend-
ing upon the semiconductor type, materials, and con-
struction, a visual check of rectifier appearance may
or may not reveal a defective rectifier. Since rectifier
failure is not always accompanied by a change in
physical appearance, an ohmmeter check or an elec-
trical test may be necessary to determine whether the
rectifier is damaged or defective. Improper rectifier
operation may result from a change in the rectifier
characteristics; that is, the rectifier can be open or
shorted, its forward resistance can increase, or its
reverse resistance can decrease.

An ohmmeter can be used to make a quick, rela-
tive check of rectifier condition. To make this check,
disconnect one of the rectifier terminals from the cir-
cuit wiring, and make resistance measurements across
the terminals of the rectifier. The resistance measure-
ments obtained depend upon the test-lead polarity of
the ohmmeter; therefore, two measurements must be
made, with the test leads reversed at the rectifier ter-
minals for one of the measurements. The larger resist-
ance value is assumed to be the reverse resistance of
the rectifier, and the smaller resistance value is as-
sumed to be the forward resistance. Measurements
can be made for comparison purposes using another
identical-type rectifier, known to be good, as a stand-
ard. Two high-value resistance measurements indicate
that the rectifier is open or has a high forward resist-
ance; two low-val ue resistance measurements indicate
that the rectifier is shorted or has alow reverse resist-
ance. An apparently normal set of measurements,
with one high value and one low value, does not nec-
essarily indicate satisfactory or efficient rectifier
operation, but merely shows that the rectifier is
capable of rectification. The rectifier efficiency is
determined by how low the forward resistance is as
compared with the reverse resistance; that is, it is
desirable to have as great a ratio as possible between
the reverse and forward resistance measurements.
However, the only valid check of rectifier condition is
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adynamic electrical test which determines the recti-
fier forward current (resistance) and reverse current
(resistance) parameters.

SILICON-CONTROLLED RECTIFIERS

General.

The silicon-controlled rectifier is considered to be
aPNPN device operating as a controlled switch. It has
alow resistance in the forward direction when trig-
gered, and a. high resistance in the reverse direction.
Once triggered, the amount of conduction is limited
only by the impedance of the externa circuit. In
addition, it requires only a small amount of trigger
current to initiate conduction. For example, a small
current of 50 milliamperes, or less, can control cur-
rents from a few milliamperes up to hundreds of
amperes. While the silicon-controlled rectifier is nor-
mally triggered by a current gate, it may aso be
turned on by exceeding the forward breakdown volt-
age. When the forward voltage is increased, the for-
ward leakage current does not increase, or change,
until the triggering point is reached. Once triggered,
the controlled rectifier continues to conduct until the
forward voltage is removed, reversed in polarity, or
the holding current is reduced to a value which will
no longer sustain conduction. There is also a value of
reverse voltage which, when exceeded, will produce
avalanche breakdown. Normally, the reverse break-
down voltage is high because of the inherent con-
struction of the device, and is much greater than that
of aconventional semiconductor diode.

Generally speaking, the silicon-controlled rectifier
is the solid-state counterpart of the electron tube gas-
filled thyratron rectifier. In this respect, the forward
holding current corresponds to the minimum firing
potential of the thyratron. It is important to note,
that while the thyratron tube requires a grid firing
voltage to cause conduction, the controlled rectifier
requires current triggering to initiate conduction.
Like most solid-state devices, the controlled rectifier
is much smaller in size than a similarly rated thyra-
tron tube.

Controlled Rectifier Symbol. The rectifying action
of the controlled rectifier diode, when gated, is essen-
tially the same as that discussed for the semiconduc-
tor diode discussed earlier in this section. The two
equivalent rectifier circuits are shown in the accom-
panying illustration for the purpose of comparison,
and to establish the correct use of the controlled
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rectitler symbol. The smalt arrow, adjacent to the
load resistance, indicates the direction of €electron
current flow in the circuit.
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Equivalent Rectifier Circuits

Siiicon-controlled rectifiers are manufactured in
many sizes, from small |ead-mounted types to large
stud-mounted units. They may be obtained in posi-
tive or negative polarities (PNPN or NPNP). The posi-
tive type usuaiiy has the stud comected to the cath-
ode and the braided heavy lead is connected to the
anode. The negative type is connected inversely, with
the stud connected to the anode, and the heavy
braided lead to the cathode. The gate comection is
aiways the smaiier and thinner lead which protrudes
from the stud. in lead-mounted types the cathode
and anode pins are usuaiiy diametrically opposite,
with the gate lead between them offset to the |eft.
When installing or replacing units, comect them in
accordance with the manufacturers' instruction sheets
to avoid accidental reversai of connections.

Rectifier Rstings. The use of one, or a combina-
tion of severrd particular types of controlled recti-
fiers, in any given circuit is based upon the voltage
and current requirements of the circuit. All con-
trolled rectifiers are subject to specific voltage break-
down and current Jimitations. The rectifier israted in
accordance with its abiiity to withstand a maximum
repetitive peak reverse voltage, which corresponds to
the peak inverse voltage rating appiied to transistors
and diodes. It is also rated for maximum permissibie
dc load current, and for maximum working rms
(appiied ac input) voltage. In addition, the controlled
rectifier is aiso rated for a maximum vaiue of peak
forward blocking voltage, which will prevent the unit
from conducting uniess gated. The higher the bJock-
ing voitage permitted, the higher the permissible con-
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trolled voltage. It is also necessary to exceed a certain
minimum gate trigger voltage and current to make
the rectifier conduct. There is a minimum holding
current rating below which forward conduction
ceases and blocking again occurs. It is usuaiiy neces-
sary to apply the gating current for a short period
(from approximately 5 to 15 microseconds) before
conduction starts. That is, both the turn-on and tur-
noff operation are not instantaneous, but take finite
intervals, depending upon the size and rating of the
rectifier. Maximum turnoff time is approximately 50
microseconds. For example, in some types of recti-
fiers, without any gate appiied, the turn-off current
may have ceassed for as much as 40 microseconds
until the application of forward voltage again causes a
flow of forward current. Once the maximum forward
turn-off delay time is exceeded, a normai gate or a
higher than rated forward blocking voltage is neces-

sary to turn on the controlled rectitler.
When the peak working voitage of the supply is

greater than the rectifier rating, it is permissible to
connect (stack) a number of controlled rectifiersin
series, provided proper equalizing arrangements are
made. The simplest arrangements are a series of equal-
izing resistors placed in shunt with the controlled rec-
tifier. The more eiaborate arrangementsinclude series
resistor-capacitor combinations, with the resistor
shunted by a semiconductor diode. This combination
eliminates transients and excessive starting current
because of dight differences in ratings between simil-
arly controlled rectifier units.. Likewise, when the
current-carrying capability of a singie controi rectifier
isinsufficient, it is aiso possible to connect a group of
controlled rectifiersin paraliel. Compensation must
be provided for any differences in forward resistance
(or for current ratings and characteristics encountered
asaresult of production variations). Because of the
number of current ratings avaiiable, it is seldom that
more than two controlled rectifiers are paraleled.
Cooling fins or heat sinks are avaiiable to ensure that
the controlled rectifier is held within temperature
ratings by means of convection cooiing. Use of the
stud-type unit for currents above approximately 5
amperes enables the entire chassis to be used as a
permanent low-cost heat sink.

Circuit Operetion. Operation of a PNPN semicon-
ductor arrangement as used in the controlled rectitler
is best visualized by connecting a pair of PNP and
NPN transistors to form a regenerative feedback pair
as shown in part B of the accompanying illustration.
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Transistor Analog of Controlled Rectifier

When a positive voltage is applied to the anode,
junctions J1 and J3 (part A of the figure) are
forward-biased, but since J2 is reverse-biased, current
flow is blocked. Likewise, when a negative voltage is
applied to the anode, junctions J1 and J3 are reverse-
biased, and although junction J2 is forward biased,
current flow is also blocked. The biasing of J2 may be
controlled by applying a positive voltage to the gate
electrode. Let us assume now that a positive gate cur-
rent is injected into the P2 layer shown in part A of
the figure. In the two-transistor analog shown in part
B of the figure, the increase in gate current causes an
increase in the base current of transistor Q2. An
increase in the base current of Q2 causes the emitter
current of Q2 to increase. When the emitter current
increases, the collector current of Q2 also increases.
Since the collector of Q2 is connected to the base of
Ql, an increase of collector current in Q2 causes an
increase in the base current of Q1. The increased base
current of Q1 now increases the emitter current and
also the collector current of Q1. Since the collector
of Q1 is shown connected back to the base of Q2, an
increase of Q1 collector current feeds back an in-
creased base, or gate current, thus causing the base
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current of Q2 to increase further. The feedback
around this closed loop rapidly increases and is regen-
erative, so that even when the externa gate is re-
moved, both transistors are still driven rapidly into
saturation. Thus, junction J2 is effectively forward-
biased by the insertion of the gate current. With all
three junctions forward-biased, there is a high elec-
tron current flow from cathode to anode of the con-
trolled rectifier and an extremely low forward resist-
ance.

Once triggered, anode current will continue until
the current falls below the holding current value. As
the current falls below the holding vaue, the elec-
trons and their positive counterparts called “holes’
which were induced as charge carriers during the
turn-on process decrease through recombination; the
positive feedback ceases and the unit returns to its
normally blocked state. At power frequencies, this
relatively slow process is no problem. Particularly,
sincein ac circuits, the turnoff processis further as-
sisted by the reverse half-cycle of voltage which helps
sweep out the |eft-over carriers before blocking the
next half-cycle. (When an SCR is used as a switch in
dc circuits, for example as an inverter, some means
must be provided to turn off the unit.) Thisis usually
accomplished by reversing the voltage and causing the
electrons and holes stored in the inner regions to dif-
fuse toward J1 and J3. Thus a reverse current is pro-
duced in the external circuit. The voltage across the
unit remains at about +0.7 volt until the reverse cur-
rent ceases and junctions J1 and J3 enter the blocking
state. Complete recovery, however, does not occur
until the carriers remaining near the center junction,
J2, are entirely removed by recombination; this takes
asomewhat longer time. If sufficient J2 carriers are
not combined, junctions J1 and J3 will conduct when
forward-biased by the voltage applied during the for-
ward blocking cycle, and cause false firing.

The accompanying figure shows the voltage and
current characteristics of a typical silicon-controlled
rectifier.

As shown on the figure, only a small reverse cur-
rent flows over the reverse blocking region when a
negative anode voltage is applied. When the reverse
avalanche voltage is exceeded, a heavy reverse current
flows. Over the gated region, a heavy forward current
flows that is greater than the holding current. Over
the forward blocking region, only asmall (leakage)
current flows; this does not change until the forward
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breakover voltage is reached, whereupon the SCR
fries and a heavy forward current flows.

Failure Analysis. Since the silicon-controlled recti-
fier has a high resistance in both the forward and
reverse directions until gated, the conventional
forward-reverse-resistance diode check, usually made
with an ohmmeter, will not give any indication of the
condition of the controlled rectifier. Normally, the
controlled rectifier will be either open or shorted. If
the unit (when not gated) indicates a low forward
resistance when checked with an ohmmeter, it defi-
nitely is defective. A high resistance reading in the re-
verse direction, preferably in the megohm region
usualy indicates low leakage current. However, this is
only arelative test, since leakage current varies with
different types of controlled rectifiers. The standard
tube or diode tester cannot be used to test an SCR.
However, there are a number of types of SCR testers
available, ranging from precise laboratory types to
practical portable types similar in size to a volt-
ohmmeter. To determine the condition of an SCR, it
is necessary to check the gate firing voltage and gate
current, and to determine the anode to cathode leak-
age. It is aso important to know the anode to gate
leakage current, since excessive anode-gate |eakage
can cause self-triggering when the full anode to
cathode voltage is applied during operation.
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Although most electronic parts exhibit visible evi-
dence of trouble, such as burned or discolored areas,
the rugged construction of the silicon-controlled rec-
tifier, to alarge extent, makes the possibility of deter-
mining failure by visual inspection rather remote. In
the absence of a suitable SCR tester, an oscilloscope
can be used to determine that the proper firing wave-
form exists at the gate, and whether or not it is of
sufficient amplitude. Usually the SCR will either fire
normally, continuously, or erratically, or not at all.
Any of these conditions maybe caused by a defective
SCR, a faulty gate or gate circuit, or poor connec-
tions. Isolation of the trouble usually is reduced to
making gate voltage and current measurements to de-
termine that proper gating occurs.

RECTIFIERS

General.

Rectifiers are used to convert an aternating cur-
rent to a direct current to provide power required for
operation of electrical and electronic equipment. Sev-
eral types of rectifiers exist, and selection is based
upon the requirements of the equipment it will sup
ply; whether the equipment requires low or high volt-
age, low or high current, etc.

The dc output of a power supply can be either
positive or negative, depending upon the circuit
design, but it will always be a pulsating dc voltage
(commonly referred to as ripple voltage). Filtering
circuits are generally required at the rectifier output
to reduce these pulsations to a pure or near-pure dc.
These filter circuits are described in detail in the
Filter section of this handbook. The different types
of power suppliesin use today are described briefly
below.

BASIC POWER SUPPLIES

Half-Wave Rectifiers.

A haf-wave rectifier power supply alows current
to flow in the output only during the positive or
negative half cycle of the input, as shown below:

ORIGINAL
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In this example, the half-wave rectifier limits the
negative haf cycle of the input, as represented by the
dashed lines in the output waveform.

The half-wave rectifier is the simplest in design and
lowest in cost of al rectifiers. However, because of
the low ripple frequency (same frequency asthein-
put), the faltering required at the output must be of
high quality. Additionally, the average output voltage
isrelatively low when compared to the input voltage;

only half the applied power is passed to the load. This
factor limits the half-wave rectifier to applications
where the power required by the load is very low.

Full-Wave Rectifiers.

The full-wave rectifier power supply alows current
to flow in the output during both the positive and
negative half cycles of the input, as shown in the
illustration below:

[\ /\ FULL L~ Y Y
INPUT WAVE QUTPUT

AVE

\ ] \ J

L 4 N -

ER

In this case, the output ripple voltage is positive; the
negative half cycles of the input appear in the output
as positive pulses. The output polarity can be reversed
to produce negative pulsations by variations in circuit
design.

Since the ripple frequency is twice the frequency
of the input voltage, it is much easier to filter than
the output of a half-wave rectifier. Also, since the
frequency of the applied voltage is doubled, the aver-
age output voltage is much higher than the half-wave
rectifier (given the same input signal) because much
more of the applied power is passed to the load.

Full-Weve Bridge Rectifier.
The full-wave bridge rectifier passes the positive

and negative halves of the applied voltage, just as the
previously described full-wave rectifier. By utilizing

ORIGINAL 2-11

491-044 0 -73-3

the full secondary voltage of the input transformer
instead of using a center tap, a full-wave bridge recti-
fier aquires the advantage of being able to deliver
about twice the voltage of the full-wave rectifier.

MU LTIPHASE POWER SUPPLIES

Multiphase Rectifiers.

Multiphase rectifiers are used in most applications
where a power requirement of greater than 1 killo-
watt exists. The multiphase rectifier (sometimes
called polyphase) uses a multiphase input, and recti-
fies each phase independently. The result is a single
output voltage with a much smoother ripple (a higher
ripple frequency) than the previously described recti-
fier circuits. The illustration below shows the input
and output waveforms of a multiphase rectifier cir-
cuit.
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VOLTAGE MULTIPLIER POWER SUPPLIES

Voltage Multipliers.

Voltage multipliers are used to produce an output
that is some multiple of the peak input line voltage.
Voltage multipliers can be used for high voltage appli-
cations but the current delivering capability is very
low. The voltage multiplier can produce any of a
number of multiples of the input voltage; however,
voltage regulation is generally poor. The greater isthe
multiplying factor, the poorer is the regulation, and
the lower the proportion of current available to the
load. The output voltage, as the previously discussed
rectifier circuits requires filter circuits to smooth the
pulsating dc output. These filter circuits are discussed
in detail in the Filter section of this handbook.

OC-TO-DC CONVERTERS

General.

The de-to-de converter is used to convert alow-
level dc voltage to a higher level dc voltage. They are
especialy useful in applications where the equipment,
operates from a dc supply or a battery, or where
extremely high dc voltage with low current is re-
quired. Basically, the low-level dc voltage is applied to
an oscillator circuit which convertsit to an ac voltage.
This ac voltage is then stepped up through trans-
former action and applied to a rectifier or voltage
multiplier circuit where it is converted back to a
pulsating dc voltage that is a higher level than the
input. The pulsating dc is then applied to a filtering
circuit to smooth the dc pulsations to a constant dc
voltage. These filter circuits are discussed in the Filter
Section of this handbook.
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ROTATING ELECTROMECHANICAL SYSTEMS

General.

The primary electrical power source in many small
boats and aircraft is a 12- or 24-volt storage battery;
the battery is kept in a charged condition by means
of an engine-driven generator. The battery supplies
the voltage for the engine ignition system, navigation
lights, and other electrical loads. When cormnunica-
tions or similar electronic equipment is a part of the
electrical load, an electromechanical-type power sup-
ply is frequently employed to supply high voltage for
operation of the electronic equipment. tn such cases,
a rotating electromechanical device caled a dyna-
motor is used to obtain high-voltage dc for operation
of the electronic equipment, although a transistorized
de-to-de converter or a vibrator-type power supply
could also be used for the same purpose.

In some instances where the primary electrical
power source is ac, an electromechanical device called
arotary converter is used to convert ac to dc. By
definition, a rotary converter is a machine that
changes dectrical energy of one form to electrical
energy of another form. A rotary converter can con-
vert alternating current to direct current, or it can
convert direct current to alternating current. It can
also be used to change frequency and phase. In the
normal sense, the rotary converter is a machine used
to convert ac to dc; when it is used to convert dc to
acitiscaled aninverter, and is occasionaly referred
to asan inverted converter. When ac is available as the
primary electrical power source, it is usually more
efficient to use a power transformer and rectifier
combination to obtain high-voltage dc than to use a
rotary converter; for this reason, the application of
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rotary converters is limited. However, the rotary con-
verter in another more common form, that of an
inverter, is frequency used to convert dc to ac.

In naval aircraft, a source of alternating current is
frequently required to power some of the instru-
ments, electronic equipment, fluorescent lighting, etc.
If the aircraft does not have an enginedriven ac pri-
mary power source (single-phase or polyphase), it is
necessary to provide a means of changing the primary
dc source to ac for use by the electrical load. In this
application an inverter (one form of rotary converter)
is used to change the dc to ac; the output of the
inverter may be either single- or three-phase dc at a
frequency which is normally 400 or 800 hertz.

From the brief discussion above, it can be seen
that the dynamotor, rotary converter, and inverter
are merely specialized combinations of motors and
generators (or alternators). The detailed theory of
operation and the construction of ac and dc motors,
generators, and alternators are covered in Navy publi-
cations on basic electricity, and, therefore, will not be
treated in this handbook. Ordy the basic principles
will be discussed in this section of the handbook, as
required, to provide a better understanding of the
application and the failure anrdysis of the eectro-
mechanica devices discussed.

VIBRATOR-TYPE POWER SUPPLIES

General.

The primary electrica power source in many port-
able and mobile (small boats, light aircraft, and
ground vehicles) electronic equipmentsis a storage
battery. Vibrator-type power supplies are used to
convert direct current from the storage battery to
alternating current which can be rectified to furnish
high-voltage for the operation of the equipment.
Vibrator-type power supplies are designed for opera-
tion with specific input voltages; storage batteries
having voltage values of 6, 12, or 24 volts are com-
monly used to operate this type of supply.

The main differences between a conventiona
power supply operating from an ac source and a
vibrator power supply are the vibrating device used to
convert the low dc voltage to high ac voltage and the
special step-up power transformer used in conjunc-
tion with the vibrator. The vibrator itself is essentially
a high-speed reversing switch that alternately opens '’
and closes sets of contacts in the primary circuit of
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the power transformer. The rising and fatling mag-
netic field caused by the current pulsesin the trans-
former primary induces an alternating square wave in
the secondary circuit. The vibrator is designed to
operate at a given frequency, usualy between 60 and
250 hertz, although in some applications higher fre-
quencies are employed.

Two basic vibrators are widely used in power sup-
plies of this type; one is called the nonsynchronous
(or interrupter) vibrator, and the other is called the
synchronous (or self-rectifying) vibrator. The primary
function of either type of vibrator isto cause the dc
input current to flow in pulses through alternate
halves of the transformer primary. The nonaynchro-
nous vibrator requires the use of some form of high-
voltage rectifier circuit to produce dc output from
the supply. The synchronous vibrator does not
require a separate rectifier circuit since, as the name
synchronous (or self-rectifying) implies, the vibrator
itself performs the additional function of rectifying
the high-voltage ac it produces by synchronous
switching of the transformer secondary winding; the
resultant output voltage is essentially dc.

Occasionally, vibrator power supplies are designed
to operate on more than one value of input voltage;
this is accomplished by providing a number of taps on
the transformer primary, and appropriate switching
or terminrd points to accommodate the different bat-
tery voltages.

Several types of vibrator power supplies are
capable of operation from both a low-voltage dc
source and a conventional 60-hertz ac source. A"com-
bination power supply of this type is usualy
equipped with a transformer having an additional pri-
mary winding for ac operation; the primary winding
used for vibrator operation is tapped, and is used as
the filament winding for the electron tubes when
operating on ac. This type of power supply uses a
non-synchronous vibrator and a separate rectifier cir-
cuit, since the same high-voltage secondary is used for
both ac and dc operation.

Ancther combination ac and vibrator power-
supply design uses two separate power transformers,
with independent rectifiers in the vibrator circuit and
in the ac input circuit. These two independent
power-supply circuits share a common filter circuit to
falter their respective dc outputs; either of the two
input circuits is selected by a switching arrangement,
depending upon whether dc input or ac input opera-
tion is desired.
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Although there are other circuit arrangements for
providing operation from both ac and dc input
sources, the examples given above are typical. One
other combination vibrator supply which is occa-
sionally employed makes use of two vibrator supplies
operating from a common dc input but with two or
more output voltages. The outputs of the combined
supplies can be either positive or negative, or both,
and of different voltage values.

NAVSHIPS 0967-0000120
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Any of the conventional €electron-tube or semi-
conductor rectifier circuits, such as the half-wave,
full-wave, bridge, and voltage doubler, can be used in
nonsynchronous vibrator power supplies. The use of
semiconductor rectifiers simplifies the design of non-
synchronous vibrator-type power supplies, since no
filament voltageis required for the rectifier(s).

ORIGINAL
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PART 2-1. BASIC POWER SUPPLY CIRCUITS

SINGLE-PHASE, HALF-WAVE RECTIFIER
(ELECTRON TUBE)

Application.

The single-phase, half-wave rectifier is used in al
types of electronic equipment for applications re-
quiring high-voltage dc at alow load current. The
rectifier circuit can be arranged to furnish negative or
positive high-voltage output to the load.

Charrrctaristics.

Input to circuit iaac; output is pulsating dc.

Uses high-vacuum or gas-illed electron-tube diode
as rectifier.

Output requires filtering; dc output ripple fre-
quency is equal to primary line-voltage frequency.

Haa poor regulation characteristics.

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

Circuit Analysis.

General. ‘Ihe single-phase, half-wave rectifier is one
of the simplest types of rectifier circuits. The circuit
consists of a rectifier (diode) in series with the alter-
nating source and the load. Since the rectifier con-
ducts in only one direction, electrons flow through
the load and through the rectifier once during each
complete cycle of the impressed voltage. Rectifier
conduction occurs only during the interval of time
the plate is positive with respect to the filament
(cathode). Thus, the electrons flow through the load
in pulses, one puke for each positive half cycle of the
impressed voltage.

Circuit Operation. In the accompanying circuit
schematic, parts A and B illustrate an €l ectron-tube
diode, VI, used in a basic single-phaae, hrdf-wave rec-
tifier circuit. The circuit given in part A uses asingle
transformer, Tl, to step up the aternating-source
voltage to a high value in the secondary. The fdament
of the tube, V1, is operated from a low-voltage
secondary winding located on the same core and con-
nected to the high-voltage winding. The circuit given
in part B ia shown with two separate transformers; T1
is a step-up transformer to obtain high voltage, and
T2 is a stepdown transformer to obtain the correct
fdament voltage for the operation of V1. Although
separate transformers are shown in part B, the low-
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voltage secondary of T2 could just as well be wound
on the core of transformer T1. However, the high-
and low-voltage secondary windings must be ade-
quately insulated from one another to alow the
simultaneous application of plate and fdament volt-
ages to the tube.

In the two circuits illustrated, either terminal of
the load may be placed at ground potential, depend-
ing upon whether a positive or negative dc output is
desired. The circuit illustrated in part A is commonly
used as a negative high-voltage supply with the posi-
tive termina of the load connected to ground
(chassis); the circuit illustrated in part B is commonly
used as a positive high-voltage supply with the nega-
tive termina of the load connected to ground.

o pii

Basic Single-Phase, Hatf-Wave Rectifier Circuits

The operation of a half-wave rectifier circuit cars
be understood from the waveforms given in the
accompanying illustration.
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In part A, the /I . characteristic curve for the
rectifier is given. When high-voltage a. is applied to
the rectifier circuit, electrons flow through the tube
and the load whenever the plate is positive with
respect to the filament or cathode; the amount of
current is determined by the characteristic curve of
the tube. Part A of the illustration shows that for
each positive half cycle of the applied voltage, a cur-
rent puke passes through the rectifier, the load, and
the secondary winding of the transformer, TI. For
each negative half cycle of the applied voltage, the
plate is negative with respect to the filament or cath-
ode and no current pulse is obtained. Thus, the elec-
trons flow through the load circuit in pukes, to
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Waveforms for Half-Wave Rectifier Circuit
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produce a pulsating current waveform as shown in
part A of the illustration.

In part B of theillustration, voltage waveforms for
the half-wave rectifier circuit are given. The primary
winding of transformer T1 is connected to an ac
source, represented as waveform e,. The trans-
former, TI, increases the primary voltage to a higher
value in the secondary winding by step-up trans-
former action. The purpose of the small secondary
winding of T1 (or T2) is to supply voltage to the
filament of rectifier tube V1. The alternations of the
ac source, e, are applied to the primary of the
transformer and induce a voltage, e, in the second-
ary winding of the transformer. The waveform illus-
tration shows a 180degree change in phase between
the primary (ep,;) and secondary (e,.) voltages
because of transformer action and the fact that the
secondary-output voltage is an induced voltage. Since
the transformer is a step-up transformer, the amplit-
ude of the secondary voltage, e, iS greater than
the applied primary voltage, €pri- The induced sec-
ondary voltage, s&, is applied ‘across the rectifier
and the load. On positive half cycles of e, current
passes through the rectifier and the load resistance,
producing an output voltage, e, across the load
resistance. The output voltage e, has a pulsating
waveform which results in an irregularly shaped ripple
voltage; the frequency of the ripple voltage is the
same as the frequency of the ac source. Because the
output voltage and current are not continuous, the
half-wave rectifier circuit requjres considerable filter-
ing to smooth out the ripple and produce a steady dc
voltage.

The half-wave rectifier utilizes transformer T1
during only one half of the cycle; therefore, for a
given transformer less power can be developed in the
load than could be developed if the transformer were
utilized for both halves of the cycle. Thus, if acon-
siderable amount of power is to be developed in the
load, the half-wave transformer must be relatively
large compared with a transformer in which both
halves of the cycle are utilized. This disadvantage
limits the use of the transformer-type half-wave recti-
fier circuit to applications which require a relatively
small load current. Since the dc load current passes
through the secondary winding in only one direction,
the laminated-iron core of the transformer tends to
become magnetized. This effect is called dc core
saturation and reduces the effective inductance of the
transformer. The net effect inductance with the dc
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core saturation effect present is known as transformer
incremental inductance. Thus, transformer incre-
mental inductance is reduced as the dc load current is
increased. The resultant effect isto decrease the pri-
mary counter emf to a greater degree and thereby
increase the load component of primary current.
Therefore, the efficiency of the transformer is
reduced, and the regulation of the circuit is impaired.
The half-wave rectifier, assuming haf sine waves as
the waveform for the output voltage, e, (unfiltered),
produces the following root-mean-square voltage:

Bax * 0.707
Erms=———

where: Ep,4 = maximum instantaneous voltage.
The corresponding average output voltageis:

E,, = 045 E,

Similarly, the root-mean-sgquare and average output
currents can be expressed as:

| max X 0.707
lrms " ————

and: Ly 045 ¢

The peak inverse voltage of a rectifier tube is
defined as the maximum instantaneous voltage in the
direction opposite to that in which the rectifier is
&signed to pass current. The peak inverse voltage
across the rectifier in a half-wave rectifier circuit
during the period of time that the tube is noncon-
ducting is approximately 2.83 times the rms vaue of
the transformer second@ voltage. The peak inverse
voltage can be expressed as:

Einv = 2.83 Eppyg

E,.s = transformer secondary
(or applied) voltage

where:

The output of the rectifier circuit is connected to
a suitable filter circuit, to smooth the pulsating direct
current for use in the load circuit. (Filter circuits are
discussed in the Filter Section of this handbook.)
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Failure Amlysis.

No Output. In the half-wave rectifier circuit, the
no-output condition is likely to be limited to one of
three possible causes: a defective rectifier tube (open
filament), the lack of applied ac voltage, or a shorted
load circuit (including shorted filter-circuit compo-
nents).

A visua check of a glass envelope rectifier tube
can be made to determine whether the filament islit;
if the filament is not lit, it may be open or the fila-
ment voltage may not be applied. The tube filament
should be checked for continuity; also, the presence
of correct filament voltage at the tube socket should
be determined by measurement.

The ac secondary voltage, e, should be meas-
ured at the terminals of transformer T1 to determine
whether the voltage is present and of correct vaue. If
necessary, measure the applied primary voltage, ep;,
to determine whether it is present and of the correct
value. With the primary voltage removed from the
circuit, continuity (resistance) measurements of the
primary and secondary windings should be made to
determine whether one of the windings is open, since
an open (discontinuity) in either winding will cause a
lack of secondary voltage. Also, continuity measure-
ments should be made between each transformer sec-
ondary terminal and the corresponding tube socket or
load terminal to determine whether either one of
these two leadsis open.

With the primary voltage removed from the cir-
cuit, resistance measurements can be made at the out-
put terminals of the rectifier circuit (across load) to
determine whether the load circuit, including the fil-
ter, is shorted. If the filter circuit incorporates an
electrolytic capacitor, the resistance measurements
made across the output of the rectifier circuit may
vary depending upon the test-lead polarity of the
ohmmeter. Therefore, two measurements must be
made, with the test leads reversed at the circuit test
points for one of the measurements, to determine the
larger of the two resistance measurements. The larger
resistance value is then accepted as the measured
value. A short in the components of the filter circuit
or in the load will cause an excessive load current to
flow. If the rectifier tube is a high-vacuum type, the
heavy load current will cause the plate to become
heated and emit a reddish glow when the plate dissi-
pation is exceeded and, if allowed to continue, may
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result in permanent damage to the tube. If a gas-fflled
rectifier is used in the circuit, a heavy current over-
load will likely result in damage to the tube, because
gas-fflled rectifiers are more susceptible to damage
from current overload than are high-vacuum
rectifiers.

Low Output. The rectifier tube should be checked
to determine whether the cause of low output is low
filament emission. The load current should be
checked to make sure that it is not excessive, because
the half-wave rectifier circuit has relatively poor regu-
lation and a decrease in output voltage can be caused
by an increase in load current (decrease in load resist-
ance). Also, the ac secondary voltage, e, and the
primary voltage, e, , should be measured at termi-
nrds of transformer Tl to determine whether these
voltages are present and of the correct value. Shorted
turnsin either the primary or secondary windings will
cause the secondary voltage to measure below nor-
mal. Shorted turns are not easily detected by resist-
ance measurement; a voltage measurement is a more
reliable indication. If the transformer losses (due to
shorted turns) are excessive, the transformer may aso
become overheated. Another check to determine
whether the transformer is defective is to disconnect
the secondary load(s) and measure the primary cur-
rent with the transformer unloaded; excessive pri-
mary current is an indication of shorted turns. Still
another check is to disconnect all primary and sec-
ondary leads from the transformer terminals and
make measurements between the individua windings
and the core, using an ohmmeter or a Megger (insula-
tion tester), to determine whether any of the
windings are shorted to the core or to the Faraday
shield (noise-reduction shield between primary and
secondary).

SINGLE-PHASE, HALF-WAVE RECTIFIER
(SEMICONDUCTOR)

Application.

The single-phase, half-wave rectifier is sometimes
used in electronic equipment for applications re-
quiring a dc output voltage from an ac source. It is
frequently used in “transformerless’ circuits where
the load current is small and voltage regulation is not
critical and also where small space, light weight, high
efficiency, mggedness, and long life are important
considerations. The circuit is often employed as the
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power supply in small receivers and audio amplifiers.
It is also used in low-voltage battery chargers and in
some equipment applications, as a bias supply. The
rectifier circuit can be arranged to furnish either nega-
tive or positive dc output to the load.

Characteristics.

Same Characteristics as electron tube version, with
following exceptions:

Uses semiconductor diode instead of electron
tube.

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

Circuit Analysis.

General. The Single-phase, half-wave rectifier is the
simplest type of rectifier circuit. It consists of a semi-
conductor rectifier (diode) in series with the alter-
nating source and the load. Since the rectifier con-
ducts in only one direction, electrons flow through
the load and through the rectifier once during each
complete cycle of the impressed voltage. Thus, the
electrons flow through the load in pulses, one pulse
for every other half cycle of the impressed voltage.

Circuit Operation. In the accompanying circuit
schematic, parts A and B illustrate a semiconductor
diode, CR1, used in two variations of a basic single-
phase, half-wave rectifier circuit. These two circuit
variations use a transformer, Tl, as an isolation trans-
former or to step up the alternating-source voltage to
a higher value in the secondary. The use of atrans-
former in this circuit permits either dc output termi-
nal to be placed at ground (chassis) potential. The
two circuit variations shown in parts C and D do not
use a transformer, but operate directly from the ac
source. Both circuits shown in parts C and D place
one side of the ac source at a dc potential, and thus
restricts the output of the supply to either a positive
dc potential (part C) or a negative dc potential (part
D).
In the four circuits illustrated, the function of
semiconductor diode CRL1 is the same for each cir-
cuit. However, because of the manner in which the
diode is placed in the circuit, electrons flow through
the load in the direction indicated by the arrow adja-
cent to the load resistance. The dc output polarity for
each circuit is indicated by the signs associated with
the load resistance. The triangle in the graphic symbol
for diode CR1 points in the direction of current flow
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Basic Half-Wava Rectifier Circuits

according to conventional (positive-to-negative) cur-
rent theory; electron flow is in the opposite direction.
The letter “K” assigned to one termina of the
graphic symbol for CR1 indicates that this terminal
corresponds to the cathode (filament) of a electron-
tube diode. Therefore, the termina represented by
the solid-arrow portion of the graphic symbol corre-
sponds to the plate of an electron-tube diode. ‘

Each of the four circuits shows a resistor, Rs, in
series with the semiconductor dio&. This resistor,
called the surge resistor, limits the peak current
through the rectifier to a safe value. The value of
resistor Rs is influenced by the circuit design; deter-
mination of its value includes the consideration of
several other factors, such as the applied ac voltage,
the resistance of the load circuit, the filter-circuit
input capacitance, and the peak current rating of the
semiconductor diode. If there is sufficient resistance
in the secondary winding of transformer T1 (shown
in parts A and B) or in the ac source (parts C and D),
the resistor may be omitted; also, if the load circuit
of the supply includes a choke-input filter, the
resistor may be omitted.

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

Assume that the ac voltage applied to the input
terminals of the rectifier circuit during the initia
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Typical Half-Wave Ractifier Circuit
Operation and Waveforms

half-cycle has the polarity indicated in part A of the
illustration. Electrons flow in the direction indicated
by the small arrows from the lower (negative) input
terminal, through the load, through rectifier CR, and
to the upper (positive) input terminal. Thus, during
the initial half-cycle, rectifier CR passes maximum
current in the forward direction, and an output volt-
ageis developed across the load resistance. In other
words, when the rectifier conducts, electrons pass
through the load to develop a corresponding output-
voltage pulse, as shown in part C of theillustration.

During the next half-cycle, the polarity of the
applied ac input is as indicated in part B of the illus-
tration. Except for possibily a very small value of
reverse current, the rectifier does not conduct, the
reverse resistance remains high, and the small current
which flows can be neglected. (Normally, the reverse
resistance of the rectifier is extremely high as com-
pared with the circuit load resistance.) Thus, during
the second half-cycle, no voltage is developed across
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the load resistance. In other words, because the recti-
fier is nonconducting and no electrons pass through
the load, there is no output from the circuit.

The waveforms given in part C show that, on posi-
tive half cycles of the applied voltage, current passes
through the rectifier and the load resistance, produc-
ing an output voltage across the load resistance. The
output voltage has a pulsating waveform, which re-
sultsin an irregularly shaped ripple voltage; the fre-
guency of the ripple voltage is the same as the fre-
quency of the ac source. Since the output voltage and
current are not continuous, the half-wave rectifier cir-
cuit requires considerable filtering to smooth out the
ripple and produce a steady dc voltage.

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

The output of the half-wave rectifier circuit is con-
nected to a suitable falter circuit, to smooth the pul-
sating direct current for use in the load circuit. (Filter
circuits are discussed in the Filter Section of this
handbook.) Because of the very low forward resist-
ance of the semiconductor rectifier and its associated
low internal-voltage drop which is practically inde-
pendent of load current, the half-wave power supply
(including falter and load) using a semiconductor
diode will have somewhat better regulation character-
istics that the equivalent electron-tube circuit; how-
ever, the regulation is still considered to be relatively
poor.

Failure Analysis.

No output. In the half-wave rectifier circuit, the
no-output condition is likely to be limited to one of
several possible causes: the lack of applied ac voltage
(including the possibility of an open series resistor Rs
or a defective transformer), a defective rectifier, or a
shorted load circuit (including shorted falter-circuit
components).

The ac supply voltage should be measured at the
input of the circuit to determine whether the voltage
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is present and is the correct value. If the circuit uses a
step-up (or isolation) transformer, measure the volt-
age at the secondary terminals to determine whether
it is present and is the correct value. If necessary, the
primary voltage should be removed from the trans-
former and continuity measurements of the primary
and secondary windings made to determine whether
one of the windings is open, since an open circuit in
either winding will cause alack of secondary voltage.

If the circuit includes a series resistor (RS), aresist-
ance measurement can be made to determine whether
the resistor is open. However, if the resistor is found
to be open, the rectifier and load circuit should be
checked further to determine whether excessive load
current or a defective rectifier has caused the resistor
to act as afuse and to open.

With the ac supply voltage removed from the input
of the circuit and with the load disconnected from
the rectifier, resistance measurements can be made
across the load to determine whether the load circuit
(including falter components) is shorted.

Although physical appearance is not a positive
indication of condition, the rectifier may be given a
visual check for a change in physical appearance
which can indicate rectifier failure. A relative check
of the rectifier condition can be made using an ohm-
meter, as outlined in a previous paragraph of this sec-
tion. However, failure of the rectifier may be the
result of other causes; therefore, additional tests of
thefilter and load circuit are necessary.

Low Output. The rectifier should be checked to
determine whether the low output is due to normal
rectifier aging. A relative check of the rectifier condi-
tion can be made using an ohmmeter, as outlined in a
previous paragraph of this section. If the forward
resistance of the rectifier increases, the output voltage
will decrease. Also, if the reverse resistance decreases,
the output voltage will decrease, and the amplitude of
the ripple voltage will become excessive.

The load current should be checked to make sure
that it is not excessive, because the circuit has rela
tively poor regulation and an appreciable increase in
load current (decrease in load resistance) can cause a
decrease in output voltage. Also, the filter circuit
components should be suspected as a possible cause
of low output.

ORIGINAL
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SINGLE-PHASE, FULL-WAVE RECTIFIER
(ELECTRON TUBE)

Application.

The single-phase, MI-wave rectifier is commonly
used in all types of electronic equipment for applica-
tions requiring high-voltage dc at a relatively high
load current. The rectifier circuit can be arranged to
furnish negative or positive high-voltage output to the
|oad.

Characteristics.

Input to circuit is ac; output is pulsating dc.

Uses two high-vacuum or gas-filled electron-tube
diodes as rectifiers, or one twindiode rectifier.

Output requires filtering; dc output ripple fre-
quency is twice the primary line-voltage frequency.

Has good regulation characteristics.

Circuit provides either positive- or negative-polar-
ity output voltage.

Uses power transformer with center-tapped, high-
voltage secondary winding.

Circuit Analysis.

General. The single-phase, full-wave rectifier is the
most common type of rectifier circuit used in elec-
tronic eguipment. The circuit consists of a high-
voltage transformer with a center-tapped secondary
winding. One plate of the rectifier tube (s) is con-
nected to one end of the transformer secondary, and
the other plate is connected to the other end. The
load is connected between the center-tap of the sec-
ondary winding and the filament (cathode) of the
rectifiers (s). Since the secondary winding is center-
tapped, the voltage developed in each half of the sec-
ondary winding is in series with the other half; there-
fore, only one rectifier plate is positive at any instant.
As aresult, electrons flow through one half of the
secondary winding, the load, and a rectifier diode on
each half cycle of the impressed voltage, with first
one diode conducting then the other. Thus, the elec-
trons flow through the load in pulses, one pulse for
each haf cycle of the impressed voltage.

Circuit Operation. In the accompanying circuit
schematic, part A illustrates a “full-wave” twin-diode
rectifier, VI, used in a basic single-phase, full-wave
rectifier circuit. The rectifier circuit uses a single
transformer, Tl, to step up the alternating-source
voltage to a high value in each half of the secondary
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winding. The filament of tube V1 is operated from a
low-voltage secondary winding located on the same
transformer core with the high-voltage secondary.
The low-voltage secondary winding is center-tapped
and is the mid-point of the filament (cathode) circuit
to which the load is comected. The circuit given in
part A istypica of plate-voltage and bias supplies
designed to meet medium power requirements such as
those found in communication receivers and trans-
mitters, audio amplifiers, radar sets, etc.
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Basic Single-Phase, Full-Wave Rectifier Circuits

The rectifier circuit given in part B is shown with
two separate transformers; T1 is a step-up trans-
former to obtain high voltage in each half of the sec-
ondary winding, and T2 is a step-down transformer to
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obtain the correct filament voltage for the operation
of the two rectifiers, VI and V2. The circuit is funda-
mentally the same as that given in part A. The sepa-
rate transformer arrangement permits the primary
voltage to be applied to transformer T2 independent
of, the prior to, the application of primary voltage to
T1 so that the rectifier filaments may be heated to
the normrd operating temperature before the plate
voltage is applied. Although provision for a time
delay in the application of plate voltage is not too
important in the case of high-vacuum rectifiers, a
time interval to permit preheating of the filament is
usually necessary for gasfilled rectifiers. The circuit
arrangement given in part B istypical of high-voltage,
dc supplies designed for use in radar sets and com-
munication transmitters.

In the two circuits illustrated, either terminal of
the load may be placed at ground potential, de-
pending upon whether a positive or negative dc out-
put is desired.

The operation of afull-wave rectifier circuit can be
understood from the simplified circuit schematics
(parts A and B) and the waveforms (part C) given in
the accompanying illustration.

This circuit requires two rectifier diodes and a
transformer with a center-tapped secondary winding.
Each end terminal of the secondary winding (termi-
nals A and C) is connected to a rectifier plate, as
shown in the simplified circuit schematic. Since only
one half of the secondary winding isin use at any one
time, the totrd secondary voltage (g,c) must be twice
the voltage that would be required for use with a
half-wave rectifier circuit (previously described).

The part’ of the secondary winding between termi-
nals A and B, (e,) shown in the schematic of part A,
may be considered a voltage source that produces a
voltage of the polarity given in theillustration. This
voltage is applied in series with the load resistance
between the plate and cathode of the rectifier, V1.
During one half cycle, timeinterval a (part C of the
illustration), the plate of VI is positive with respect
to its cathode; therefore, electrons flow in the direc-
tion indicated by the arrows on the schematic of part
A. Thus, during the time intervrd a, an output voltage
is developed across the load resistance. Also during
this half cycle, the voltage produced across the part
of the secondary winding between terminals B and C
(ep2) is negative; therefore, the plate of V2 is nega-
tive with respect to its cathode, and V2 is non-
conducting.
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During the next half cycle, time interval b (part C

e of the illustration), the polarity of the voltage is

reversed. The part of the secondary between termin-
asBandC (epz), shown in the schematic of part B,
produces a voltage of the polarity given in theillustra-
tion. This voltage is applied in series with the load
resistance between the plate and cathode of the recti-
fier, V2. During time interval b (part C of the illustra-
tion), the plate of V2 is positive with respect to its
cathode, and electrons flow in the direction indicated
by the arrows on the schematic of part B. Thus,
during time interval b, an output voltage is developed
across the load resistance. Also, during this half cycle,
the voltage produced across the part of the secondary
winding between terminals A and B (g, ) is negative
and, therefore V1 is nonconducting. From the wave-
forms given in part C, it can be seen that only one
rectifier conducts at any instant of time; thus, on
alternate half cycles, electrons flow through the load
resistance to produce a pulsating output voltage, e..
This output voltage has a pulsating waveform which
results in an irregularly shaped ripple voltage because
the output voltage and current are not continuous,
the frequency of the ripple voltage is twice the fre-
quency of the ac source. The full-wave rectifier cir-
cuit requires filtering to smooth out the ripple and
produce a steady dc voltage.

The full-wave rectifier circuit utilizes the trans-
former (TI) for a greater percentage of the input
cycle than the half-wave rectifier, because there are
two pulsations of current in the output for each com-
plete cycle of the applied aternating voltage. There-
fore, the full-wave rectifier circuit is more efficient,
has less output ripple amplitude, and has better volt-
age regulation than the half-wave rectifier circuit. The
dc load current passes through each half of the sec-
ondary winding on alternate half cycles, flowing in
opposite directions in each half of the winding. Since
the windings are electrically equal (ampere turns) to
one another, the current passes first in one direction
for one half of the secondary winding and then in the
other direction for the other half; thus, there is no
tendency for the transformer core to become perma-
nently magnetized. Furthermore, since little dc core
saturation occurs, the effective inductance of the
transformer remains relatively high. As a result, the
transformer has much higher efficiency than the
transformer used in a half-wave rectifier circuit.

The full-wave rectifier, assuming a series of half
sine waves as the waveform for the output voltage e.

CHANGE 1

NAVSHIPS 0967-0000120

POWER SUPPLIES

(unfiltered), produces the following root-mean-square
voltage:

E E x 0.707

rms = Emax

where: E . = maximum instantaneous voltage
The corresponding average output voltage is:

E,, = 09 E,s

Similarly, the root-mean-square and average output
currents can be expressed as:

ltms =Lmax X 0.707
and: L,=091,,

The peak inverse voltage across arectifier in a full-
wave rectifier circuit during the period of time the
tube is nonconducting is approximately 2.83 times
the rms voltage across half of the transformer second-
ary, or 1.41 times the rms voltage across the entire
secondary. The peak inverse voltage can be expressed
as.

E. =283E,s
where: E, = rmsvoltage across half of transformer
secondary
or, E. =141 Erms
where: Erms Tms voltage across entire

transformer secondary

The output of the full-wave rectifier circuit is con-
nected to a suitable filter circuit to smooth the pul-
sating direct current for use in the load circuit. (Filter
circuits are discussed in part D of this section.)

Failure Analysis.

No output. In the full-wave rectifier circuit the
no-output condition is likely to be limited to one of
three possible causes: defective rectifier tube or tubes
(open filaments), the lack of applied ac voltage, or a
shorted load circuit (including shorted falter-circuit
components).
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A visual check of glass-envelope rectifier tube (s)
can be made to determine whether the filament is lit;
if the filament is not lit, the filament of the tube is
likely to be open or the filament voltage may not be
applied. The tube filament(s) should be checked for
continuity; the presence of correct filament voltage at
the tube socket should be determined by measure-
ment.

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

With the primary voltage removed from the cir-
Cuit, resistance measurements can be made at the out-
put terminals of the rectifier circuit (across load) to
determine whether the load circuit, including filter, is
shorted. If the filter circuit incorporates an electro-
Iytic capacitor, the resistance measurements made
across the output of the rectifier circuit may vary
depending upon the test-lead polarity of the ohm-
meter. Therefore, two measurements must be made,
with the test leads reversed at the circuit test points
for one of the measurements, to determine the larger
of the two resistance measurements. The larger resist-
ance value is then accepted as the measured value. A
short in the components of the fiiter circuit or in the
load will cause an excessive load current to flow; if
the rectifier-tube type is a high-vacuum type, the
heavy load current will cause the plate to become
heated and emit a reddish glow when the plate dissi-
pation is exceeded, and, if allowed to continue, may
result in permanent damage to the tube. If a gas-filled
rectifier is used in the circuit, excessive load current
will likely result in damage to the tube because gas-
filled rectifiers are more susceptible to damage from
current overload than are high-vacuum rectifiers.

Low Output. The rectifier tube(s) should be
checked to determine whether the cause of low out-
put islow filament emission. Also, since the full-wave
rectifier circuit normally supplies current to the load
on each haf cycle, failure of either rectifier or an

NAVSHIPS 0967-000-0120

2-24

POWER SUPPLIES

open in either half of the secondary winding will

allow the circuit to act as a half-wave rectifier circuit,
and the output voltage will be reduced accordingly.
Furthermore, whenever this occurs, the ripple ampli-
tude will aso increase, and the ripple frequency will
be that of the ac source (instead of twice the source
frequency). In the case of two separate rectifier
tubes, if one tube is lit and the other is not, the
trouble is obviously associated with the tube that is
not lit.

With the primary voltage removed from the cir-
Cuit, resistance measurements can be made to check
the continuity between the center-tap and each recti-

fier plate; this will determine whether one of the -

windings or plate leads is open. As an dternative, the
ac secondary voltage applied to each rectifier plate
can be measured between the secondary center-tap
and each rectifier plate to determine whether both
voltages are present and are of the correct value.

The primary voltage should be measured to deter-
mine whether it is of the correct value, since a low
applied primary voltage can result in alow secondary
voltage. Also, shorted turns in either the primary or
secondary windings will cause the secondary voltage
to measure below normal. Shorted turns are not
easily detected by resistance measurement t; a voltage
measurement is a more reliable indication. If the
transformer losses (due to shorted turns) are exces-
sive, the transformer may also become overheated.
Another check to determine whether the transformer
is defective is to disconnect the secondary load(s) and
measure the primary current with the transformer
unloaded; excessive primary current is an indication
of shorted turns. Still another check is to disconnect
al primary and secondary leads from the transformer
and make measurements between the individual
windings and the core, using an ohmmeter or a

Megger (insulation tester), to determine whether any —

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

The rectifier-output current (to the filter circuit
and to the load) should be checked to make sure that
it is within tolerance and is not excessive. A low-
output condition due to a decrease in load resistance
would cause an increase in load current; for example,
excessive leakage in the capacitors of the filter circuit
would result in increased load current.

CHANGE 1
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SINGLE-PHASE, FULL-WAVE RECTIFIER
(SEMICONDUCTOR)

Application.

The single-phase, full-wave rectifier is commonly
used in all types of electronic equipment for applica
tions requiring high- or low-voltage dc at a relatively
high load current. The rectifier circuit can be ar-
ranged to furnish negative or positive output to the
load.

Characteristics.

Same characteristics as electron tube version,
except it uses two semiconductor rectifiers instead of
electron tubes.

Circuit Analysis.

General. The single-phase, full-wave rectifier is one
of the most common types of rectifier circuits used in
electronic equipment. It may be used as alow-voltage
dc supply for operation of relays, motors, electron-
tube filaments, telephone and teletype circuits, and
semiconductor circuits, or as a high-voltage dc supply
for operation of electron-tube circuits. The full-wave
rectifier circuit consists of a transformer with a
center-tapped secondary winding. At least two semi-
conductor diodes are used in the circuit; one diode is
connected to one end of the transformer secondary,
and the other diode is connected to the other end.
The load is connected between the center tap of the
secondary winding and the common junction of the
two semiconductor diodes. Since the secondary
winding is center-tapped, the voltages developed in
the two halves of the secondary winding are in series
with each other; therefore, only one rectifier is con-
ducting at any instant. As a result, electrons flow
through one half of the secondary winding, the load,
and a rectifier on each half cycle of the impressed
voltage, with first one diode conducting and then the
other. Thus, the electrons flow through the load in
pukes, one puke for each half cycle of theirnpreaaed
voltage.

Circuit Operation. In parts A and B of the accom-
panying circuit schematic, two semiconductor diodes,
CR1 and CR2, are used in a basic single-phase, fuU-
wave rectifier circuit. Although the schematic shows
only two diodes in the circuit, in some instances for
high-voltage operation each diode symbol represents
two or more diodes in series to obtain the necessary
peak-inverse characteristics.
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Basic Single-Phase, Full-Wave Rectifier Circuits

The circuit uses a single transformer, T1, either to
step up the aternating-source voltage to a higher
value in each half of the secondary winding or to step
down the voltage to a lower value. The circuit appli-
cation and the values of the input and output voltages
determine whether a step-up or stepdown trans-
former is used.

The series, or surge, resistor (Ry) is generally
required only in high-voltage supplies. Its function is
to limit the peak current that can flow through the
semiconductor rectifiers. When power is applied to
the circuit, the input capacitor (in the falter circuit) is
in a discharged condition. Avery heavy current flows
initially to establish the charge on this capacitor. The
limiting action of. Ry prevents any damage to the rec-
tifiers, which would otherwise occur from the large
surge of charging current. For 380-volt (peak inverse)
rectifiers, the value of Ry is between 1 and 50 ohms,
depending on the peak current rating of the unit. The
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resistor is common to both rectifiers since it is placed
in the circuit between the transformer center tap and
the load. A variation of this design practice uses two
resistors, one resistor in series with each rectifier.

The circuit arrangement given in part A is typica
of many plate- and low-voltage (positive) supplies.
Thecircuit given in part B istypical for bias supply
applications requiring a negative voltage. In the basic
circuits illustrated, either terminal of the load may be
placed at ground potential, depending upon whether
a positive or negative dc output is desired. When the
dc output terminal associated with the transformer
center tap is grounded, the secondary-to-core insula-
tion need not be as great as it would be if the second-
ary winding were above ground by the amount of the
dc output voltage. For this reason, the two circuits
shown in parts A and B are the commonly used cir-
cuits, and do not require that special design consider-
ation be given to the secondary-winding insulation.

In parts A and B of the accompanying illustration,
the voltage induced in each half of the secondary of
transformer T1 causes each diode to conduct on alter-
nate half-cycles of the input voltage. Two dc pulses
are thus produced during each complete cycle of ac
input voltage. Hence, the output has a frequency
which is twice the input frequency. Because of this,
the full-wave circuit is more efficient, has better volt-
age regulation, and has an output which is easier to
falter (with a higher average value than that of the
haf-wave circuit).

As an example of the peak and average voltages
obtained from the full-wave rectifier circuit, assume
that transformer T1 in part A of the illustration has a
step-up ratio of 1 to 6. Then, with an applied input
voltage of 115 volts, 690 volts will appear across the
secondary winding, and 345 volts will be applied to
each diode. Since only one-half of the secondary is
used at atime, the peak voltage is found by using half
of the voltage across the winding, or 345 volts. From
the peak voltage formula:

Epea 1.414 X By
= 1 .414x 345

= 488 volts (approx)

This is the peak value of the output voltage for half-
wave (single-phase) rectification. Since two pukes are
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produced for every cycle of ac input voltage in full-
wave rectification, the average value of the dc output
voltage will be greater than that for half-wave rectifi-
cation; thus:

Eav = Epeak x",'r_

2
"488‘m

= 310 volts (approx)

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

The peak-inverse voltage across a semiconductor
rectifier in a full-wave circuit during the period of
time it is nonconducting is approximately 2.83 times
the rms voltage across half of the transformer sec-
ondary (eg.)/2, or approximately 1.41 times the rms
voltage across the entire secondary (e, ). For high-
voltage applications, several identical-type rectifiers
may be placed in series or stacked to withstand the
peak-inverse voltage and avoid the possihility of rec-
tifier breakdown. Generally, whenever asingle rec-
tifier unit is used in the full-wave circuit, it is chosen
to have a peak-inverse voltage rating which is con-
servative and thus provide a safety factor.

Because of the very low forward resistance of the
semiconductor rectifier and its low internal-voltage
drop which is practically independent of load current,
the full-wave power supply using semiconductor
diodes has regulation characteristics which approach
or equal those of the equivalent electron-tube circuit
using mercury-vapor rectifiers. Hence, its regulation
characteristics are somewhat better than those of the
electron-tube circuit which uses high-vacuum recti-
fiers.

Failure Analysis.

No Output. In the full-wave rectifier circuit, the
no-output condition is likely to be limited to one of
several possible causes. the lack of applied ac voltage
(including the possibility of a defective transformer),
defective rectifiers, or a shorted load circuit (in-
cluding shorted filter-circuit components).
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The ac voltage applied to each rectifier should be
measured between the secondary center tap and each
rectifier to determine whether voltage is present and
of the correct vaue. If the circuit includes a series
resistor (R,), an additional measurement should be
made between the load connection at the resistor and
the rectifier to determine whether the resistor is
open. (With primary voltage removed from the input,
aresistance measurement can be made to determine
whether the resistor is open.)

If necessary, measure the applied primary voltage
to determine whether it is present and of the correct
vahre. With the primary voltage removed from the
circuit, a continuity measurement of the primary
winding should be made to determine whether the
winding is open, since an open winding will cause lack
of secondary voltage.

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

Although physical appearance is not a positive
indication of condition, the rectifier may be given a
visual check for a change in physical appearance
which can indicate rectifier failure. A relative check
of the rectifier condition can be made using an ohm-
meter, as outlined in a previous paragraph of this sec-
tion. However, failure of the rectifier(s) may be the
result of other causes; therefore, additional tests of
the falter and load circuit are necessary.

Low Output. Each rectifier should be checked to
determine whether the low output is due to normal
rectifier aging or to one or more defective rectifiers.
A relative check of rectifier condition can be made
using an chmmeter, as outlined in a previous para-
graph of this section. (A comparison can be made by
checking one rectifier against the other to determine
whether they have similar characterigtics.) If the for-
ward resistance of the rectifier increases, the output
voltage will decrease. Also, if the reverse resistance
decreases, the output voltage will decrease, and the
amplitude of the ripple voltage will become excessive.
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Since the full-wave rectifier circuit normally sup
plies current to the load on each half cycle, failure of
either rectifier (or associated series resistor, if used)
or an open in either half of the secondary winding
will allow the circuit to act as a half-wave rectifier
circuit, and the output voltage will be reduced
accordingly. Furthermore, whenever this occurs, the
ripple amplitude will also increase, and the ripple fre-
quency will be that of the ac source (instead of twice
the source frequency). If one rectifier of the full-wave
circuit is found to be defective, rather than replace
the defective rectifier only, it is good practice to
replace both rectifiers at the same time and to make
certain that the replacement rectifiers have like, or
matched, characteristics.

With the primary voltage removed from the cir-
cuit, resistance measurements can be made to check
the continuity between the center tap and each recti-
fier terminal; this will determine whether one of the
windings is open. As an alternative, the ac secondary
voltage applied to each rectifier can be measured
between the center tap and each rectifier to deter-
mine whether both voltages are present and are of the

correct value.
The primary voltage should be measured to deter-

mine whether it is of the correct value, since a low
applied primary voltage can result in alow secondary
voltage. Also, shorted turnsin either the primary or
secondary windings will cause the secondary voltage
to measure below normal. (A check for shorted turns
was outlined in the failure analysis described for the
electron-tube full-wave rectifier circuit, given earlier
in this section of the handbook).

The load current (to the falter circuit and to the
load) should be checked to make sure that it is within
tolerance and is not excessive. A low-output condi-
tion due to a decrease in load resistance would cause
an increase in load current; for example, excessive
leakage in the capacitors of the filter circuit would
result in increased load current.

SINGLE-PHASE, FULL-WAVE BRIDGE
RECTIFIER (ELECTRON TUBE)

Application.

The single-phase, full-wave bridge rectifier is used
in electronic equipment for applications requiring
high-voltage dc at a high load current. The rectifier
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circuit can be arranged to furnish negative or positive
high-voltage output to the load, although the circuit
is commonly used as a positive high-voltage power
supply in most applications.

Characteristics.

Input to circuit is ac; output is pulsating dc.

Uses four high-vacuum or gas-filled electron-tube
diodes as rectifiers, or two diodes and one twin-diode
as rectifiers.

Output requires faltering; dc output ripple fre-
quency is twice the primary line-voltage frequency.

.Has good regulation characteristics.

Circuit provides either positive- or negative-polar-
ity output voltage.

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

Uses power transformer with single high-voltage
secondary winding; modified circuit to supply two
output voltages simultaneously uses transformer with
center-tapped, high-voltage secondary winding.

Cireuit Analysis.

General. The single-phase, full-wave bridge rectifier
circuit uses two half-wave rectifier tubes in series on
each side of a single transformer high-voltage second-
ary winding (the transformer secondary winding does
not require a center tap); atotal of four rectifiers are
used in the bridge circuit. During each half cycle of
the impressed ac voltage, two rectifiers, one at each
end of the secondary, conduct in series to produce an

NAVSHIPS 0967-0000120

POWER SUPPLIES

electron flow through the load. Thus, electrons flow
through the load in pulses, one pulse for each half
cycle of the impressed voltage. Since two dc output
pulses are therefore produced for each complete
input cycle, full-wave rectification is obtained and the
output is similar to that of the conventiona full-
wave rectifier circuit.

One advantage of the bridge rectifier circuit over a
conventionrd! fidl-wave rectifier is that for a given
transformer total-secondary voltage the bridge circuit
produces an output voltage which is nearly twice that
of the Ml-wave circuit. Another advantage is that the
peak inverse voltage across an individual rectifier
tube, during the period of time the tube is noncon-
ducting, is approximately half the peak inverse volt-
age across atube in a conventional full-wave rectifier
circuit designed to produce the same output voltage.
One disadvantage of the bridge rectifier circuit, how-
ever, isthat at least three filament transformers (or
three separate windings) are required for the rectifier
tubes.

In many power-supply applications, it is desirable
to provide two voltages simultaneously-one voltage
for high-power stages and the other voltage for low-
power stages. For these applications the single-phase,
full-wave bridge rectifier circuit can be modified to
supply an additional output voltage which is equal to
one half of the voltage provided by the fidl-wave
bridge rectifier circuit.

Circuit Operation. A single-phase, full-wave bridge
rectifier is shown in the accompanying circuit sche-
matic.
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Basic Single-Phase, Full-Wave
Bridge Rectifier Circuit

Four identical-type electron-tube diodes, VI, V2, V3,
and V4, are comected in a bridge circuit across the
secondary winding of transformer T1. Each tube
forms one arm of the bridge circuit; the load is con-
nected between the junction points of the balanced
arms of the bridge. Transformer T1 is a step-up trans-
former to provide high voltage for the bridge recti-
fiers. The circuit given shows three separate fdament
transformers, T2, T3, and T4. A single fdament trans-
former may be used, provided that it incorporates
three separate fdament secondary windings that are
well insulated from each other and from ground
(chassis). Note that the filaments of V1 and V2 are at
the same potential with respect to each other,
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whereas the filaments of V3 and V4 are not. The
filaments of V3 and V4 are connected to opposite
ends of the high-voltage secondary and therefore
operate at the full potential difference that exists
across the secondary of T1, thus, if the filaments of
V3 and V4 were supplied by a single transformer
winding, the common comection would place a short
across the high-voltage secondary winding. The fila-
ments of V3 and V4 must, therefore, be insulated
from each other and must also be well insulated from
ground. In either case, whether three separate fila-
ment transformers or a single filament transformer
with multiple secondary windings is used, the fila-
ment primary voltage is applied independent of, and
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prior to, the primary voltage to T1. This arrangement
permits the rectifier filaments to be preheated to the
normal operating temperature before the high voltage
is applied to the bridge-rectifier circuit.

The circuit arrangement given in the illustration
permits either terminal of the load to be placed at
ground potential, depending upon whether a positive
or negative dc output is desired. The circuit is typical
of high-voltage, dc supplies designed for use in radar
sets and communication transmitters.

The operation of the fill-wave bridge rectifier cir-
cuit can be understood from the simplified circuit
schematic (parts A and B) and the waveforms (part C) A
shown in the accompanying illustration. The basic
bridge rectifier schematic, given earlier in this discus-
sion, has been simplified and redrawn in the form of a
simple bridge circuit; the rectifier tube reference
designations used correspond to those assigned in the
basic bridge rectifier schematic. The bridge circuit
uses four identical-type rectifiers. The end terminas
of the transformer high-voltage secondary winding are
connected to opposite cathode-plate junction points
of the rectifiers comprising the arms of the bridge
circuit, as shown. The load is connected between the
remaining two cathode-plate junction points of the
bridge circuit.

During thefirst half cycle, the transformer second-
ary winding (terminals A and B), shown in the sche-
matic of part A, may be considered a voltage source
that produces a voltage of the polarity given in the
illustration. During time interval a, termina A is posi-
tive with respect to terminal B; as aresult, electrons
will flow in the direction indicated by the arrows
through the series circuit composed of rectifier V4,
the load, and rectifier VI. This electron flow pro-

duces an output pulse of the polarity indicated across
the load resistance. Also, during this period (time é‘
interval @), V2 and V3 are nonconducting. Vi,vaip © | —{ "
|
|

During the next half cycle, timeinterval b, a sec-
ondary voltage is produced of the polarity given in + ' |
part B of the illustration. Terminal B is positive with v2, v3lp o
respect to terminal A; as a result, electrons will flow ' i }

in the direction indicated by the arrows through the + !
jo— o —-L— b —-L— < —-L— d
c

series circuit composed of rectifier V3, the load, and 0 0
rectifier V2. The electrons flowing in the series circuit

Simplified Full-Wave Bridge Ractifier
Circuit and Wavaforms

once again produce an output of the same polarity as
before across the load resistance. During this period
(timeinterval b), V1 and V4 are nonconducting.
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From the waveforms given in part C, it can be seen
that two rectifiers conduct at any instant of time;
thus, on alternate half cycles, electrons flow through
the load resistance to produce a pulsating output volt-
age; e,. This output voltage has a pulsating waveform,
which results in an irregularly shaped ripple voltage
because the output voltage and current are not con-
tinuous; the frequency of the ripple voltage is twice
the frequency of the ac source. The full-wave bridge
rectifier circuit requires filtering to smooth out the
ripple and produce a steady dc voltage.

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

The full-wave bridge rectifier, assuming a series of
half sine waves as the waveform for the output volt-
age, e. (unfiltered), produce the following root-
mean-square voltage:

Erms = Emax x 0.707
where: E,,, = maximum instantaneous
voltage

The corresponding average output voltage is.
E,,=09E,s

Similarly, the root-mean-square and average output
currents can be expressed as.

Irdgmax x 0.707
and: L,y=09T

The peak inverse voltage across an individual rec-
tifier in a full-wave bridge rectifier circuit during the
period of time the tube is nonconducting is approx-
imately 1.41 times the ms voltage across the
secondary winding. The secondary voltage, e, iS
applied to two rectifier tubes in series; therefore,
since less peak inverse voltage (approximately one
half) appears across each tube, the bridge circuit can
be used to obtain a higher output voltage than can be
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obtained from a conventional full-wave rectifier cir-
cuit using equivalent rectifier tubes. The peak inverse
voltage per tube can be expressed as.

E,. (per tube)= 141 E,,,
=¥fns voltage across entire
secondary

The output of the full-wave bridge rectifier is
similar to that of the conventional full-wave rectifier
circuit. The bridge rectifier provides twice the output
voltage for the same total transformer secondary volt-
age and dc output current as does the full-wave rec-
tifier circuit using a center-tapped secondary. The
output of the bridge rectifier circuit is connected to a
suitable filter circuit to smooth the pulsating direct
current for use in the load circuit. (Filter circuits are
discussed in the latter part of this section.)

A variation of the full-wave bridge rectifier circuit
uses a transformer with a center-tapped secondary
winding to supply two output voltages simulta-
neously to two separate loads. The circuit is funda-
mentally the same as that given earlier; for this reason
the accompanying circuit schematic has been simpli-
fied and redrawn to eliminate the filament trans-
formers and associated filament circuitry. The ref-
erence designations previously assigned remain
unchanged.

where: Erms

Ti
Ssec
Spri
v2
va
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1

Simplified Full-Wave Center-Tap and Full-Wave
Bridge Rectifier Circuit
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One advantage of the circuit is that two voltages
may be supplied from the same set of rectifiers. One
output voltage (E,) is obtained from the output of
the bridge circuit; the second output voltage (E,,)/2,
which is equal to one half of the bridge output volt-
age, is obtained by using two rectifiers, V3 and V4 of
the bridge, and the center tap of the secondary wind-
ing as a conventional full-wave rectifier circuit. (The
operation of the full-wave rectifier circuit was pre-
viously described in this section.) Although this
circuit variation can supply two output voltages
simultaneously to two separate loads, there is a
limitation on the total current which can be carried
by the rectifiers, V3 and V4.

Failure Analysis.

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

A visua check of glass+ nvelope rectifier tubes can
be made to determine whether the filements are lit. If
the filaments are not al lit, the primary voltage may
not be applied to the filament transformers (T2, T3,
and T4 of Basic Single-Phase, Full-Wave Bridge Rec-
tifier Circuit). If only the filaments of VI and V2 are
not lit, there will be no dc output from the rectifier
circuit, and transformer T2 or both tubes may be
defective. The tube filaments should be checked for
continuity; the presence of correct filament voltage at
the tube sockets (VI and V2) should be determined
by measurement. If necessary, the primary and
secondary voltages should be checked at the terminals
of transformer T2 to determine whether the trans-
former is defective.

The ac secondary voltage, e, should be meas-
ured at the terminals of transformer T1 to determine
whether the voltage is present and of correct vaue. If
necessary, measure the applied primary voltage, e, ,
to determine whether it is present and of the correct
value. With the primary voltage removed from the
circuit, continuity measurements of the primary and
secondary windings should be made to determine
whether one of the windings is open, since an open
(discontinuity) in either winding will cause a lack of
secondary voltage.

With the primary voltage removed from the cir-
cuit, resistance measurements can be made at the out-
put terminals of the rectifier circuit (across load) to
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determine whether the load circuit, including filter, is
shorted. A short in the components of the filter cir-
cuit or in the load will cause an excessive load current
to flow. If the rectifiers are of the high-vacuum type,
the heavy load current will cause the plates of the
rectifiers to become heated and emit a reddish glow
when” the plate dissipation is exceeded and, if allowed
to continue, may result in permanent damage to the
tubes. The high-voltage bridge circuit normally em-
ploys gas-filled rectifiers; an excessive load current
will very likely result in permanent damage to the
tubes because they are susceptible to damage from
current overload. Therefore, once the difficulty in the

load circuit has been located and corrected, the gas- -

filled rectifiers may require replacement as a result of
the overload condition.

Low Output. The rectifier tubes should be
checked to determine whether the filaments are lit;
one or more defective rectifiers in the bridge can
cause the low-output condition. Also, failure of only
one rectifier in the bridge will alow the circuit to act
as a half-wave rectifier with current supplied to the
load on alternate half cycles only, and the output
voltage will be reduced accordingly. If rectifier tube
V1orV2isnotlit, the troubleis obviously associated
with the tube that is not lit; however, if V3 or V4is
not lit, then the trouble may be either the tube (V3
or V4) or its associated filament transformer (T3 or
T4). The tube filament should be checked for con-
tinuity; the presence of correct filament voltage at
the tube socket should be determined by measure-
ment. If necessary, the primary, and secondary volt-
ages should be checked at the terminals of the fila-
ment transformer (T3 or T4) to determine whether

the transformer is defective.
The load current should be checked to make sure

that it is not excessive, because a decrease in output
voltage can be caused by an increase in load current

(decrease in load resistance); for example, excessive _

leakage in the capacitors of the filter circuit would
result in increased load current. Also, the ac second-
ary voltage, eg,, and the primary voltage, ehris
should be measured at the terminals of transformer
T1 to determine whether these voltages are of the
correct value. Shorted turns in either the primary of
secondary windings will cause the secondary voltage
to measure below normal. Shorted turns are not easily
detected by resistance measurement; a voltage meas-
urement is a more reliable indication. If the trans.
former losses (due to shorted turns) are excessive, the
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transformer may also become overheated. Another
check to determine whether the transformer is defec-
tive is to disconnect the secondary load (s) and meas-
ure the primary current with the transformer un-
loaded; excessive primary current is an indication of
shorted turns. Still another check is to disconnect all
primary and secondary leads from the transfomner
and make measurements between the individua wind-
ings and the core, using an ohmmeter or a Megger
(insulation tester), to determine whether any of the
windings are shorted to the core or to the Faraday
shield (noise-reduction shield between primary and
secondary).

SINGLE-PHASE, FULL-WAVE BRIDGE
RECTIFIER (SEMICONDUCTOR)

Application.

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

Characteristics.

Same characteristics as electron tube version,
except that it uses four semiconductor rectifiers
(single, multiple, or stacked units) instead of electron
tubes.

Circuit Analysis.

General. The single-phase, full-wave bridge rectifier
circuit uses two semiconductor rectifiers in series on
each side of a single transformer secondary winding
(the secondary winding does not require a center
tap); four rectifiers are used in the bridge circuit, one
in each arm of the bridge. During each half cycle of
the impressed ac voltage, two rectifiers, one at each
end of the secondary, conduct in series to produce an
electron flow through the load. Thus, electrons flow
through the load in pulses, one pulse for each half
cycle of theimpressed voltage. Since two dc output

ORIGINAL

NAVSHIPS 0967-000-0120

POWER SUPPLIES

pulses are produced for each complete input cycle,
full-wave rectification is obtained, and the output is
similar to that of the conventional full-wave rectifier
circuit.

One advantage of the bridge rectifier circuit over a
conventional full-wave rectifier is that for a given
transformer total-secondary voltage the bridge circuit
produces an output voltage which is nearly twice that
of the fill-wave circuit. Another advantage is that the
peak-inverse voltage across an individual rectifier,
during the period of timeit is nonconducting, is ap-
proximately half the peak-inverse voltage across a
rectifier in a conventional full-wave circuit designed
to produce the same output voltage.

In many power-supply applications, it is desirable
to provide two voltages simultaneously—one voltage
for high-power stages and the other for low-power
stages. For these applications the single-phase, full-
wave bridge rectifier circuit can be modified to
supply an additional output voltage which is equal to
one half of the voltage provided by the full-wave
bridge rectifier circuit.

Circuit Operation. A single-phase, full-wave bridge
rectifier using semiconductor diodes is shown in the
accompanying circuit schematic. Four identical-type
semiconductor rectifiers, CR1, CR2, CR3 and CR4,
are connected in a bridge circuit across the secondary
winding of transformer T1. Each rectifier forms one
arm of the bridge circuit; the load is connected
between the junction points of the balanced arms of
the bridge. The circuit uses a single transformer, TI,
either to step up the aternating-source voltage to a
higher value in the secondary winding or to step
down the voltage to a low value. The circuit applica-
tion and the values of the input and output voltages
determine whether a step-up or step-down trans-
former is used. The series, or surge, resistor (Rs) is
generaly used only in high-voltage supplies and is not
normally required in low-voltage supplies. The re-
sistor is common to al rectifiers since it is placed in
series with the load and filter circuit.

The circuit arrangement given in the illustration
permits either terminal of the load to be placed at
ground potential, depending upon whether a positive
or negative dc output is desired.
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Simplified Full-Wave Bridge Rectifier Circuit
and Waveforms

During the first half-cycle the transformed second-
ary winding may be considered as a voltage source of
the polarity given in part A of theillustration. Asa
result, electrons flow, in the direction indicated by
the arrows, through the series circuit composed of
rectifier CR2, resistor Rs, the load, and rectifier CR3.
This electron flow produces on output pulse of the
polarity indicated across the load resistance. Also,
during this period, rectifiers CRI and CR4 are non-
conducting.

During the next half-cycle, a secondary voltage is
produced of the polarity given in part B of the illus-
tration. As aresult, electrons flow, in the direction
indicated by the arrows, through the series circuit
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composed of rectifier CR1, resistor Rs, the load, and
rectifier CR4. The electrons flowing in the series
circuit once again produce an output of the same
polarity as before across the load resistance. During
this period, rectifiers CR2 and CR3 are noncon-
ducting.

From the waveforms given in part C, it can be seen
that two rectifiersin series conduct at any instant of
time; thus, on alternate half-cyles, electrons flow
through the load resistance to produce a pulsating
output voltage, e.. This pulsating waveform results in
an irregularly shaped ripple voltage because the out-
put voltage and current are not continuous; the fre-
quency of the ripple voltage is twice the frequency of
the ac source. The output of the full-wave bridge rec-
tifier circuit requires filtering to smooth out the
ripple and produce a steady dc voltage.

The full-wave bridge rectifier circuit makes con-
tinuous use of the transformer secondary; therefore,
there are two pulsations of current in the output for
each complete cycle of the applied ac voltage. The dc
load current phases through the entire secondary
winding, flowing in one direction for one haf-cycle
of the applied voltage, and in the opposite direction
for the other half-cycle; thus, there is no tendency for
the transformer core to become permanently mag-
netized. Since little dc core saturation occurs, the
effective inductance of the transformer, and therefore
the efficiency, is relatively high.

The peak-inverse voltage across an individual
rectifier in a full-wave bridge rectifier circuit during
the period of time the rectifier is nonconducting is
approximately 1.41 times the rms voltage across the
secondary winding. Since the secondary voltage, ..,
is applied to two rectifiers in series, less peak-inverse
voltage appears across each rectifier. Thus, the bridge
circuit can be used to obtain a higher output voltage
than can be obtained from a conventional full-wave
rectifier circuit using identical rectifiers.

In bridge circuits designed to furnish high-voltage
dc to the load, the peak-inverse voltage rating of the
semiconductor rectifier is an important consideration.
For such applications, several identical-type rectifiers
may be placed in series or stacked to withstand the
peak-inverse voltage and avoid the possibility of
rectifier breakdown.

The output of the full-wave bridge rectifier is
similar to that of the conventional full-wave rectifier
circuit. For the some totrd transformer secondary
voltage and dc output current, the bridge rectifier
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provides twice as much output voltage as does the
full-wave rectifiers circuit using a center-tapped
secondary.

The output of the bridge rectifier circuit is con-
nected to a suitable filter circuit to smooth out the
pulsating direct current for use in the load circuit.
(Filter circuits are discussed in the latter part of this
handbook.)

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

One advantage of this circuit is that two voltages
may be supplied from the same set of rectifiers. One
output voltage (E,) is obtained from the output of
the bridge circuit; the other output voltage (E,, )/2,
which is equal to one half of the bridge output volt-
age, isobtained by using two rectifiers, CR1 and CR2
of the bridge, and the center tap of the secondary
winding as a conventional full-wave rectifier circuit.
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Although this circuit can supply two output voltages
simultaneously to two separate loads, thereisalim-
itation on the total current which can be safely
carried by rectifiers CR1 and CR2.

Failure Analysis.

No Output. In the full-wave bridge rectifier circuit,
the no-output condition is likely to be limited to one
of several possible causes: the lack of applied ac volt-
age (including the possibility of a defective trans-
former), a shorted load circuit (including shorted
filter-circuit components), or defective rectifiers.

The ac secondary voltage, e, should be measured
a the transformer terminals to determine whether
the voltage is present and of the correct value. If
necessary, measure the appiled primary voltage to
determine whether it is present and of the correct
value. With the input voltage removed from the
circuit, continuity measurements of the windings can
be made to determine whether one of the windingsis
open, since an open winding will cause a lack of
secondary voltage.

If the circuit includes one or more series resistors
(Rs), continuity measurements can be made to deter-
mine whether the resistors are open. When a series
resistor is found to be open, the associated rectifiers
and load circuit (including falter-circuit components)
should be checked to determine whether excessive
load current or defective rectifiers have caused the
resistor to act as a fuse and to open.

With the ac supply voltage removed from the input
of the circuit and with the load disconnected from
the rectifiers, resistance measurements can be made
across the load to determine whether the load circuit
(including filter components) is shorted.

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

Low Output. Each rectifier should be checked to
determine whether the low output is due to normal
rectifier aging or to one or more defective rectifiers.
A relative check of rectifier condition can be made
using an ohmmeter, as outlined in a previous para-
graph of this section. A comparison can be made by
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checking all rectifiers and noting the results obtained
to determine whether the rectifiers have similar char-
acterigtics. If the forward resistance of the rectifier
increases, the output voltage will decrease. Also, if
the reverse resistance decreases, the output voltage
will decrease and the amplitude of the ripple will
become excessive.

Complete faihrre of only one rectifier in the bridge
will allow the circuit to act as a half-wave rectifier
with current supplied to the load on alternate half-
cycles only, and the output voltage will be reduced
accordingly. Furthermore, whenever this occurs, the
ripple amplitude will also increase, and the ripple fre-
quency will be that of the ac source (instead of twice
the source frequency).

The load current should be checked to make sure
that it is not excessive, because a decrease in output
voltage can be caused by an increase in load current
(decrease in load resistance); for example, excessive
leakage in the capacitors of the filter circuit would
result in increased load current. Also, the ac second-
ary voltage, eg, and the input (Primary) voltage
should be measured at the terminals of transformer
T1 to determine whether these voltages are of the
correct value. Shorted terms in either the primary or
secondary windings will cause the secondary voltage
to measure below normal. (A check for shorted turns
is outlined in the failure analysis described for the
electron-tube MI-wave bridge rectifier circuit given
earlier in. this section of the handbook.)

In the modified full-wave center-tap and Ml-wave
bridge circuit, it is possible to have two definite con-
ditions of low voltage caused by defective rectifiers:
the output voltage (E,) to load No. 1 can be low and
the output voltage (E,)/2 to load No. 2 normal, or
both output voltages can be below normal. If the load
currents are not excessive and the filter components
have been checked as satisfactory the defective rec-
tifiers in the first case are assumed to be CR3 and
CR4 of the bridge circuit, and those in the second
case are assumed to be CR1 and CR2, which are
common to both the Ml-wave center-tap and the
bridge circuits. In a practical full-wave center-tap and
full-wave bridge circuit, the two rectifiers designated
in the schematic as CR1 and CR2 may have higher
current ratings than the rectifiers designated as CR3
and CR4, because CR1 and CR2 must carry the com-
bined currents of both output loads. For this reason,
rectifiers CR1 and CR2 may not be directly inter-
changeable with rectifiers CR3 and CR4 of the bridge
circuit.
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PART 2-2. MULTI PHASE POWER SUPPLIES

THREE-PHASE HALF-WAVE (SINGLE *Y~
SECONDARY) RECTIFIER (ELECTRON TUBE)

Application.

The three-phase, (single "'y’ secondary) or ''Half-
Wave Star” rectifier is used in electronic equipment
for applications where the primary ac source is three-
phase and the dc power requirements exceed 1 kilo-
watt. The rectifier circuit can be arranged to furnish
negative or positive high-voltage output to the load.

Characteristics.

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

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

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

Has good regulation characteristics.

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

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

Circuit Analysis.

General. The three-phase, half-wave (single “y”
secondary) rectifier is the simplest type of three-
phase rectifier circuit. The term three-phase refers to
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the primary ac source, which is the equivalent of
three singfe-phase sources, each source supplying a
sine-wave voltage 120 degrees out of phase with the
others. Fundamentally, this rectifier circuit resembles
three single-phase, half-wave rectifier circuits, each
rectifier circuit operating from one phase of a three-
phase source and sharing a common load. The volt-
ages incluced in the transformer secondary windings
differ in phase by 120 degrees; thus, each half-wave
rectifier conducts for 120 degrees of the complete
input cycle and contributes one third of the dc cur-
rent supplied to the load. Electrons flow through the
load in pulses, one pulse for each positive half cycle.
of the impressed voltage in each of the three phases,
therefore, the output voltage has a ripple frequency
which is three times the frequency of the ac source.

Circuit Operation. A basic three-phase, haf-wave
rectifier is illustrated in the circuit schematic below.
‘The circuit uses a three-phase transformer, T1, to step
up the aternating source voltage to a high value in
the star- or wye-connected secondaries. The primary
windings of transformer T1 are shown delta-
connected, athough in some instances the primary
windings may be wye-connected (as for a three- or
four-wire system). The plate of each rectifier tube,
VI, V2, and V3, is connected to a high-voltage sec-
ondary winding. One filament transformer, T2, is
used to supply the filament voltage to all three rec-
tifiers since the filaments of the rectifiers are al at
the same potential. The primary of transformer T2 is
connected to one phase of the three-phase source.
The load is connected between the junction point of
the wye-connected secondary windings and the fila-
ment circuit of the rectifier tubes.
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Basic Three-phase, Half-Wave (Single “Y” Secondary)
Rectifier Circuit
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In the circuit illustrated, either terminal of the
load may be placed at ground potential, depending
upon whether a positive or negative dc output is
desired.

The operation of the three-phase, half-wave rec-
tifier circuit can be understood from the circuit
schematic previously given and from the waveforms
shown in the accompanying illustration.

ONE eYCLE _
PHASE NO. |

0 110' qo‘ 360

V3|p

Three-Phase, Half-Wave Rectifier Waveforms

Each phase of the three-phase secondary voltageis
applied across a rectifier and the common load. The
secondary voltage of phase No. 1 (e 1) is applied to
rectifier VI, the secondary voltage of phase No. 2
(eg.c2) is applied to rectifier V2, and the secondary
voltage of phase No. 3 (e, .3) is applied to rectifier
V3. The waveform given in the accompanying illustra-
tion as ez, shows each of the three secondary volt-
ages displaced 120 degrees from each other. On posi-
tive half cycles of eg1, electrons flow through the
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load and rectifier VI; the pulse of plate current for
rectifier V1 is identified in the illustration as the
waveform, V1 i,. On positive half cycle of e, 2,
electrons flow through the load and rectifier V2; the
pulse of plate current for V2 is identified as V2 i..
On positive half cycles of e, 3, €electrons flow
through the load and rectifier V3; the pulse of plate
current for V3 isidentified as V3i,. From the three
individual plate-current waveforms it can be seen that
the start of a conduction period for any rectifier
occurs 120 electrical degrees from the start of a con-
duction period for another rectifier in the circuit. The
output voltage, e,, acrossthe load resistance is deter-
mined by the instantaneous currents flowing through
the load; therefore, the output voltage has a pulsating
waveform which never drops to zero because of the
nature of the rectifier conduction periods.

If it were not for the overlapping of applied three-
phase secondary voltages, the rectifiers would each
conduct for 180 degrees of the cycle; however, during
the first 30 degrees of a half cycle, the plate of the
rectifier is negative with respect to its positive fila-
ment (cathode), apd it will not conduct until the
positive voltage applied to the plate exceeds the dc
output voltage pulsations present across the load and
at the filament circuit. Also, during the last 30
degrees of a half cycle, the plate is again negative with
respect to the filament, and rectifier conduction
ceases because the rectifier of another phase has
started to conduct and produce a positive voltage
across the load. In other words, each rectifier tube
conducts for only one-third cycle, and thisresultsin a
series of dc output voltage pulsations with an irregu-
larly shape ripple voltage; the frequency of the ripple
voltage is equal to three times the frequency of the ac
source. Because the ripple frequency is higher than
that of a single-phase rectifier curcuit, the three-
phase, half-wave rectifier circuit requires less filtering
to smooth out the ripple and produce a steady dc
voltage.

In order to keep dc core saturation to a minimum
(because of current flowing in one direction only in
the secondary windings) and to keep the efficiency
relatively high, it is necessary to use a single three-
phase transformer in this circuit, rather than three
separate single-phase transformers.

The three-phase, half-wave rectifier produces
across the load a pulsating (unfiltered) dc output volt-
age, E,,, as follows:
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E,,=117E
where: E,, = rmsvoltage across one
secondary winding of
three-phase transformer

The peak inverse voltage across an individurd rec-
tifier in the three-phase, half-wave rectifier circuit
during the period of time the tube is nonconducting
is approximately 2.45 times the rms voltage across
the secondary winding of one phase. Some pulsating
dc voltage is always present across the load, and this
voltage is in series with the ac voltage applied to the
plate; therefore, the sum of the instantaneous value of
pulsating dc voltage across the load and the instan-
taneous peak voltage across the secondary represent
the value of peak inverse voltage across the rectifier
tube. The peak inverse voltage per fube can be ex-
pressed as:

E.. (per tube)= 2.45 E ;¢

E;ms = rms voltage across one
secondary winding of the
three-phase transformer

where:

The output of the three-phase, half-wave rectifier
circuit is connected to a suitable falter circuit to
smooth the pulsating direct current for use in the
load circuit. (Filter circuits are discussed in the Filter
Section of this handbook.

Failure Analysis.

No Output. In the three-phase, half-wave rectifier
circuit, the no-output condition is likely to be limited
to one of several possible causes: the lack of ac fila-
ment supply, the lack of applied ac high voltage, of a
shorted load circuit (including shorted filter com-
ponents).

A visual check of the glass-envelop rectifier tubes
can easily be made to determine whether al filaments
are lit; if they are not lit, the filament voltage should
be measured at the secondary terminals of trans-
former T2. If necessary, measure the applied primary
voltage to determine whether it is present and of the
correct value. With the primary voltage removed from
the circuit, continuity (resistance) measurements of
the primary and secondary windings should be made
to determine whether one winding is open, since an
open winding (primary or secondary) will cause a lack
of filament voltage.
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With the primary voltage removed from the cir-
cuit, continuity (resistance) measurements should
be made of the secondary and primary windings, to
determine whether one or more windings are open
and whether the common terminal (s) of the wye-
connected secondaries is connected to the load
circuit. It necessary, the ac secondary voltage applied
to the rectifier plates may be measured between the
common terminal of the wye-connected secondaries
and the plate of one or more rectifiers, to determine
whether voltage is present and of the correct value.
Also, if necessary, measure the applied three-phase
primary voltage to determine whether it is present
and of the correct value.

With the primary voltage removed from the
circuit, resistance measurements can be made at the
output terminals of the rectifier circuit (across load)
to &termine whether the load circuit, including
falter, is shorted. A short in the components of the
filter circuit or in the load circuit will cause an ex-
cessive load current to flow; if the rectifier tube is of
the high-vacuum type, the heavy load current will
cause the plate of the rectifiers to become heated and
emit a reddish glow when the plate dissipation is ex-
ceeded and, if alowed to continue, may result in
permanent damage to the tubes. If gas-filled rectifiers
are used in the circuit, excessive load current will
result in permanent damage to the tubes because gas-
filled rectifiers are very susceptible to damage from
current overload. Therefore, once the difficulty in the
load circuit has been located and corrected, the gas-
filled rectifiers will require replacement as a result of
the overload condition,

Low Output. If only one or two phases of the
three-phase, half-wave rectifier circuit are operating
normally the output voltage will be lower than
normal. For example, if only one secondary winding
and associated rectifier is in operation, the effect is
the same as though it were a single-phase, half-wave
rectifier circuit and, as a result, the output voltage is
much lower than normal. When two phases are oper-
ating, the output voltage is somewhat higher and,
when all three phases are operating, the output is
normal. Thus, the low-output condition can be due to
the fact that one or more secondary-phase circuits are
not functioning normally.

The rectifier tubes should be checked first to
determine whether all filaments are lit. All rectifier
filaments are in parallel; therefore, if one filament is
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not lit, the trouble is obviously associated with this
particular tube. The tube filament should be checked
for continuity; the presence of correct filament volt-
age at the tube socket should be determined by
measurement.

With the three-phase primary voltage removed
from the circuit, continuity measurements should be
made of the secondary and primary windings, to
determine whether one (or more) of the windingsis
open. If necessary, the ac secondary voltage applied
to each rectifier plate may be measured between the
common terminal of the secondary wye connection
and the plate of each rectifier, to determine whether
voltage is present and of the correct value. Also, if
necessary, measure the applied three-phase primary
voltage at each of the phases, to determine whether
each voltage is present and of the correct value, since
a low applied primary voltage can result in a low
secondary voltage.

Shorted turns in either the primary or secondary
windings will cause the secondary voltage to measure
below normal. Discomect all secondary leads from
the transformer, Tl, and measure the primary current
in each leg of the three-phase primary with the trans-
former unloaded; excessive primary current is an in-
dication of shorted turns. A secondary winding which
is shorted to the core can cause a low-output voltage
indication; all leads should be disconnected from the
transformer and measurements made between the
individual windings and the core, using an ohmmeter
or a Megger (insulation tester), to determine whether
any of the windings are shorted to the core.

The rectifier-output current (to the filter circuit
and to the load) should be checked to make sure that
it is within tolerance and is not excessive. A low-
output condition due to a decrease in load resistance
would cause an increase in load current; for example,
excessive leakage in the capacitors of the filter circuit
would result in increased load current.

THREE-PHASE, HALF-WAVE (SINGLE “Y”
SECONOARY) RECTIFIER (SEMICONDUCTOR)

Application.
Same as electron tube version.

ORIGINAL

NAVSHIPS 0967-000-0120

POWER SUPPLIES

Characteristics.

Same characteristics as electron tube version,
except it uses three semiconductor rectifiers (single,
multiple, or stacked units) instead of electron tubes.

Circuit Analysis.

General. The three-phase, half-wave, (single “Y’
secondary) rectifier is the simplest type of three-
phase rectifier circuit. Fundamentally, this rectifier
circuit is three single-phase half-wave rectifier circuits,
each rectifier operating from one phase of a three-
phase source and sharing a common load. The voltages
induced in the transformer secondary windings differ
in phase by 120 degrees; thus, each half-wave rectifier
conducts for 120 degrees of the complete input cycle,
and contributes one-third of the dc current supplied
to the load. Electrons flow through the load in pukes,
one pulse for every other half-cycle of the impressed
voltage in each of the three phases; therefore, the
output voltage has a ripple frequency which is three
times the frequency of the ac source.

circuit operation. A basic three-phase, half-wave
rectifier is illustrated in the accompanying circuit
schematic. The circuit uses a three-phase transformer,
TI, to step up the alternating source voltage to a high
vaue in the wye-connected secondaries. The primary
windings of transformer T1 are shown delta-
connected, although in some instances the primary
windings may be wye-connected (as for a three- or
four-wire system). Each rectitier, CR], CR2, and
CR3, is connected to a high-voltage secondary
winding. The load is connected between the junction
point of the wye-connected secondary windings and

the common connection of the three rectifiers.
+
)
o ""

=

SOURCE

Basic Three-Phase, Half-Wave {Single “Y”
secondary) Rectifier Circuit
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In the circuit illustrated, either terminal of the
load can be placed at ground potential, depending
upon whether a positive or negative dc output is
desired. However, it is good design practice for the dc
output terminal associated with the junction of the
wye-comected secondaries to be grounded, in this
case, the secondary-to-core insulation need not be as
great asit would be if the secondary windings were
above ground by the amount of the dc output volt-
age. When a negative high-voltage dc supply isre-
quired, it is common practice to keep the junction of
the wye-connected secondaries at ground (chassis)
potential and to reverse the connections to the rec-
tifiers (CR1, CR2, and CR3); in this case, the output
polarity across the load will be opposite that shown
on the schematic.

The semiconductor rectifiers, CR1, CR2, and CR3,
are made up of severa rectifiers in series to safely
withstand the peak inverse voltage of the circuit and
to prevent rectifier breakdown. Since each individual
rectifier cell in the series-connected arrangement
(multiple or stacked units) has a maximum reverse-
voltage rating, it is necessary for the series comb-
ination of rectifiers in any secondary leg to have a
totrd reverse-voltage rating in excess of the maximum
peak inverse voltage encountered in the circuit con-
figuration. Although the voltage ratings for the
commercialy available silicon rectifiers are generally
higher than for the selenium rectifiers, both selenium
and silicon rectifiers are commonly used in high-
voltage power supplies. Because a choke-input filter
system is commonly employed with this circuit,
series, or surge, resistors are not normally used, and
for this reason are not shown in the schematic.

The operation of the three-phase, half-wave rec-
tifier circuit can be readily understood from a study
of the equivaent electron-tube circuit description and
the associated waveforms given previously in this
section of the handbook. For this reason, an expla-
nation of circuit operation is not given here.

The action of the semiconductor rectifiersin this
circuit is essentially the same as that described for the
equivalent electron-tube circuit. The rectifier in each
secondary leg conducts for only one-third cycle, and
thisresultsin a series of dc output voltage pulsations.
The output voltage, e,, across the load resistance is
determined by the instantaneous currents flowing
through the load; therefore, the output voltage never
drops to zero because of the overlapping of applied
three-phase secondary voltages and the resulting rec-
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tifier conduction in each secondary leg. Because the
ripple voltage is equal to threefifiies the frequency of
the ac source, the circuit requires less filtering to
smooth out the ripple and produce a steady dc volt-
age than does a single-phase rectifier circuit.

The peak inverse voltage across the rectifier
(multiple or stacked units) in one secondary leg of
the three-phase, half-wave circuit during the period of
time the rectifier is nonconducting is approximately
2.45 time the rms voltage (e4e) across the secondary
winding of one phase.

The regulation of the circuit is considered to be
very good, and is better than that of a single-phase
rectifier circuit having equivalent power-output
rating; the semiconductor rectifier characteristics and
the three-phase input contribute greatly to the im-
proved regulation characteristic of the supply. The
output of the three-phase, half-wave rectifier circuit is
connected to a suitable falter circuit, to smooth the
pulsating direct current for use in the load circuit.
(Filter circuits are discussed in the Filter Section of
this handbook.)

Failure Analysis.

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

NOTE

Most filter circuits used in Navy equipment

employ two-section choke-input falters; thus, an

open choke in either section will cause no out-
put.

Measure the applied three-phase primary voltage to
determine whether it is present and of the correct
value. With the primary voltage removed from the
circuit, continuity measurements should be made of
the secondary and primary windings, to determine
whether one or more than one winding is open and
whether the common terminrd(s) of the wye-
connected secondaries is connected to the load cir-
cuit. If necessary, the ac secondary voltage applied to
the rectifiers may be measured between the common
terminal(s) of the wye-connected secondaries and one
or more rectifiers, to determine whether voltage is
present and of the correct value.

With the primary voltage removed from the cir-
cuit, resistance measurements can be made at the out-
put terminals of the rectifiers circuit (across load) to
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determine whether the load circuit, including the
filter, is shorted. (As explained in the preceding note,
an open chokein thefilter circuit will al'so cause no
output.) A short in theload circuit (including com-
ponents in the filter circuit) will cause an excessive
load current to flow and may result in permaiient
damage to the r¢ciiniers. Therefore, once the dif-
ficuity in the load (including filter) circuit has been
located and corrected, the rectifiers should be
checked to determine whether they have been darn
aged as a result of the overload condition.

Low Qutput, If -Gniy one or two phases of the
three-phase, half-wave rectifier circuit are operating
normally, the output voltage will be lower than
normal. For example, if only one secondary winding
and associated rectifier is in operation, the effect is
the same as though it were a single-phase, half-wave
rectifier circuit; as a result, the output voltage is
much lower than normal. When two phases are oper-
ating, the output voltage is somewhat higher, and
when all three phases are operating, the output is
normal. (Also, the percentage of ripple voltage will
change for each of the conditions mentioned.) Thus,
the low-output condition can be due to the fact that
one (or more) of the secondary-phase circuits (includ-
ing rectifiers) is not functioning normally.

The rectifiers should be checked to determine
whether the low output is due to normal rectifier
aging, or to one or more defective rectifiers. A rela-
tive check of rectifier condition can be made by using
an ohmmeter, as outlined in a previous paragraph of
this section. (A comparison can be made by checking
one rectifier against each of the others to determine
whether they have similar characteristics.) If the for-
ward resistance of a rectifier increases, the output
voltage will decrease. Also, if the reverse resistance
decreases, the output voltage will decrease, and the
amplitude of the ripple voltage will increase.

With the three-phase primary voltage removed
from the circuit, continuity measurements should be
made of the secondary and primary windings, to de-
termine whether one (or more) of the windings is
open. If necessary, the ac secondary voltage (es.)
applied to each rectifier may be measured between
the common terminal of the secondary wye connec-
tion and each rectifier, to determine whether voltage
is present and of the correct vahre. Also, if necessary,
measure the applied three-phase voltage at each of the
phases, to determine whether each voltage is present
and of the correct value, since low applied primary
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voltages can result in low secondary voltages.

Shorted turns in either the primary or secondary
windings will cause the secondary voltage io measure
below normal. (A check. {5ishorted turns is outlined
in the failure analysis described for the electron-tube
three-phase, half-wave rectifier circuit discussed
earlier in this section of the handbook.)

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

THREE-PHASE, FULL-WAVE (SINGLE “Y”
SECONDARY) RECTIFIER (ELECTRON TUBE)

Application.

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

Characteristics.

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

Uses six high-vacuum or gas-illed electron-tube
diodes as rectifiers.

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

Has good regulation characteristics.

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

Requires separate filament transformers or sepa-
rate filament windings for rectifier tubes.

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

Circuit Analysis.

General. The three-phase, full wave (single-wye-
connected secondary) rectifier is extensively used
where a large amount of power is required by the
load, such as for large shipboard or shore electronic
installations. The term three-phase refers to the pri-
mary ac source, which is the equivalent of three
single-phase sources, each source supplying a sine-
wave voltage 120 degrees out of phase with the
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others. Because of the three-phase transformer sec-
ondary configuration, the circuit is sometimes re-
ferred to as a Aridge Or six-phase rectifier circuit.

In man, power-suppiy applications, it is desirable
to provide two voltages simultaneously—oiie voltage
for high-power stages and the other voltage for low-
power stages. For these applications the three-phase,
full-wave rectifier circuit can be modified to supply
an additional output voltage, which is equal to one
half of the voltage provided by the full-wave rectifier
circuit.

Circuit Operation, The basic three-phase, full-wave
rectifier circuit is illustrated in the accompanying
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circuit schematic. The circuit uses a conventional
three-phase power transformer, Tl, to step up the
aternating source voltage to a high value in the wye-
connected secondaries. The primary windings of
transformer T1 are shown delta-connected, athough
in some instances the primary windings may be
wye-connected (as for a threé- or four-wire system).
The plate of rectifier V1 and the filament {cathode)
of rectifier V6 are connected to secondary terminal
No. 1 of transformer TI; the plate of rectifier V2 and
the filament of rectifier V4 are connected to secon-
filament of rectifier V5 are connected to secondary
terminal No. 3.

T2
TO ONE PHASE
OF THREE- PHASE
SOURCE

T

70
THREE- PHASE
SOURCE

(0]
T3
T4

T0
THREE-PHASE O————
SOURCE s

Basic Three-Phase, Full-Wave (Single “Y”
Secondary) Rectifier Circuit
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One filament transformer, T2, is used to supply
the filament voltage to rectifiers VI, V2, and V3,
since the filaments of these rectifiers are al at the
same potential. However, since the filaments of rec-
tifiers V4, V5, and V6 have a high potential differ-
ence existing between them, three separate filament
transformer (T3, T4, and T5) are used. A single fila-
ment transformer may be used for this purpose, pro-
vided that it incorporates three separate filament
windings that are well insulated from each other and
grounded (chassis). The primary windings of filament
transformers T3, T4, and T5 are connected to differ-
ent phases of the three-phase source. The ac voltage
for the primaries of the filament transformersis ap-
plied independent of, and prior to, the primary volt-
age to the three-phase power transformer, T1. A
time-delay arrangement, either manually operated or
automatic, normally permits the rectifier filaments to
be preheated to the normal operating temperature
before the high-voltage ac can be applied to the rec-
tifier circuit.

The circuit arrangement given in the illustration
permits either terminal of the load to be placed at
ground potential, depending upon whether a positive
or negative dc output is desired; however, the circuit
is commonly arranged for a positive dc output, with
the negative output terminal at ground (chassis). The
circuit istypical of high-voltage dc supplies designed
for use in radar sets, communication transmitters, or
other equipment for which the dc power requirement
is several kilowatts or more.

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

The voltages developed across the secondary wind-
ings of transformer T1 are 120 degrees out of phase
with relation to each other and are constantly chang-
ing in polarity. The polarities indicated for the
secondary windings in the simplified circuit sche-
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matics (parts A through F) of the accompanying illus-
tration represent the instantaneous polarity of the
induced voltages in the secondary. The arrows on the
schematics are used to indicate the directions of elec-
tron flow in the circuit.

The plates of rectifiers VI, V2, and V3 are con-
nected to secondary windings No. 1, No. 2, and No.
3, respectively; the filaments (cathode) of rectifiers
V6, V4, and V5, are connected to secondary windings
No. 1, No. 2, and No. 3, respectively. When the plates
of V1, V2, and V3 are positive with respect to their
filaments, the tubes will conduct; when the filaments
of V4, V5, and V6 are negative with respect to their
plates, there tubes will conduct. At any given instant
of time in the three-phase, full-wave rectifier circuit, a
rectifier, the load, and a second rectifier are in series
across two of the wye-connected transformer secon-
daries and, therefore, two rectifiers are conducting.
Each of the six rectifiers conducts for 120 degrees of
an electrical cycle; however, there is an over-lap of
conduction periods, and the rectifiers conduct in a
sequence which is determined by the phasing of the
instantaneous secondary voltages of the power trans-
former. In the circuit described, two rectifiers are
conducting at any instant of time, with rectifier con-
duction occurring in the following order: V1 and V4,
Viand V5, V2 and V5, V2 and V6, V3 and V6, V3
and V4, V1 and V4, etc.

Refer to the secondary-voltage waveform, e,
shown in the accompanying illustration. Assume that
the ac voltage induced in secondary No. 1 (between
30 and 90 electrical degrees, phase No. 1) is, ap-
proaching its maximum positive value (at 90 degrees);
also, the voltage induced in secondary No. 2 has
reached its maximum negative vahre (at 30 degrees)
and is decreasing. (Secondary No. 3, athough positive
at 30 degrees, is decreasing to zero.) This conditionis
shown by the simplified schematic of part A in the
accompanying illustration. The plate of rectifier VI
becomes positive with respect to its filament
(cathode), and the filament of rectifier V4 is negative
with respect to its plate; therefore, both tubes con-
duct, and the electrons flow through V4, the load,
and V1 for 60 degrees of the electrical cycle.
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In part B, the ac voltage induced in secondary No.
1 reaches its macimum positive value (at 90 degrees)
and starts to decrease during the next 60 degrees of
the cycle; the voltage induced in secondary No. 3is
approaching its maximum negative value. The plate of
VI remains positive with respect to its filament, and
the filament of V5 becomes negative with respect to
its plate; therefore, V1 continues to conduct and V5
takes over conduction from V4, with V1 and V5 con-
ducting in series with the load. Electrons flow
through V5, the load, and V1 for another 60 degrees
of the cycle.

1ss part C, the ac voltage induced in secondary No.
3 reaches its macimum negative value and the positive
voltage in secondary No. 2 isincreasing. The filament
of V5 remains negative with respect to its plate, and
the plate of V2 becomes positive with respect to its
filament; therefore, V5 continues to conduct and V2
takes over conduction from V1, with V2 and V5 con-
ducting in series with the load. Electrons flow
through V5, the load, and V2 for another 60 degrees
of the cycle.

In part D, the ac voltage induced in secondary No.
2 reaches its maximum positive value and starts to
decrease; the voltage induced in secondary No. 1is
approaching its maximum negative value. The plate of
V2 remains positive with respect to its filament, and
the filament of V6 becomes negative with respect to
its plate; therefore, V2 continues to conduct and V6
takes over conduction from V5, with V2 and V6 con-
ducting in series with the load. Electrons flow
through V6, the load, and V2 for another 60 degrees
of the cycle.

In part E, the ac voltage induced in secondary No.
3 is approaching its maximum positive value, and the
negative voltage in secondary No. 1 is decreasing. The
filament of V6 remains negative with respect to its
plate, and the plate of V3 becomes positive with
respect to its filament; therefore, V6 continues to
conduct and V3 takes over conduction from V2, with
V3 and V6 conducting in series with the load. Elec-
trons flow through V6, the load, and V3 for another
60 degrees of the cycle.

In part F, the dc voltage induced in secondary No.
2 is approaching its maximum negative value, and the
positive voltage in secondary No. 3 is decreasing. The
plate of V3 remains positive with respect to itsfila-
ment, and the filament of V4 becomes negative with
respect to its plate; therefore, V3 continues to con-
duct and V4 takes over conduction from V6, with V3

ORIGINAL
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and V4 conducting in series with the load. Electrons
flow through V4, the load, and V3 for another 60
degrees of the cycle.

The cycle of operation is repeated, as shown in
part A, when the dc voltage induced in secondary No.
2 reaches its maximum negative value and the positive
voltage in secondary No. 1 isincreasing. The filament
of V4 remains negative with respect to its plate, and
the plate of V1 becomes positive with respect to its
filament; therefore, V4 continues to conduct and V1
takes over conduction from V3, with V1 and V4 con-
ducting in series with the load. Electrons flow
through V4, the load, and VI, to initiate another
complete cycle.

Thus, from the action described above, it can be
seen that each positive and negative peak in each of
the three phases produces a current pulse in the load.
Because of the nature of the rectifier conduction
periods, each rectifier tube conducts for 120 degrees
of the cycle and carries one third of the total load
current. The output voltage, e,, produced across the
load resistance is determined by the instantaneous
currents flowing through the load; therefore, the out-
put voltage has a pulsating waveform, which results in
an irregularly shaped ripple voltage, because the out-
put current and voltage are not continuous. The fre-
guency of the ripple voltage is six times the fre-
quency of the ac source. Since thisripple frequency is
higher than the ripple frequency of a single-phase,
full-wave rectifier circuit or a three-phase, haf-wave
rectifier circuit, relatively little filtering is required to
smooth out the ripple and produce a steady dc volt-
age.
The three-phase, full-wave rectifier circuit makes
continuous use of the transformer secondaries, with
the dc load current passing through a secondary wind-
ing first in one direction and then in the other; thus,
there is no tendency for the transformer core to
become permanently magnetized. Since little dc core
saturation occurs, the effective inductance of the
transformer, and therefore the effciency, is relatively
high.

The three-phase, full-wave rectifier produces across
the load a pulsating (unfiltered) dc output voltage,
E,y, as follows:

Eav =234 Erms
where: E =rms voltage across one
secondary winding of
three-phase transformer

rms
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The peak inverse voltage across an individual rec-
titier in the three-phase, full-wave rectifier circuit
during the period of time the tube is nonconducting
is approximately 2.45 times the rms voltage across
the secondary winding of one phase. Some pulsating
dc voltage is rdways present across the load, and this
voltageisin series with the applied ac secondary volt-
age; therefore, the sum of the instantaneous pulsation
dc load voltage and the instantaneous peak secondary
voltage represents the peak inverse voltage across the
recdifta tube. Thacpelik-mveise van'tage per “udve Giin

be expressed as:

E,, (per tube) = 245 E

Erms = rms voltage across one
secondary winding of
three-phase transformer

where:

The output of the three-phase, full-wave rectifier
circuit is connected to a suitable filter circuit to
smooth the pulsating direct current for use in the
kind circuit. (Filter circuits are discussed in the Filter
Section of this handbook.

A variation of the three-phase, full-wave rectifier
circuit uses the common terminal of the wye-
connected secondaries and rectifiers V4, V5, and V6
to form a three-phase, half-wave rectifier circuit. The
circuit is fundamentally the same as that given earlier;
for this reason the accompanying circuit schematic
has been simplified and redrawn to eliminate the fila-
ment transformers and associated filament circuity.
The reference designations previously assigned remain
unchanged.
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One advantage of the circuit is that two voltages
may be supplied from the same transformer and rec-
tifier combination. One output voltage (E, ;) is ob-
tained from the full-wave circuit; the other voltage
Eqyu1/2, Which is equal to one half of the full-wave
output voltage, is obtained by using rectifiers V4, V5,
and V6 and the common terminal of the wye-
connected secondaries as a conventional three-phase,
half-wave rectifier circuit. (The operation of the
three-phase, half-wave rectifier circuit was previously
described in this section.) Although this circuit varia-
tion can supply two output voltages simultaneously to
two separate loads, there is a limitation on the total
current which can be carried by the rectifiers (V4,
V5, and V6).

0967-0000120 POWER SUPPLIES

Another variation of the three-phase, full-wave rec-
tifier circuit uses a delta-connected secondary for T1.
Each secondary winding is connected to the other in
proper phase relationship so that the currents through
the windings are balanced. Damage can result to the
transformer windings if improperly connected; for
this reason, the windings are usually connected in-
ternally in the proper phase to prevent the possibility
of making wrong connections, and only the three
secondary terminals are brought out of the case.

A schematic diagram showing this circuit variation
is shown below.

The operation of the circuit can be easier under-
stood from the simplified circuit schematics (parts A
through F) and the waveforms given in the following
illustrations.

T2
To ONE PHASE g
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Basic Three-Phase, Full-Wave (Delta Secondary)
Rectifier Circuit
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The operation of the delta-secondary rectifier cir-
cuit is similar to that of the wye-secondary rectifier
circuit (previously described); however, the ac voltage
across an individual delta-connected secondary wind-
ing is 0.742 E,,, whereasthe voltage across an in-
dividual wye-connected secondary winding is 0.428
E, (E,is the unfiltered ac output across the load).
The voltages developed across the secondary windings
of transformer T1 are 120 degrees out of phase with
relation to each other and are constantly changing in
polarity. In the delta-connected secondary, at any
given instant the voltage in one phase is equal to the
vector sum of the voltages in the other two phases.
The polarities indicated for the secondary windingsin
the simplified circuit schematics (parts A through F)
of the accompanying illustration represent the in-
stantaneous polarity of the incluced voltage in the
secondary. Although the instantaneous polarity
shown in the schematic is given for only one secon-
dary winding, the sum of the instantaneous voltages
in the other two windings is equal to the voltage of
the first winding. The arrows on the schematics are
used to indicate the directions of electron flow in the
circuit.

The plates of rectifiers VI, V2, and V3 are con-
nected to secondary terminas No. 1, No. 2, and No.
3, respectively; the filaments (cathode) of rectifiers
V4, V5, and V6 are connected to secondary terminals
No. 1, No. 2, and No. 3, respectively. When the plates
of VI, V2, and V3 are positive with respect to their
filaments, the tubes will conduct; when the fiiaments
of V4, V5, and V6 are negative with respect to their
plates, these tubes will conduct.

At any given instant of time in the three-phase,
full-wave rectifier circuit, arectifier, theload, and a
second rectifier are in series across two terminals of
the delta-connected secondaries and, therefore, two
rectifiers are conducting. Each of the six rectifiers
conducts for 120 degrees of an electrical cycle; how-
ever, thereis an overlap of conduction periods, and
the rectifiers conduct in a sequence which is deter-
mined by the phasing of the instantaneous secondary
voltages of the power transformer. In the circuit
described, two rectifiers are conducting at any instant
of time, with the rectifier conduction periods oc-
curring in the following order: V1 and V6, V6 and
V2,V2and V4, V4 and V3, V3 and V5, V5 and V1,
VI and V6, etc.

Refer to the secondary-voltage waveform, e,
shown in the accompanying illustration. Assume that
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the ac voltage induced in secondary No. 1, trans-
former terminals No. 1 and No. 2, is approaching its
maximum positive value (at 90 degrees); also, the
voltage induced in secondary No. 2, transformer
secondary terminals No. 2 and No. 3, has reached its
maximum negative value (at 30 degrees) and is
decreasing. (The voltage induced in secondary No. 3,
terminals No. 1 and No. 3, is passing through zero.)
This condition is shown by the simplified schematic
of part A in the accompanying illustration. The plate
of rectifier V1 is positive with respect to its filament
(cathode), and the filament of rectifier V5 is negative
with respect to its plate; therefore, both tubes con-
duct, and electrons flow through V5, the load, and
V1 for 60 degrees of the electrical cycle.

In part B, the ac voltage induced in secondary No.
1 has reached its maximum positive value (at 90 de-
grees) and starts to decrease during the next 60
degrees of the cycle; the voltage induced in secondary
No. 3 is approaching its maximum negative value. The
plate of V1 remains positive with respect to itsfila-
ment, and the filament of V6 becomes negative with
respect to its plate; therefore, V1 continues to con-
duct and V6 takes over conduction from V5, with V1
and V6 conducting in series with the load. Electrons
flow through V6, the load, and V1 for another 60
degrees of the cycle.

In part C, the ac voltage induced in secondary No.
3 has reached its maximum negative value and starts
to decrease; the voltage induced in secondary No. 2 is
approaching its maximum positive value. The fila-
ment of V6 remains negative with respect to its plate,
and the plate of V2 becomes positive with respect to
its filament; therefore, V6 continues to conduct and
V2 takes over conduction from VI, with V2 and V6
conducting in series with the load. Electrons flow
through V6, the load, and V2 for another 60 degrees
of the cycle.

In part D, the ac voltage induced in secondary No.
2 has reached its maximum positive value and starts
to decrease; the voltage induced in secondary No. 1is
approaching its maximum negative value. The plate of
V2 remains positive with respect to its filament, and
the filament of V4 becomes negative with respect to
its plate; therefore, V2 continues to conduct and V4
takes over conduction from V6, with V2 and V4 con-
ducting in series with the load. Electrons flow
through V4, the load, and V2 for another 60 degrees
of the cycle.
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In part E, the dc voltage induced in secondary No.
3 approaches its maximum positive value, and the
negative voltage in secondary No. 1 is decreasing. The
filament of V4 remains negative with respect to its
plate, and the plate of V3 becomes positive with
respect to its filament; therefore, V4 continues to
conduct and V3 takes over conduction from V2 with
V3 and V4 conducting in series with the load. Elec-
trons flow through V4, the load, and V3 for another
60 degrees of the cycle.

In part F, the ac voltage induced in secondary No.
2 approaches its maximum negative value, and the
positive voltage in secondary No. 3 is decreasing. The
plate of V3 remains positive with respect to its fiia-
ment, and the filament of V5 becomes negative with
respect to its plate; therefore, V3 continues to con-
duct and V5 takes over conduction from V4, with V3
and V5 conducting in series with the load. Electrons
flow through V5, the load, and V3 for another 60
degrees of the cycle.

The cycle of operation is represented, as shown in
part A, when the ac voltage induced in secondary No.
2 has reached its maximum negative value and the
positive voltage in secondary No. 1 isincreasing. The
filament of V5 remains negative with respect to its
plate, and the plate of VI becomes positive with re-
spect to its filament; therefore, V5 continues to con-
duct and V1 takes over conduction from V3, with VI
and V5 conducting in series with the load. Electrons
flow through V5, the load, and VI, to initiate
another complete cycle. The three-phase, full-wave
rectifier with delta-connected secondaries produces
across the load a pulsating (unfiltered) dc output volt-
age, E,, as follows:

E,= 135 E; s

Eyms = ms voltage across one
secondary winding of
three-phase delta
connected transformer

where:

The peak inverse voltage across an individual rec-
tifier in the three-phase, full-wave circuit during the
period of time the tube is nonconducting is approxi-
mately 1.42 times the rms voltage across the sec-
ondary winding of one phase. Some pulsating dc
voltage is always present across the load, and this
voltageisin series with the applied ac secondary volt-
age; therefore, the sum of the instantaneous pulsating
dc load voltage and the instantaneous peak to peak
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secondary voltage represents the peak inverse voltage
across the rectifier tube. The peak inverse voltage per
tube can be expressed as:

E,, (per tube)= 1.42 E ..

Erms = rms voltage across one
secondary winding of
three-phase delta-
connected transformer

where:

Failure Analysis

No output. In the three-phase, full-wave rectifier
circuit, the no-output condition is likely to be limited
to the following possible causes: the lack of ac fila-
ment or filament-transformer primary supply voltage,
the lack of applied ac high voltage, or a shorted load
circuit (including shorted filter components).

A visual check of the glass-envelope rectifier tubes
can easily be made to determine whether al filaments
arelit. The filaments of V1, V2, and V3 should be
observed first, because if these rectifiers are not lit
there can be no dc output. If the filaments of V1, V2,
and V3 are not lit, the filament voltage should be
measured at the secondary of transformer T2 to
determine whether it is present; if necessary, check
the primary voltage of T2 to determine whether it is
present and of the correct value. If none of the recti-
fier filaments are lit, the primary voltage source for
the operation of transformers T2, T3, T4, and T5
should be checked for the presence of voltage.

With the primary voltage removed from the cir-
cuit, continuity (resistance) measurements should be
made of the secondary and primary windings to
determine whether one or more windings are open.
Since the three windings of the delta-secondary cir-
cuit are sometimes connected internally and only
three terminals are brought out of the case, voltage
and resistance measurements are made between the
terminals of the delta-connected secondaries. When
making measurements (voltage or resistance) of the
secondary circuit, it should be remembered that the
windings form a delta configuration, with two wind-
ings in series and this combination in parallel with the
winding under measurement. In other instances, the
secondary windings are connected to six individual
terminals, and these terminals are connected together
to form a delta configuration. Thus, in this instance,
the terminal connections may be removed to enable
measurements to be made on individual secondary
windings independent of other windings.
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If necessary, the ac secondary voltage at each of
the three high-voltage secondaries may be measured
between the terminals of the delta-connected second-
aries, to determine whether voltage is present and of
the correct value. Also, if necessary, measure the
applied three-phase primary voltage to determine
whether it is present and of the correct value.

With primary voltage removed from the rectifier
circuit, resistance measurements can be made at the
output terminals of the rectifier circuit (across load)
to determine whether the load circuit, including the
filter, is shorted. A short in the components of the
filter circuit or in the load circuit will cause an exces-
siveload current to flow. If the rectifier tubes are of
the high-vacuum type, the heavy load current will
cause the plate of the rectifiers to become heated and
emit a reddish glow when the plate dissipation is
exceeded and, if allowed to continue, may result in
permanent damage to the tubes. If gas-filled rectifiers
are used in the circuit, excessive load current will
result in permanent damage to the tubes because gas-
filled rectifiers are very susceptible to damage from
current overload. Therefore, once the difficulty in the
load circuit has been located and corrected, the gas-
filled rectifiers will require replacement as a result of
the overload condition.

Low output. The rectifier tubes should be
checked to determine whether the filaments are lit.
Because of the normal overlap in rectifier conduction
periods and the conduction of tubes in series to
obtain full-wave output, one or more defective recti-
fiers in the three-phase, full-wave rectifier circuit can
cause the low-output condition. Failure of only one
rectifier in the circuit will cause a loss of rectifier
conduction and no delivery of current to the load for
approximately 120 degrees of the electrical cycle, and
the output voltage will be reduced accordingly. If rec-
tifier tube VI, V2, or V3 is not lit, the trouble is
obviously associated with the tube that is not lit since
the filaments of these tubes are in parallel; however,
if V4, V5, or V6 is not lit, then the trouble may be
either the tube or its associated filament supply (T3,
T4, or T5). The tube filament should be checked for
continuity; the presence of correct filament voltage at
the tube socket should be determined by measure-
ment. If necessary, the primary and secondary volt-
ages should be checked at the terminals of the tila-
ment transformer (T3, T4, or T5) to determine
whether the transformer is defective.
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With the three-phase primary voltage removed
from the circuit, continuity measurements should be
made of the primary (and secondary) windings, to
determine whether one (or more) of thewindingsis
open. In the case of the delta-connected secondary,
refer to the paragraph above explaining the “no-
Output” condition for procedures to be used when
making voltage and resistance measurements of the
secondary windings. If necessary, the ac voltage of
each secondary winding may be measured between
the common termina of the wye connection and the
individual secondary terminal or the corresponding
rectifier plate, to determine whether voltage is
present and of the correct value. Also, if necessary,
measure the applied three-phase primary voltage at
each of the phases, to determine whether each voltage
is present and of the correct value, since alow applied
primary voltage can result in alow secondary voltage.

Shorted turns in either the primary or secondary
windings will cause the secondary voltage to measure
below normal. Disconnect all secondary leads from
the transformer, Ti, and measure the current in each
leg of the three-phase primary with the transformer
unloaded; excessive primary current is an indication
of shorted turns. A secondary winding which is
shorted to the core can cause a low output voltage
indication; to determine whether a winding is shorted
to the core, al leads should be disconnected from the
transformer and a measurement made between each
individual winding and the core, using an ohmeter or
a Megger (insulation tester).

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

THREE-PHASE, FULL-WAVE (SINGLE “Y”
SECONDARY) RECTIFIER (SEMICONDUCTOR)

Application.
Same application as electron tube version.

Characteristics.

Same characteristics as electron tube version
except that it uses six semiconductor rectifiers (multi-
ple or stacked units) instead of electron tubes, and it
does not require filament transfrrrrners.
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Circuit Analysis.

General. The three-phase, full-wave (single-wye
secondary) rectifier is extensively used where a large
amount of power is required by the load, such as for
large shipboard or shore electronic installations. The
rectifiers used in this circuit are generally forced-air-
cooled or oil-cooled to dissipate heat developed
during normal operation.

In many power-supply applications, it is desirable
to provide two voltages simultaneously—one voltage
for high-power stages and the other voltage for low-
power stages. For these applications the three-phase,
full-wave rectifier circuit can be modified to supply
an additional output voltage, which is equal to one-
half the voltage provided by the full-wave rectifier
circuit.

circuit Operation. The basic three-phase, full-wave
rectifier circuit isillustrated in the accompanying cir-
cuit schematic. The circuit uses a conventiona three-
phase power transformer, T1, to step up the alter-
nating source voltage to a high value in the wye-
connected secondaries. The primary windings of T1
are shown delta-connected, although in some in-
stances the primary windings may be wye-connected
(as for a three-or four-wire system).

T0
THREE-
PHASE

SOURCE

Basic Three-Phase, Full-Wave (Single bk g Secondary)
Rectifier Circuit

Semiconductor rectifiers CR1 and CR6 are con-
nected to secondary terminal No. 1 of transformer
T1; rectifiers CR2 and CR4 are connected to second-
ary terminal No. 2; rectifiers CR3 and CR5 are con-
nected to secondary termina No. 3. The rectifiers are
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identical-type semiconductor rectifiers. Although the
schematic shows only six individual rectifiers in the
circuit, each graphic diode symbol represents two or
more diodes in series to obtain the necessary peak-
inverse characteristics for high-voltage operation.

The circuit arrangement shown in the illustration
permits either terminal of the load to be placed at
ground potential, depending upon whether a positive
or negative dc output is desired; however, the circuit
is commonly arranged for a positive dc output, with
the negative output terminal at ground (chassis).
Aiso, achoke-input filter system is commonly used
with this circuit; therefore, series, or surge, resistors
are not normally used.

The operation of the three-phase, full-wave recti-
fier circuit can be readily understood from a study of
the equivalent electron-tube circuit description and
the associated waveforms given previously in this sec-
tion of the handbook. The reference designations
used for semiconductor rectifiers CR1 through CR6
correspond directly to the reference designations used
in the electron-tube circuit for rectifiers V1 through
V6. Since the rectifier action which takes place in
both circuits is the same, an explanation of circuit
operation is not given here.

The voltages developed across the secondary wind-
ings of transformer T1 are 120 degrees out of phase
with relation to each other, and are constantly
changing in polarity. At any given instant of timein
the three-phase, full-wave rectifier circuit, a rectifier,
the load, and a second rectifier are in series across
two of the wye-connected transformer secondaries.
Each of the six rectifiers conducts for 120 degrees of
an electrical cycle; however, there is an overlap of
conduction periods, and the rectifiers conduct in a
sequence which is determined by the phasing of the
instantaneous secondary voltages. In the circuit given
here (and in the electron-tube equivalent circuit), two
rectifiers are conducting at any ‘instant of time, with
rectifier conduction occurring in the following order:
CR1 and CR4, CR1 and CR5, CR2 and CR5, CR2
and CR6, CR3 and CR6, CR3 and CR4, CR1 and
CR4, etc.

Each positive and negative peak in each of the
three phases produces a current pulse in the load.
Because of the nature of the rectifier conduction
periods, each rectifier conducts for 120 degrees of the
cycle, and carries one third of the total load current.

The output voltage, e., produced across the load
resistance is determined by the instantaneous currents
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flowing through the load; therefore, the output volt-
age has a pulsating waveform, which results in a ripple
voltage, because the output current and voltage are
not continuous. The frequency of the ripple voltage is
six times the frequency of the ac source. Since this
ripple frequency is higher than the ripple frequency
of asingle-phase, full-wave rectifier circuit or athree-
phase, half-wave rectifier circuit, relatively little fil-
tering is required to smooth out the ripple and pro-
duce a steady dc voltage.

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

The regulation of the circuit is considered to be
very good, and is better than that of a single-phase
rectifier or of athree-phase, half-wave rectifier circuit
having equivalent power-output rating. The output of
the three-phase, full-wave rectifier circuit is con-
nected to a suitable filter circuit to smooth the pul-
sating direct current for use in the load circuit. (Filter
circuits are discussed in the Filter Section of this
handbook.)

CRI K
"

CR2 |k
"r

L
T
CR3

Three-Phase, Half-Wave and Three-Phase, Full-Wave
Rectifier Circuit
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A variation of the three-phase, full-wave rectifier
circuit uses the common termina of the wye-con-
nected secondaries and rectifiers CR4, CR5, and CR6
to form a three-phase, half-wave rectifier circuit. The
circuit is fundamentally the same as that discussed
earlier; therefore, the reference designations previ-
ously assigned to the basic circuit remain unchanged.

One advantage of this circuit variation is that two
voltages may be supplied from the same transformer
and rectifier combination. One output voltage (E,)
is obtained from the full-wave circuit; the other volt-
age (E,,)/2, which is equal to one-half the full-wave
output voltage, is obtained by using rectifiers CR4,
CR5, and CR6 and the common terminal of the wye-
connected secondaries as a conventional three-phase,
half-wave rectifier circuit. Although this circuit can
supply two output voltages simultaneously to two
separate loads, there is a limitation on the total cur-
rent which can be safely carried by the rectifiers
(CR4, CF.5, and CR6).

Another variation of the three-phase, full-wave rec-
tifier circuit uses a delta-connected secondary for T1.
Each secondary winding is connected to the other in
proper phase relationship so that the currents through
the windings are balanced. Damage can result to the
transformer windings if they are improperly con-
nected; for this reason, the windings are usually con-
nected internally in the proper phase to prevent the
possihility of making wrong connections, and only
three secondary terminals are brought out of the
transformer case.
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Basic Three-Phase, Full-Wave (Delta Secondary)
Rectifier Circuit



ELECTRONIC CIRCUITS

The primary windings of transformer T1 are
shown delta-connected, although in some instances
they may be wye-connected (as for athree- or four-
wire system).

Semiconductor rectifiers CR1 and CR4 are con-
nected to secondary terminal No. 1 of transformer
T1; rectifiers CR2 and CR5 are connected to second-
ary termina No. 2; rectifiers CR3 and CR5 are con-
nected to secondary termina No. 3. The rectifiers are
identical-type semiconductor rectifiers. Although the
schematic shows only six individua rectifiers in the
circuit, each graphic symbol representa two or more
diodes in series to obtain the necessary peak-inverse
characteristics for high-voltage operation.

The circuit arrangement shown in the illustration
permits either terminal of the load to be placed at
ground potential, depending upon whether a positive
or negative dc output is desired; however, the circuit
is commonly arranged for a positive dc output, with
the negative output terminal at ground (chassis).
Also, achoke-input filter system is commonly used
with this circuit.

The operation of the three-phase, full-wave (delta
secondary) rectifier circuit can be readily understood
from a study of the equivalent electron-tube circuit
description and the associated waveforms given previ-
oudly in this section of the handbook. The reference
designations used for semiconductor rectifiers CR1
through CR6 correspond directly to the reference
designations used in the electron-tube circuit for rec-
tifiers VI through V6. Since the rectifier action
which takes place in both circuits is the same, an
explanation of circuit operation is not given here.

The operation of the delta-secondary rectifier cir-
cuit is similar to that of the wye-secondary rectifier
circuit (previously described); however, the ac voltage
across an individual delta-connected secondary
winding is approximately 1.73 times greater than the
voltage across an individual wye-connected secondary
winding for equal dc output voltages from the two
circuits. The voltages developed across the secondary
windings of transformer T1 are 120 degrees out of
phase with relation to one another, and are con-
stantly changing in polarity. In the delta-connected
secondary, at any given instant the voltage in one
phase is equal to the vector sum of the voltagesin the
other two phases. At any given instant of time in the
three-phase, full-wave rectifier circuit, a rectifier, the
load, and a second rectifier are in series across two
terminals of the delta-connected secondaries. Each of
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the six rectifiers conducts for 120 degrees of an elec-
trical cycle; however, there is an overlap of conduc-
tion periods, and the rectifiers conduct in a sequence
which is determined by the phasing of the instanta-
neous secondary voltages of the power transformer.
In the circuit given here (and in the electron-tube
equivalent circuit), two rectifiers are conducting at
any instant of time, with rectifier conduction occur-
ring in the following order: CRI and CR6, CR6 and
CR2, CR2 and CR4, CR4 and CR3, CR3 and CR5,
CR5 and CR1, CR1 and CR, etc.

Each positive and negative peak in each of the
three phases produces a current pulse in the load.
Because of the nature of the rectifier conduction
periods, each rectifier conducts for 120 degrees of the
cycle, and carries one third of the total load current.
The output voltage, e,, produced across the load
resistance is determined by the instantaneous current
flowing through the load; therefore, the output volt-
age has a pulsating waveform, which results in a ripple
voltage, because the output current and voltage are
not continuous. The frequency of theripple voltage is
six times the frequency of the ac source. Since this
ripple frequency is higher than the ripple frequency
of asingle-phase, full-wave rectifier circuit or athree-
phase, half-wave rectifier circuit, relatively littlefil-
tering is required to smooth out the ripple and pro-
duce a steady dc voltage.

The peak inverse voltage across an individual recti-
fier (multiple or stacked units) in the three-phase,
full-wave (delta secondary) rectifier circuit during the
period of time the rectifier is nonconducting is ap-
proximately 1.42 times the rms voltage across the
secondary winding of one phase.

The regulation of the circuit is considered to be
very good,and is better than that of a single-phase
rectifier or of athree-phase, half-wave rectifier circuit
having equivalent power-output rating. The output of
the three-phase, full-wave rectifier circuit is con-
nected to a suitable filter circuit to smooth the pul-
sating direct current for use in the load circuit. (Filter
circuits are discussed in the Filter Section of this
handbook.)

Failure Analysis.

No Output. In the three-phase, full-wave rectifier
circuit, the no-output condition is likely to be limited
to one of three possible causes: the lack of applied ac
voltage, ashorted load circuit (including shorted filter
capacitors), or an open filter choke.
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NOTE

Most filter circuits used in Navy equipment
employ two-section choke-input filters; thus, an
open choke in either section will cause no out-
put.

Measure the applied three-phase primary voltage to
determine whether it is present and of the correct
value. With the primary voltage removed from the
circuit, continuity measurements should be made of
the secondary and primary windings, to determine
whether one or more than one winding is open and
whether the common terminal(s) of the wye-
connected secondaries is connected to the load cir-
cuit. If necessary, the ac secondary voltage applied to
the rectifiers may be measured between the common
terminal(s) of the wye-connected secondaries and one
or more rectifiers to determine whether voltage is
present and of the correct value.

Since the three windings of the delta-secondary
circuit are sometimes connected internally and only
three terminals are brought out of the case, voltage
and resistance measurements are made between the
terminals of the delta-connected secondaries. When
making measurements (voltage or resistance) of the
secondary circuit, it should be remembered that the
windings form a delta configuration, with two wind-
ings in series, and this combination in parallel with
the winding under measurement. In other instances,
the secondary windings are connected to six individ-
ual terminals, and these terminals are connected
together to form a delta configuration. Thus, in this
instance, the terminal connections may be removed
to enable measurements to be made on individual sec-
ondary windings, independent of other windings. If
necessary, the ac voltage at each of the three high-
voltage secondaries may be measured between the ter-
minals of the delta-connected secondaries, to deter-
mine whether voltage is present and of the correct
value. Also, if necessary, measure the applied three-
phase primary voltage to determine whether it is
present and of the correct value.

With the primary voltage removed from the cir-
cuit, resistance measurements can be made at the out-
put terminals of the rectifier circuit (across load) to
determine whether the load circuit, including the
filter, is shorted. (An open choke in the filter circuit
will also cause no output. See note above.) A short in
the load circuit (including components in the filter
circuit) will cause an excessive load current to flow

ORIGINAL

NAVSHIPS 0967-0000120

POWER SUPPLIES

and may result in permanent damage to the rectifiers.
Therefore, once the difficulty in the load (including
filter) circuit has been located and corrected, the rec-
tifiers should be checked to determine whether they
have been damaged as a result of the overload condi-
tion.

Low Output. Failure of only one rectifier to con-
duct will cause a loss of current delivered to the load
for approximately 120 degrees of the electrical cycle,
and the output voltage will be reduced accordingly.
(Also, breakdown of a rectifier will cause a shorting
effect upon the windings of the transformer and sub-
ject other rectifiers to overload.) Furthermore, when
one rectifier fails to conduct, the ripple amplitude
will increase. Therefore, each rectifier should be
checked to determine whether the low output is due
to normal rectifier aging, or to one or more defective
rectifiers. A relative check of recitifer condition can
be made by using an ohmmeter, as outlined in a previ-
ous paragraph of this section. A comparison can be
made by checking one rectifier against each of the
others to determine whether the rectifiers have simi-
lar characteristics. If the forward resistance of the
rectifier increases, the output voltage will decrease.
Also, if the reverse resistance decreases, the output
voltage will decrease, and the amplitude of the ripple
voltage will increase.

The load current should be checked to make sure
that it is not excessive, because a decrease in output
voltage can be caused by an increase in load current
(decrease in load resistance); for example, excessive
leakage in the capacitors of the filter circuit will
result in increased load current. Also, the ac second-
ary voltage and the input (primary) voltage should be
measured at the terminals of the transformer to deter-
mine whether these voltages are of the correct value.
If necessary, and with the primary voltage removed
from the circuit, continuity measurements should be
made of the secondary and primary windings, to
determine whether one (or more) of the windingsis
open. (Refer to the paragraph above for information
concerning procedures to be used when making volt-
age and resistance measurements on delta-connected
secondary windings.)

Shorted turns in either the primary or secondary
windings will cause the secondary voltage to measure
below normal. (A check for shorted turns is outlined
in the failure analysis described for the electron-tube
equivalent circuit given earlier in this section of the
handbook.)
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In the modified three-phase, half-wave and three-
phase, full-wave rectifier circuit, it is possible to have
two definite conditions of low voltage caused by one
or more defective rectifiers; the output voltage (E,)
to load No. 1 can be low and the output voltage
(E,)/2 to load No. 2 normal, or both output voltages
can be below normal. If the load currents are not
excessive and the filter components have been
checked as satisfactory, the defective rectifier(s) in
the first case is assumed to be CR1, CR2, or CR3, and
in the second case, CR4, CR5, or CR6. When the
modified circuit is used, rectifiers CR4, CR5, and
CR6 will usually have higher current ratings than the
other rectifiers (CR1, CR2, and CR3) because of the
requirement to handle the combined currents of both
output loads.

THREE-PHASE, HALF-WAVE (DOUBLE “Y”
SECONDARY) RECTIFIER (ELECTRON TUBE)

Application.

The three-phase, half-wave rectifier with double-
wye secondary and interphase reactor is used in elec-
tronic equipment for applications where the primary
ac source is three-phase and the dc output power
requirements are relatively high. The rectifier circuit
can be arranged to furnish either negative or positive
high-voltage output to the load.

Characteristics.

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

Uses six high-vacuum or gas-illed electron-tube
diodes as rectifiers.

Output requires very little filtering; dc output rip-
ple frequency is equal to six times the primary line-
voltage frequency.

Has good regulation characteristics.

Circuit provides either positive- or negative-polar-
ity output voltage.

Requires only one filament-voltage supply.

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

Circuit Analysis.

General. Fundamentally, this rectifier circuit

resembles two half-wave (single-’ 'y” secondary) recti-
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fiersin parallel, each rectifier circuit operating from a
common delta-connected primary, and sharing a com-
mon load through an interphase reactor or balance
coi. (The three-phase, half-wave rectifier circuit was
previously described in this section.) The three-phase,
half-wave (double-wye secondary) rectifier circuit
uses a power transformer with two sets of wye-
connected secondaries, the windings of one set being
connected 180 degrees out of phase with respect to
the corresponding windings of the other set. For this
reason, the circuit is sometimes referred to asa six-
phase rectifier. The junction point of each wye-
connected secondary is, in turn, connected to a
center-tapped inductance, called an interphase reactor
or balance coil. The center tap of the interphase
reactor is the common negative terminal for the load.

Circuit Operation. The three-phase, half-wave
(double-wye secondary) rectifier circuit is illustrated
in the accompanying circuit schematic. The circuit
used a three-phase power transformer, T1, to step up
the aternating source voltage to a high value in the
wye-connected secondaries. The primary windings of
transformer T1 are shown delta-connected; the delta
primary is common to both wye-connected second-
aries. The plates of rectifiersV 1, V2, and V3 are
connected to one set of secondary (“A”) windings at
terminals 1A, 2A, and 3A, respectively. The plates of
rectifiers V4, V5, and V6 are connected to the other
set of secondary (“B”) windings at terminals 3B, 1 B,
and 2B, respectively.

One filament transformer, T2, is used to supply
the filament voltage to al rectifiers, since the fila-
ment of the rectifiers are ail at the same potential.
Although a single filament transformer is shown on
the schematic, as many as three identical filament
transformers are sometimes used as the filament sup-
ply, with each filament transformer supplying two (or
more) rectifier tubes; in this case the primary of each
single-phase filament tramformer is connected to a
different phase of the three-phase source. Voltage is
applied to the primaries of the filament transformers
before it is applied to the primary of the three-phase
power transformer T1. A timedelay arrangement,
either manually operated or automatic, normally per-
mits the rectifier filaments to be preheated to the
normal operating temperature before the high-voltage
ac can be applied to the rectifier circuit.

The center-tapped inductance, LI, is an interphase
reactor or balance coil. The common terminal of each
wye-connected secondary is connected to one end of
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L1; the center tap of the interphase reactor is con-
nected to the load. Thus, the output-load current of
each three-phase, half-wave rectifier circuit passes
through one half of the interphase reactor, and these
two currents are then combined in the load. For satis-
factory operation, interphase reactor L1 must have
sufficient inductance to maintain continuous current
flow through each half of the coil. In effect, this
reactor constitutes a choke-input filter arrangement,
and exhibits the regulation characteristics of such a
filter.

The circuit arrangement given in the illustration
permits either terminal of the load to be placed at
ground potential, depending upon whether a positive
or negative dc output is desired; however, the circuit
is commonly arranged for a positive dc output, with
the negative output terminal at ground (chassis). The
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circuit is typical of high-voltage dc supplies designed
for use in large communication transmitters or other
equipment for which the dc power requirement is
several kilowatts or more.

The operation of the three-phase, half-wave
(double-wye secondary) rectifier circuit can be under-
stood by reference to the circuit schematic and the
waveforms given in the accompanying illustration.
The operation of each individual half-wave rectifier is
the same as that given for the three-phase, half-wave
(three-phase star) rectifier circuit previously described
in this section. Although the voltages induced in the
three transformer secondary windings differ in phase
by 120 degrees, the voltages induced in corresponding
windings of the two sets of wye-connected second-
aries (“A” and “B") are 180 degrees out of phase
with respect to each other.

TO THREE~
PHASE SOURCE

A

ve @

TO ONE
PHASE OF
THREE- PHASE

SOURCE

Basic Three-Phase, Half-Wave {Double “ Y” Secondary)
Rectifier Circuit
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The output resulting from the conduction of recti-
fiers VI, V2, and V3 in conjunction with secondary
“A” is shown on the accompanying illustration; the
output resulting from the conduction of rectifiers V4,
V5, and V6 in conjunction with secondary “B”, the
resulting combined dc output voltage, e, and the
corresponding rectifier conduction periods are also
given.

At any instant of time, two rectifier tubes are con-
ducting to deliver current to the load, but their cur-
rents are not in phase and an overlap in conduction
periods of the six rectifiers occurs. Each rectifier con-
ducts for 120 degrees of the input cycle and contrib-
utes one sixth of the total dc current supplied to the
load. In the circuit described, two rectifiers are con-
ducting at any instant of time, with the rectifier con-
duction periods occurring in the following order: V6
and VI, VI and V4, V4 and V2, V2 and V5, V5 and
V3,V3and V6, V6 and V1, etc.

e XX Y XYYY
SECONDARY "A" I} ANAY \

ve val vs ve va| vs V6
.o (pm | ]
SECONDARY ‘B T8 Y

%%

M LA ’
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RECTIFIER Vi <sfe V2oje-V3oje V| wje- V2 oo V3e
CONDUCTION
PERIODS |- VEoio-V4 +je VS o{e VG wfoVa foV 5 ofeVE+|

Waveforms for Three-Phase, Half-Wave
(Doubla “Y” Secondary)
Rectifier Circuit

The main component of the ripple frequency
present across the interphase reactor is three times
the frequency of the ac source. Electrons flow
through the load in pulses, one pulse for each positive
half cycle of the impressed voltage in each of the
three phases of the two sets of secondaries. As men-
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tioned previously, the secondaries are 180 degrees out
of phase with respect to each other; therefore, the
output voltage has a ripple frequency which is six
times the frequency of the ac source. Since thisripple
frequency is higher than that of a single-phase, full-
wave rectitier circuit or a single three-phase, half-wave
rectifier circuit, relatively little filtering is required to
smooth out the ripple and produce a steady dc
voltage.

In order to keep dc core saturation to a minimum
(because of current flowing in one direction ordy in
each secondary winding) and to keep the efficiency
relatively high, it is necessary to use a single three-
phase transformer with multiple secondaries, rather
than six individual single-phase transformers.

The three-phase, half-wave (double-wye second-
ary) rectifier circuit produces across the load a pul-
sating (unfiltered) dc output voltage, E,,, as follows:

E,, = L17E,

rms voltage across one secondary
winding of the three-phase trans-
former

The peuk inverse voltage across an individual recti-
fier in the three-phase, half-wave rectifier circuit
during the period of time the tube is nonconducting
is approximately 2.45 times the rms voltage across
the secondary winding of one phase. The peak inverse
voltage per tube can be expressed as:

E.. (per tube)= 2.45 E .

where: E ¢ =

rms voltage across one secondary
winding of the three-phase trans-
former

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

A variation of the three-phase, half-wave (double-
wye secondary) rectifier circuit omits the use of an
interphase reactor or balance coil. If the interphase
reactor (LI) is not used in the circuit and the com-
mon terminal of each wye-connected secondary is
connected to the negative terminal of the load, the
circuit is classified as a six-phase star. However, the
six-phase star, half-wave rectifier circuit is considered
less desirable than the three-phase, half-wave
(double-wye secondary) rectifier circuit, because it

where: E .. =
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requires the use of tubes with higher peak current
ratings and a transformer with a higher KVA rating to
obtain an equivalent dc output. Therefore, the circuit
is seldom used.

Failure Analysis.

No Output. In the three-phase, haf-wave (double-
wye secondary) rectifier circuit, the no-output condi-
tion islikely to be limited to the following possible
causes: the lack of ac filament or tilament-trans-
former primary supply voltage, the lack of applied ac
high voltage, or a shorted load circuit (including
shorted filter components).

A visual check of the glass-envelope rectifier tubes
can easily be made to determine whether the fila-
ments are lit; if they are not lit, there can be no dc
output. The filament voltage should be measured at
the secondary terminals of transformer T2 to deter-
mine whether it is present; if necessary, check the
primary voltage to T2 to determine whether it is
present and of the correct value. When the circuit
employs more than one filament transformer (for
example, three transformers each operating from one
phase of the three-phase source), if none of the recti-
fier filaments are lit the primary voltage source for
the filament transformers should be checked for the
presence of voltage.

With the primary voltage removed from the cir-
cuit, continuity (resistance) measurements should be
made of the secondary and primary windings, to de-
termine whether one or more windings are open and
whether the common terminals of the wye-connected
secondaries are connected to the load circuit through
the interphase reactor or balance coil. If necessary,
the secondary voltage may be measured at one (or
more) of the high-voltage secondaries between the
common terminal of the wye-connected secondaries
and a secondary terminal or corresponding rectifier
plate, to determine whether voltage is present and of
the correct value. Also, if necessary, measure the ap-
plied three-phase primary voltage to determine
whether it is present and of the correct value.

With primary voltage removed from the rectifier
circuit, resistance measurements can be made at the
output terminals of the rectifier circuit (across load)
to determine whether the load circuit, including the
filter, is shorted. A short in the components of the
filter circuit or in the load circuit will cause an exces-
sive load current to flow, and the full output voltage
will be developed across each half of the interphase
reactor, L1. If the rectifier tubes are of the high-
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vacuum type, the heavy load current will cause the
plates of the rectifiers to become heated and emit a
reddish glow when the plate dissipation is exceeded
and, if allowed to continue, may result in permanent
damage to the tubes. If gas-filled rectifiers are used in
the circuit, excessive load current will result in perma-
nent damage to the tubes because gas-filled rectifiers
are very susceptible to damage from current overload.
Therefore, once the difficulty in the load circuit has
been located and corrected, the gas-filled rectifiers
will require replacement as a result of the overload
condition.

Low Output. The rectifier tubes should be
checked to determine whether all filaments are lit;
however, because of the normal overlap in rectifier
conduction periods, the failure of one or two recti-
fiersin the circuit will not greatly affect the output
voltage but may increase the ripple amplitude. If only
one rectifier is not lit, the tube filament should be
checked for continuity. If the circuit employs more
than one filament transformer and one or more tubes
are not lit, the corresponding filament transformer(s)
should be checked. Measure the secondary voltage to
determine whether the correct filament voltage is
present; the primary voltage should be measured at
the transformer terminals, to determine whether volt-
age is applied and of the correct value. If necessary,
continuity measurements of the transformer windings
should be made to determine whether the trans-
former is defective.

The continuity of each half of the interphase reac-
tor, L1, should be measured to determine whether
one half of the winding is open. An open circuit in
one half of this reactor will disconnect its associated
three-phase, wye-connected secondary; the output
voltage will decrease as a result, and the rectifier cir-
cuit will continue to operate as a three-phase, half-
wave rectifier with single-wye secondary.

With the three-phase primary voltage removed
from the circuit, continuity measurements should be
made of the primary (and secondary) windings, to
determine whether one (or more) of the windingsis
open. If necessary, the ac voltage of each secondary
winding in each set of secondaries may be measured
between the common terminal of the wye connection
and the individual secondary terminal or the corre-
sponding rectifier plate, to determine whether voltage
is present and of the correct value. Also, if necessary,
measure the applied three-phase primary voltage at
each phase, to determine whether voltage is present
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and of the correct value, since alow applied primary
voltage can result in a low secondary voltage.

Shorted turns in either the primary or secondary
windings will cause the secondary voltage to measure
below normal. Disconnect all secondary leads from
the transformer, and measure the current in each leg
of the three-phase primary with the transformer
unloaded; excessive primary current is an indication
of shorted turns. A secondary winding which is
shorted to the core can also cause a low output volt-
age indication; to determine whether a winding is
shorted to the core, al leads should be disconnected
from the transformer and a measurement made be-
tween each winding and the core, using an chmmeter
or a Megger (insulation tester).

Since a decrease in load resistance can cause an
increase in load current and possible result in a low-
output condition, the rectifier-output current (to the
filter circuit and to the load) should be checked, to
make sure that it is within tolerance and is not exces-
sive.

THREE-PHASE, HALF-WAVE (DOUBLE “Y”
SECONDARY) RECTIFIER (SEMICONDUCTOR)

Application.
Same as electron tube version.

Characteristics.

Same characteristics as electron tube version,
except that it uses six semiconductor rectifiers (multi-
ple or stacked units) instead of electron tubes, and
therefore does not require a filament voltage supply.

Circuit Analysis.

General. Fundamentally, this rectifier circuit re-
sembles two half-wave (single “Y” secondary) recti-
fiersin parallel, each rectifier circuit operating from a
common delta-connected primary, and sharing a com-
mon load through an interphase reactor or balance
cail. (The three-phase, half-wave rectifier circuit was
previously described in this section.) The three-phase,
half-wave (double-wye secondary) rectifier circuit
uses a power transformer with two sets of wye-
connected secondaries, the winding of one set being
connected 180 degrees out of phase with respect to
the corresponding windings of the other set. For this
reason, the circuit is sometimes referred to asa six-
phase, half-wave or a delta-double-wye-with valance
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coil rectifier circuit. The junction point of each wye-
connected secondary is, in turn, connected to a
center-tapped inductance, called an Interphase reac-
tor or balance coil. The center tap of the interphase
reactor is the common output terminal for the load.

Circuit operation. The three-phase, haf-wave
(double-wye secondary) rectifier circuit is illustrated
in the accompanying schematic. The circuit uses a
three-phase power transformer, T1, to step up the
aternating source voltage to a high value in the wye-
connected secondaries. The primary windings of the
transformer are shown delta-connected; the delta pri-
mary is common to both wye-connected secondaries.

LOAD %

Basic Three-Phase, Half-Wave (Double “Y” Secondary)
Rectifier Circuit

Semiconductor rectifiers CR1, CR2, and CR3 are
connected to secondary terminals 1A, 2A, and 3A,
respectively. Rectifiers CR4, CR5, and CR6 are con-
nected to secondary terminals 3B, 1 B, and 2B, respec-
tively. The rectifiers are identical-type semiconductor
rectifiers. Although the schematic shows only six
individual rectifiers in the circuit, each graphic
symbol represents two or more diodes in series to
obtain the necessary peak-inverse characteristics for
high-voltage operation.

The center-tapped inductance, L1, is an interphase
reactor or balance coil. The common terminal of each
wye-connected secondary is connected to one end of
L1; the center tap of the interphase reactor is con-
nected to the load. Thus, the output-load current of
each three-phase, half-wave rectifier circuit passes
through one half of the interphase reactor, and these
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two currents are then combined in the load. For satis-
factory operation, interphase reactor L1 must have
sufficient inductance to maintain continuous current
flow through each half of the coil. In effect, this
reactor constitutes a choke-input filter arrangement,
and exhibits the regulation characteristics of such a
filter.

The circuit arrangement shown in the illustration
permits either terminal of the load to be placed at
ground potential, depending upon whether a positive
or negative dc output is desired; however, the circuit
is commonly arranged for a positive dc output, with
the negative output terminal at ground (chassis). It is
good design practice for the dc output terminal asso-
ciated with the center tap of the inductance, L1, to
be grounded; therefore, the secondary-to-core insula-
tion of transformer T1 need not be as great as it
would be if the secondary windings were above
ground by the amount of the ac output voltage. When
a negative high-voltage dc supply is required, it is
common practice to keep the center tap of inductor
L1 at ground (chassis) potential and to reverse the
rectifiers (CR1 through CR6); thus, the output polar-
ity across the load will be opposite that shown in the
schematic.

The operation of the three-phase, half-wave
(double-wye secondary) rectifier circuit can be
readily understood from a study of the equivalent
electron-tube circuit description and the associated
waveforms given previously in this section of the
handbook. The reference designations used for semi-
conductor rectifiers CR1 through CR6 correspond
directly to the reference designations used in the
electron-tube circuit for rectifiers VI through V6.
Since the rectifier action which takes place in both
circuitsis the same, as explanation of circuit opera-
tion is not given here.

The operation of each half-wave rectifier circuit
associated with a three-phase secondary (“A” or “B”)
is the same as that given for the three-phase, half-
wave (single “Y” secondary) rectifier circuit previ-
ously described in this section. Although the voltages
induced in the three secondary windings differ in
phase by 120 degrees, the voltages induced in corre-
sponding windings of the two sets of wye-connected
secondaries (“A” and “B”) are 180 degrees out of
phase with respect to each other.

At any instant of time, two rectifiers are con-
ducting to deliver current to the load, but their cur-
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rents are not in phase and an overlap in conduction
periods of the six rectifiers occurs. Each rectifier con-
ducts for 120 degrees of the input cycle and contrib-
utes one sixth of the total current supplied to the
load. In this circuit, two rectifiers are conducting at
any instant of time, with the rectifier conduction
periods occurring in the following order: CR1 and
CR4, CR4 and CR2, CR2 and CR5, CR5 and CRS3,
CR3 and CR6, CR6 and CR1, CR1 and CR4, etc.

The main component of the ripple frequency
present across the interphase reactor (L) is three
times the frequency of the ac source. Electrons flow
through the load in pulses, one pulse for each positive
half-cycle of the impressed voltage in each of the
three phases of the two sets of secondaries. As men-
tioned pervioudly, the secondaries are 180 degrees out
of phase with respect to each other; therefore, the
output voltage has a ripple frequency which is six
times the frequency of the ac source. Since this ripple
frequency is higher than that of a single-phase, full-
wave rectifier circuit or a three-phase, half-wave
(three-phase star) rectifier circuit, relatively little fil-
tering is required to smooth out the ripple and pro-
duce a steady dc voltage.

The peak inverse voltage across a rectifier (multi-
ple or stacked units) in a secondary leg of the three-
phase, half-wave (double-wye secondary) rectifier cir-
cuit during the period of time the rectifier is non-
conducting is approximately 2.45 times the rms volt-
age across the secondary winding of one phase.

The regulation of the circuit is considered to be
very good, and is better than that of asingle-phase
rectifier or a three-phase, half-wave (single “Y” sec-
ondary) rectifier circuit having equivalent power-
output rating. The output of the three-phase, half-
wave (double-wye secondary) rectifier circuit is
connected to a suitable filter circuit to smooth the
pulsating direct current for use in the load circuit.
(Filter circuits are discussed in the Filter Section of
this handbook.)

Failure Analysis.

No Output. In the three-phase, half-wave (double-
wye secondary) rectifier circuit, the no-output condi-
tion is likely to be limited to one of three possible
causes. the lack of applied ac voltage, a shorted load
circuit (including shorted filter capacitors), or an
open input choke.
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NOTE

Most filter circuits used in Navy equipment
employ two-section choke-input filters; thus, an
open choke in either section will cause no out-
put.

With the primary voltage removed from the cir-
cuit, continuity measurements should be made of the
secondary and primary windings, to determine
whether one or more than one winding is open, and
whether the common terminas of the wye-con-
nected secondaries are connected to the load circuit
through the interphase reactor or balance coail. If nec-
essary, the ac secondary voltage may be measured at
one (or more) of the high-voltage secondaries (be-
tween the common terminal of the wye-connected
secondaries and one or more rectifiers), to determine
whether voltage is present and of the correct value.
Also, if necessary, measure the applied three-phase
primary voltage to determine whether it is present
and of the correct value.

With primary voltage removed from the rectifier
circuit, resistance measurements can be made at the
output terminals of the rectifier circuit (across load)
to determine whether the load circuit, including the
filter, is shorted. A short in the components of the
load circuit (including filter circuit) will cause an
excessive load current to flow, and considerable out-
put voltage will be developed across each half of the
interphase reactor, L1. If an open should develop in
both halves or in the center-tap lead of the interphase
reactor, no output will be developed. Likewise, an
open chokein thefilter circuit will cause no output.
(See note ahove.) An excessive load current caused by
shorted components in the circuit may result in per-
manent damage to the rectifiers. Therefore, once the
difficulty in the load (including filter) circuit has
been located and corrected, the rectifiers should be
checked to determine whether they have been
damaged as aresult of the overload condition.

Low Output. An open circuit in one half of the
interphase reactor will disconnect its associated
three-phase, wye-connected secondary; the output
voltage will decrease as a result, and the rectifier cir-
cuit will continue to operate s a three-phase, half-
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wave rectifier with single-wye secondary. Therefore,
the continuity of each half of the interphase reactor
(LI) should be checked to determine whether one
haf of the winding is open.

With the three-phase primary voltage removed
from the circuit, continuity measurements should be
made of the primary and secondary windings, to de-
termine whether one (or more) of the windings is
open. If necessary, the ac voltage of each secondary
winding in each set of secondaries may be measured
between the common terminal of the wye connection
and the individual secondary terminal of the corre-
sponding rectifier, to determine whether voltage is
present and of the correct value. Also, if necessary,
measure the applied three-phase primary voltage at
each phase, to determine whether voltage is present
and of the correct value, since a low applied primary
voltage can result in a low secondary voltage.

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

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

Failure of arectifier to conduct will cause aloss
of current delivered to the load, and the output volt-
age will be reduced accordingly. Therefore, each recti-
fier should be checked to determine whether the low
output is due to normal rectifier aging, or to one or
more defective rectifiers. A relative check of rectifier
condition can be made by using an ohmmeter, as out-
lined in a previous paragraph of this section. A com-
parison can be made by checking one rectifier against
each of the others to determine whether the rectifiers
have similar characteristics. If the forward resistance
of the rectifier increases, the output voltage will de-
crease. Also, if the reverse resistance decreases, the
output voltage will decrease and the amplitude of the
ripple voltage will also increase.
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PART 2-3. VOLTAGE MULTIPLIERS

HALF-WAVE VOLTAGE DOUBLER
(ELECTRON TUBE)

Application.

The half-wave voltage-doubler circuit is used to
produce a higher dc output voltage than can be ob-
tained from a conventiona half-wave rectifier circuit.
This voltage doubler is normally used in “transform-
erless’ circuits where the load current is small and
voltage regulation is not critical. The circuit is fre-
quently employed as the power supply in small port-
able receivers and audio amplifiers and, in some trans-
mitter applications, as a bias supply.

Characteristics.

Input to circuit is ac; output is pulsating dc.

DC output voltage is approximately twice that ob-
tained from equivalent half-wave rectifier circuit; out-
put current is relatively small.

Output requires filtering; dc output ripple fre-
quency is equal to ac source frequency.

Has poor regulation characteristics; output voltage
available is afunction of load current.

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

Uses indirectly heated cathode-type rectifiers.

Circuit Analysis.

General. The half-wave voltage doubler circuit is
used with or without a transformer to obtain a dc
voltage from an ac source. As the term voltage doub-
ler implies, the output voltage is approximately twice
the input voltage. The half-wave voltage doubler
derives its name from the fact that the output charg-
ing capacitor (C2) across the load receives a charge
once for each complete cycle of the applied voltage.
The half-wave voltage doubler is sometimes called a
cascade voltage doubler. The voltage regulation of the
circuit is poor and, therefore, its use is generally re-
stricted to applications in which the load current is
small and relatively constant.

circuit Operation. |n the accompanying circuit
schematics, parts A, B, and C illustrate basic half-
wave voltage-doubler circuits. The circuit shown in
part A uses atransformer, T1, which can be either a
step-up transformer to obtain a high value of voltage
in the secondary circuit, or an isolation transformer
to permit either dc output terminal to be placed at
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ground (chassis) potential. The circuits shown in parts
B and C do not use a transformer, and operate di-
rctly from the ac source. In the circuit illustrated in
part A, either output terminal may be placed at
ground (chassis) potential.. The circuit illustrated in
part B places one side of the ac source at a negative
dc potential, and thus restricts the circuit to use as a
positive dc supply. The negative dc supply variation
of thiscircuit isillustrated in part C.

INPUT

Basic Half-Wave Voltage-Doubler Circuits

The rectifiers, VI and V2, are of the indirectly
heated cathode type, and are identical-type diodes.
Although the circuit schematic illustrates two sepa-
rate rectifiers, atwin-diode is generally used in the
circuit. Typical twin-diode electron tubes designed
specifically for use in voltage-doubler circuits are:
2576, 50Y 6, and 11776. As indicated by the tube-
type numbers, these tubes require nominal filament-
supply voltages of 25, 50, and 117 volts, respectively.
Because there are several possible circuit combina-
tions, the actual filament circuitsfor V1 and V2 are
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not shown on the circuit schematics. The filament
voltage for the rectifiersis usualy obtained directly
from the ac source if the filament is rated at the
source voltage, by use of a voltage-dropping resistance
in series with the rectifier filament (s) to reduce the
ac source voltage to the correct value, or from atrans-
former secondary winding of the correct value. In
some equipments, the filaments of other tubes within
the equipment are connected in series (or series-
parallel), and this combination is then placed in series
with the rectifier filament (s) across the ac source;
when thisis done, a voltage-dropping resistor may be
required.

In the three circuits illustrated, the functions of
rectifiers V1 and V2, and of charging capacitors Cl
and C2, are the same for each of the circuits.
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The operation of a half-wave voltage-doubler cir-
cuit can be understood from the simplified circuits,
parts A and B, and the waveforms, part C, shown in

the following illustration.

Assume that the ac input to the voltage doubler
during the initial half-cycle is of the polarity indi-
cated in part A of theillustration. Electrons flow in
the direction indicated by the small arrows from the
positive plate of charging capacitor Cl, through recti-
fier tube VI (cathode to plate), and to the dc source.
The left-hand (negative) plate of capacitor Cl now
has a surplus of electrons, while the right-hand (posi-
tive) plate lacks electrons. Thus, during initial half-
cycle, capacitor C 1 assumes a charge (E,; ) of the
polarity indicated, which is equal to approximately

the peak va ue of the applied ac voltage.

During the next half-cycle the polarity of the ap-
plied ac input to the voltage doubler is asindicated in
part B of the illustration. The charge (E,) existing
across capacitor Cl isin series with the applied ac and
will therefore add its potential to the peak value of
theinput voltage. Electrons flow in the direction indi-
cated by the small arrows from the positive plate of
capacitor C2, through rectifier tube V2 (cathode to
plate), and to the positive plate of capacitor Cl.
Thus, during the second half-cycle capacitor C2 as-
sumes a charge (E,,) of the polarity indicated which
is equal to the peak value of the applied ac voltage
plus the value of the charge (E,) existing across
charging capacitor Cl. Thus the value of the voltage
(E.,) across capacitor C2 is equal to approximately
twice the peak voltage of the applied ac, provided
that charging capacitor Cl does not lose any initial

charge.
In apractica circuit, the values of capacitors Cl

and C2 are at least 16 uf; therefore, with such alarge
value of capacitance in the circuit and because there
is dways some resistance (rectifier-tube plate resist-
ance and ac source impedance) in the circuit, each
capacitor may not immediately attain its maximum
charge until several input cycles have occurred. Ca-
pacitor C2 is charged only on aternate half-cycles of
the applied ac voltage, and is always attempting to
discharge through the load resistance; therefore, the
resulting waveform of the output voltage, e, (or

E.,), varies as shown in part C of the illustration.

The output waveform contains some ripple volt-
age,; therefore, additional filtering is required to ob-
tain a steady dc voltage. The frequency of the main
component of the ripple voltage is the same as the
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frequency of the ac source, because capacitor C2 is
charged only once for each complete input cycle. The
regulation of the voltage-doubler circuit is relatively
poor; the value of output voltage obtained is deter-
mined largely by the resistance of the load and the
resulting load current, since the load (and the filter
circuit, if used) isin parallel with capacitor C2.

Failure Analysis.

No Output. In the half-wave voltage-doubler cir-
cuit, the no-output condition is likely to be limited to
one of severa possible causes: the lack of filament
voltage or an open filament in the rectifier (s), the
lack of applied ac voltage, a shorted load circuit (in-
cluding capacitor C2 and filter circuit components),
or an open capacitor Cl.

A visual check of a glass-envelope rectifier tube
can be made to determine whether the filament (s) is
lit; if the filament is not lit, it may be open or the
filament voltage may not be applied. The tube fila-
ment should be checked for continuity; aso, the
presence of voltage at the tube socket should be de-
termined by measurement.

The ac supply voltage should be measured at the
input of the circuit to determine whether the voltage
is present and is the correct value. If the circuit uses a
step-up or isolation transformer (TI) measure the
voltage at the secondary terminas to determine
whether it is present and is the correct value. With the
primary voltage removed from the transformer, conti-
nuity measurements of the primary and secondary
windings should be made to determine whether one
of the windingsis open, since an open circuit in either
winding will cause a lack of secondary voltage.

With the ac supply voltage removed from the input
to the circuit and with the load disconnected from
capacitor C2, resistance measurements can be made
across the terminals of capacitor C2 and at the output
terminals of the circuit (across load). These measure-
ments will determine whether the capacitor (C2) or
the load circuit (including filter components) is
shorted. Because capacitor C2 and the filter-circuit
capacitors are usually electrolytic capacitors, the re-
sistance measurements may vary, depending upon the
test-lead polarity of the ommeter. Therefore, two
measurements must be made, with the test leads re-
versed at the circuit test points for one of the meas-
urements, to determine the larger of the two resist-
ance measurements. The larger resistance value is then
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accepted as the measured value. Capacitor Cl may be
checked in a similar manner.

Low Output. The rectifiers (V1 and V2) should be
checked to determine whether the cause of low out-
put is low cathode emission. The load current should
be checked to make sure that it is not excessive, be-
cause the voltagedoubler circuit has poor regulation
and an increase in load current (decreasein load re-
sistance) can cause a decrease in output voltage.

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

HALF-WAVE VOLTAGE DOUBLER
(SEMICONDUCTOR)

Application.
Same application as electron tube version.

Characteristics.

Same characteristics as electron tube version
except that it uses two semiconductor rectifiers
(single, multiple, or stacked units) instead of electron
tubes.

Circuit Analysis.

General. The half-wave voltage-doubler circuit is
used with or without a transformer to obtain a dc
voltage from an ac source. As the term voltage
doubler implies, the output voltage is approximately
twice the input voltage. The half-wave voltage
doubler derives its name from the fact that the out-
put charging capacity (C2) across the load receives a
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charge once for each complete cycle of the applied
voltage. The hrdf-wave voltage doubler is sometimes
caled a cascade voltage doubler. The voltage regula-
tion of the circuit is poor, and, therefore, its use is
generally restricted to applications in which the load
current is small and relatively constant.

Circuit Operation. In the accompanying circuit
schematics, parts A, B, and C illustrate basic half-
wave voltage doubler circuits. The circuit shown in
part A uses atransformer, Tl, which can be either a
step-up transformer to obtain a high vrdue of voltage
in the secondary circuit, or an isolation transformer.
The circuits shown in parts B and C do not use a
transformer, and operate directly from the ac source.
In the circuit illustrated in part A, the use of trans-
former T1 permits either output termina to be
placed at ground (chassis) potential. The circuit illus-
trated in part B places one side of the ac source a a
negative dc potentia, and thus restricts the circuit to
use as a positive dc supply. A variation of this circuit
isillustrated in part C; this variation provides a nega-
tive output voltage.

CR2
K

Basic Half-Wave Voltage-Doubler Circuits

The rectifiers, CR1 and CR2, are identical-type
semiconductor diodes. In the three circuits illus-
trated, the functions of rectifiers CR1 and CR2, and
of charging capacitors Cl and C2, are the same for
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each of the circuits. Electrons flow through the load
in the direction indicated by the arrow adjacent to
the load resistance. The dc output polarity for each
circuit is indicated by the signs associated with the
load resistance.

The circuits shown in parts B and C have a resistor,
Rs, in series with the ac source. The resistor, called
the surge resistor, limits the peak current through
each rectifier to a safe vahre. The value of resistor Rs
isinfluenced by the circuit design; determination of
its value includes the consideration of several other
factors, such as the applied ac voltage, the resistance
of the load circuit, the capacitance value of the
charging capacitors, and the peak current rating of
the semiconductor diodes. In the circuit shown in
part A, the resistor has been omitted since there is
normally sufficient resistance in the secondary
winding of transformer T1 to limit the peak current
through each rectifier; however, some circuits may
include aresistor (Rs) between the charging capacitor
(ClI) and the transformer secondary winding.

The operation of the half-wave voltagedouble cir-
cuit can be readily understood from a study of the
equivalent electron-tube circuit description, sim-
plified circuits, and associated waveforms given pre-
vioudly in this section of the handbook. The action of
the semiconductor rectifiers in this voltagedoubler
circuit is essentially the same as that described for the
equivalent electron-tube circuit. Semiconductor rec-
tifiers CRI and CR2 correspond directly to rectifiers
V1 and V2 in the electron-tube circuit description.
For these reasons, an explanation of circuit operation
is not given here.

Charging capacitor C2 is charged only on aternate
half-cycles of the applied ac voltage, and is rdways
attempting to discharge through the load resistance;
therefore, the output voltage, e, contains some volt-
age variation, or ripple. The frequency of the ripple
voltage is the same as the frequency of the ac source,
because capacitor C2 is charged only once for each
complete input cycle; thus, additional faltering is
necessary to obtain a steady dc voltage. (Filter cir-
cuits are discussed in the Filter Section of this hand-
book.)

The regulation of the voltage-doubler circuit is
relatively poor; the vahre of output voltage obtained
is determined largely by the resistance of the load and
the resulting load circuit, since the load (and the filter
circuit, if used) isin parallel with capacitor C2.
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Failure Analysis.

No Output. In the half-wave voltage-doubler cir-
cuit, the no-output condition islikely to be limited to
one of several possible causes: the lack of applied ac
voltage (including the possibility of a defective trans-
former or an open surge resistor Rs), an open capac-
itor C 1, ashorted load circuit (including capacitor C2
and filter circuit capacitor), an open filter choke, or
defective rectifiers.

The ac supply voltage should be measured at the
input of the circuit to determine whether the voltage
is present and is the correct value. If the circuit uses a
step-up or isolation transformer (T1), measure the
voltage at the secondary terminals to determine
whether it is present and is the correct value. With the
primary voltage removed from the transformer, con-
tinuity measurements of the primary and secondary
windings should be made to determine whether one
of the windings is open, since an open circuit-in either
winding will cause a lack of secondary voltage.

If the circuit includes a surge resistor (Rs), &' resis-
tance measurement can be made to determine
whether the resistor is open. If the resistor is found to
be open, the voltage-doubler and load circuit should
be checked further to determine whether excessive
load current, a defective rectifier, or a shorted capac-
itor has caused the resistor to act as a fuse and to
open.

With the ac supply voltage removed from the input
to the circuit and with the load disconnected from
capacitor C2, resistance measurements can be made
across the terminals of capacitor C2 and at the output
terminals of the circuit (across the load). These
measurements will determime whether capacitor C2
or the load circuit (including falter components) is
shorted. Because capacitor C2 and the falter-circuit
capacitors are electrolytic capacitors, the resistance
measurements may vary, depending upon the test-
lead polarity of the ohmmeter. Therefore, two meas-
urements must be made, with the test leads reversed
at the circuit test points for one of the measurements,
to determine the larger of the two resistance measure-
ments. The larger resistance value is then accepted as
the measured value. Capacitor Cl may be checked in
a similar manner.

The rectifiers should be checked to determine
whether they are open or otherwise defective. A rela-
tive check of the rectifier condition can be made by
use of an ohmmeter, as outlined in a previous para-
graph of this section. However, failure of one or both

ORIGINAL

NAVSHIPS 0967-000-0120

POWER SUPPLIES

rectifiers may be the result of other causes; therefore,
tests of the filter and load circuit are necessary.

Low Output. The ac supply voltage should be
measured at the input of the circuit to determine
whether the voltage is the currect value, since alow
applied voltage can result in a 1ow output voltage.

Each rectifier should be checked to determine
whether the low output is due to normal rectifier
aging. A relative check of rectifier condition can be
made by use of an chmmeter, as outlined in a previ-
ous paragraph of this section. If the forward resis-
tance of the rectifier increases, the output voltage will
decrease. Also, if the reverse resistance decreases, the
output voltage will decrease, and the amplitude of the
ripple voltage will increase.

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

One terminal of each charging capacitor, Cl and
C2, should be disconnected from the circuit and each
capacitor checked, using a capacitance analyzer, to
determine the effective capacitance and leakage resis-
tance of each capacitor. A decrease in effective capac-
itance or losses within either capacitor can cause the
output of the voltage-doubler circuit to be below
normal, since the defective capacitor will not charge
to its normal operating value. If a suitable capacitance
analyzer is not available, an indication of leakage
resistance can be obtained by use of an ohmmeter;
the measurements are made with one terminal of the
capacitor disconnected from the circuit. Using the
ohmmeter procedure outlined in a previous paragraph
for the no-output condition, two measurements are
made (with the test leads reversed at the capacitor
terminals for one of the measurements). The larger of
the two measurements should be greater than 1
megohm for a satisfactory capacitor.

FULL-WAVE VOLTAGE DOUBLER.
(ELECTRON TUBE)

Application.

The full-wave voltage-doubler circuit is used to
produce a higher d-c output voltage than can be ob-
tained from a conventional rectifier circuit utilizing
the same input voltage. This voltage doubler is nor-
mally used where the load current is small and voltage
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regulation is not too critical; however, the regulation
of the full-wave voltage doubler is better than that of
the half-wave voltage doubler. The circuit is fre-
quently employed as the power supply in small por-
table receivers and audio amplifiers and, in some
transmitter applications, as a bias supply.

Characteristics.

Input to circuit is ac; output is pulsating dc.

DC output voltage is approximately twice that
obtained from half-wave rectifier circuit utilizing the
same input voltage; output current is relatively small.

Output requires filtering; dc output ripple fre-
quency is equal to twice the ac source frequency.

Has relatively poor regulation characteristics; out-
put voltage available is a function of load current.

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

Uses indirectly heated cathode-type rectifiers.

Circuit Analysis.

General. The full-wave voltage-doubler circuit is
used either with or without a transformer to obtain a
dc voltage from an ac source. As the term voltage
doubler implies, the output voltage is approximately
twice the input voltage. The full-wave voltage doubler
derives its name from the fact that the charging
capacitors (Cl and C2) arein series across the load,
and each capacitor receives a charge on alternate
half-cycles of the applied voltage; therefore, two
pulses are present in the load circuit for each com-
plete cycle of the applied voltage. Although the volt-
age regulation of the full-wave voltage doubler is
better than that of the half-wave voltage doubler, it is
nevertheless considered poor as compared with con-
ventional rectifier circuits. Therefore, use of the cir-
cuit is generally restricted to applications in which
the load current is small and relatively constant.

circuit operation. A basic full-wave voltage-
doubler circuit is shown in the accompanying circuit
schematic. Fundamentally, the circuit consists of two
half-wave rectifiers, V1 and V2, and two charging
capacitors, Cl and C2, arranged so that each capac-
itor receives a charge on alternate half-cycles of the
applied voltage. The voltage developed across one
capacitor is in series with the voltage developed across
the other; thus, the output voltage devel oped across
the load resistance is approximately twice the applied
voltage.

NAVSHIPS 0967-0000120

POWER SUPPLIES

The rectifiers, VI and V2, are of the indirectly
heated cathode type, and are identical-type diodes.
Although the circuit schematic illustrates two sepa-
rate rectifiers, a twindiode is generally used in the
circuit. Typical twindiode electron tubes designed
specifically for use in voltagedoubler circuits are:
2576, 50Y 6, and 11776. As indicated by the tube-
type numbers, these tubes require nominal filament-
supply voltages of 25,50, and 117 volts, respectively.
Because there are several possible filament circuit
combinations, the actual filament circuit for V1 and
V2 is not shown on the circuit schematic. The fila-
ment voltage is usually obtained directly from the ac
source if the filament is rated at the source voltage,
by use of a voltage-dropping resistance in series with
the rectifier filament (s) to reduce the ac source volt-
age to the correct value, or from a transformer secon-
dary winding of the correct value. In some equip-
ments, the filaments of other tubes within the equip
ment are connected in series (or series-parallel), and
this combination is then placed in series with the rec-
tifier filament (S) across the ac source; when thisis
done, a voltage-dropping resistor maybe required.

T T

LOAD ‘0

V2 +

ce R2
AC -
INPUT I

Basic Full-Wave Voltage-Doubler Circuit

The charging capacitors, Cl and C2, are of equa
capacitance value and are usually relatively large (10
to 16 @). Equalizing resistors R1 and R2, are con-
nected across charging capacitors C 1 and C2, respec-
tively; they are of equal value and are generaly
greater than 2 megohms. Resistors R1 and R2 are not
necessary for circuit operation; however, when in-
cluded in the circuit, they have adual purpose in that
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they tend to equalize the voltages across the charging
capacitors and also act as bleeder resistors to dis-
charge the associated capacitors when the circuit is
de-energized. When capacitors Cl and C2 are large,
the peak charge current, during the period of time the
rectifier conducts, may be excessive. To limit the
charge current and offer protection to the rectifiers, a
protective “surge” resistor is placed in series with the
ac source. The vaue of the surge resistor is relatively
small, generally 50 to 1000 ohms.

One disadvantage of the full-wave voltage-double
circuit is that neither dc output terminal can be di-
rectly connected to ground or to one side of the ac
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source; however, when a stept-up or isolation trans-
former is used to supply the input to the voltage
doubler, either output terminal may be connected to
ground or to the chassis.

The operation of the full-wave voltage-doubler cir-
cuit can be understood from the simplified circuits,
parts A and B, and the waveforms, part C, shown in
the accompanying illustration.

Assume that the ac input to the voltage doubler
during the inditial half-cycleis of the polarity indi-
cated in part A of theillustration. C2 does not enter
into circuit operation here. Electrons flow in the
direction indicated by the arrows from the positive
plate of charging capacitor Cl, through rectifier tube
VI (cathode to plate), through the ac source, and to
the negative plate of charging capacitor Cl. The
upper (positive) plate of capacitor C 1 lacks electrons,
while the lower (negative) plate has a surplus of elec-
trons. Thus, during the initial half cycle, capacitor Cl
assumes a charge (E,; ) of the polarity indicated,
which is equal to approximately the peak value of the
applied ac voltage. The voltage (E,) developed
across charging capacitor Cl does not remain con-
stant, as shown by waveform E ;, but tends to vary
somewhat because of a small discharge current flow-
ing through the parallel equalizing resistor (RI) and
because there is a tendency to discharge through the
series circuit consisting of the ac source, rectifier V2,
and the load.

During the next half-cycle the polarity of the ap-
plied ac input to the voltage doubler is asindicated in
part B of the illustration. Cl does not enter into cir-
cuit operation here. Electrons flow in the direction
indicated by the arrows from the positive plate of
charging capacitor C2, through the ac source, through
rectifier V2, to the negative plate of charging capac-
itor C2. Thus, during the second half-cycle, capacitor
C2 assumes a charge (E.,) of the polarity indicated,
which is equal to approximately the peak value of the
applied ac voltage. The voltage (E.,) developed
across capacitor C2 does not remain constant, as
shown by waveform E_,, but tends to vary somewhat
because of the small discharge current flowing
through the parallel equalizing resistor (R2), and be-
cause there is a tendency to discharge through the
series circuit consisting of the load, rectifier V1, and
the ac source.

Charging capacitors Cl and C2 are connected in
series across the load resistance, and the current deliv-
ered to the load results from the discharge of these
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capacitors. The instantaneous sum of the charging-
capacitor voltages, E,; and E_,, is equal to approxi-
mately twice the peak voltage applied to the input of
the voltagedoubler circuit, and is shown by the wave-
form of the output voltage, e..

The output waveform contains some ripple volt-
age; therefore, additional filtering is required to
obtain a steady dc voltage. The frequency of the main
component of the ripple voltage is equal to twice the
frequency of the ac source, since each charging capac-
itor receives a charge on alternate half-cycles of the
applied voltage. The regulation of the voltagedoubler
circuit is relatively poor; the value of the output volt-
age obtained is determined largely by’ the resistance
of the load and the resulting load current. If the load
current is large, the voltage across capacitors C 1 and
C2 is reduced accordingly.

Failure Analysis.

No Output. In the full-wave voltage-double circuit,
the no-output condition is likely to be limited to one
of severa possible causes: the lack of filament voltage
or an open filament in the rectifier (s), the lack of
applied ac voltage, or a shorted load circuit (including
falter circuit components).

A visual check of a glass-envelope rectifier tube
can be made to determine whether the filament (s) is
lit; if the filament is not lit, it may be open or the
filament voltage may not be applied. The tube fila-
ment should be checked for continuity; aso, the
presence of voltage at the tube socket should be de-
termined by measurement.

The ac supply voltage should be measured at the
input of the circuit to determine whether the voltage
is present and is the correct value. If the circuit uses a
step-up or isolation transformer, measure the voltage
at the secondary terminals to determine whether it is
present and is the correct value. If necessary, the
primary voltage should be removed from the trans-
former and continuity measurements of the primary
and secondary windings made to determine whether
one of the windings is open, since an open circuit in
either winding will cause alack of secondary voltage.

With the ac supply voltage removed from the input
to the circuit and with the load (including filter cir-
cuit) disconnected from capacitor Cl, resistance
measurements can be made across the load to deter-
mine whether the load circuit (including filter com-
ponents) is shorted. Measurements should be made
across the terminals of charging capacitors C 1 and C2
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to determine whether one or both capacitors are
shorted. (If the circuit includes equalizing resistors
RI and R2, the resistance measured across a capacitor
will normally measure something less the value of the
equalizing resistor.) Because Cl and C2 are elec-
trolytic capacitors, the resistance measurements may
vary, depending upon the test-lead polarity of the
ohmmeter. Therefore, two measurements must be
made, with the test leads reversed at the capacitor
terminals for one of the measurements, to determine
the larger of the two resistance measurements. The
larger resistance value is then accepted as the
measured value.

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

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

FULL-WAVE VOLTAGE DOUBLER
(SEMICONDUCTOR)

Application.
Same application as electron tube version.

Characteristics.
Same characteristics as electron tube version
except that it uses two semiconductor rectifiers

ORIGINAL
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(single, multiple, or stacked units) instead of electron
tubes.

Circuit Analysis.

Generel. The full-wave voltage-double circuit is
used either with or without a transformer to obtain a
dc voltage from ac source. As the term voltage
doubler implies, the output voltage is appro:<imately
twice the input voltage. The full-wave voltage doubler

derives its name from the fact that the charging ca-

pacitor:’;"\‘ve‘;ng C2)are in series across the load, and

each capacitor receives a charye 2 alternate half-
ycles of the applied voltage; therefore, two pukes
are present in the load circuit for each complete cycle
of the applied voltage. Although the voltage regula
tion of the full-wave voltage doubler is better than
that of the half-wave voltage doubler, it is never-
theless considered poor as compared with conven-
tional rectifier circuits. Therefore, use of the circuit is
generally restricted to applications in which the load
current is small and relatively constant.

Circuit Operation. A bisic full-wave voltage-
doubler circuit is shown in the accompanying circuit
schematic. Fundamentally, the circuit consists of two
half-wave rectifiers, CR1 and CR2, and two charging
capacitors, Cl and C2, arranged so that each capac-
itor receives a charge on alternate half-cycles of the
applied voltage. The voltage developed across one
capacitor is in series with the voltage developed across
the other; thus, the output voltage devel oped across
the load resistance is approximately twice the applied
voltage.

CRi

Ry X

o AAP— ;11 +
AC pd R!

INPUT ~~Ci

(o LOAD
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|¢——— o —-—-—I
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Basic Full-Wave Voltage-Doubler Circuit

The rectifiers, CR1 and CR2, are identical-type
semiconductor diodes, and the charging capacitors,
Cl and C2, are of egual vahre. Equalizing resistors Rl
and R2 are connected across charging capacitors Cl
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and C2, respectively; they are of equal value and are
generally greater than 2 megohms. Resistors Rl and
R2 are not necessary for circuit operation; however,
when included in the circuit, they have a dual pur-
pose in that they tend to equalize the voltages across
the charging capacitors and aso act as bleeder resis-
tors to discharge the associated capacitors when the
circuit is de-energized. When capacitors Cl and C2 are
large, the peak charage current, during the period of
time the rectifier conducts, may be excessive. To
limit the charge current and offer protection to the
rectifiers, a protective “surge” resistor, Rs, is placed
in series with the ac source; however, if atransformer
is used and j{ there is sufficient resistance in the sec-
ondary winding, the series iesistor 18 usually omitted.

One disadvantage of the full-wave voltage-doubier
circuit is that neither dc cuiput termina can be di-
rectly connected to ground or to one side of the ac
source; however, when a step-up or isolation trans-
former is used to supply the input to the voltage
doubler, either output terminal may be connected to
ground or to the chassis.

The operation of the full-wave voltage-doubler cir-
cuit can be readily understood from a study of the
equivalent electron-tube circuit description, sim-
plified circuits, and associated waveforms given pre-
vioudly in this section of the handbook. The action of
the semiconductor rectifiers in this voltagedoubler
circuit is essentially the same as that described for the
equivalent electron-tube circuit. Semiconductor rec-
tifiers CR1 and CR2 correspond directly to rectifiers
V1 and V2 in the electron-tube circuit description.
For these reasons, an explanation of circuit opera-
tion is not given here.

Charging capacitors Cl and C2 are comected in
series across the load resistance, and each capacitor
receives a charge on aternate half-cycle of the applied
voltage; therefore, the output voltage, e, contains
some voltage variations, or ripple. The frequency of
the main component of the ripple voltage is equal to
twice the frequency of the ac source and, therefore,
additional filtering is required to obtain a steady dc
voltage. (Filter circuits are discussed in the Filter
Section of this handbook.)

The regulation of the voltagedoubler circuit is
relatively poor; the value of the output voltage ob-
tained is determined largely by the resistance of the
load and the resulting load current. If the load cur-
rent is large, the voltage across capacitors Cl and C2
is reduced accordingly.
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Failure Analysis.

No Output. In the full-wave voltage-doubler cir-
cuit, the no-output condition is likely to be limited to
one of severa possible causes: the lack of applied ac
voltage (including the possibility of a defective trans-
former or an open surge resistors Rs), a shorted load
circuit (including filter circuit capacitor), an open
filter choke, or defective rectifiers.

The ac supply voftage should be measured at the
input of the circuit to determine whether the voltage
is present and is the correct value. If the circuit
uses a step-up of isolation transformer, measure the
voltage at the secondary terminals to determine
whether it is present and is the correct vaiue. With the
primary voltage re;sssved from the transformer, con-
tinuity measurements of the primary and secondary
windings shouid be made to determine whether one
of the windings is open, since an open circuit in either
winding will cause a lack of secondary voltage.

If the circuit includes a surge resistor (RS), aresis-
tance measurement can be made to determine
whether the resistor is open. If the resistor is found to
be open, the voltage-doubler and load circuit should
be checked further to determine whether excessive
load current, a defective rectifier, or a shorted capac-
itor has caused the resistor to act as a fuse and to
open.

Wrth the ac supply voltage removed from the input
to the circuit and with the load (inchrding falter cir-
cuit) disconnected from capacitor Cl, resistance
measurements can be made across the load to deter-
mine whether the load circuit (including filter com-
ponents) is shorted. Measurements should be made
across the terminals of charging capacitors Cl and C2
to determine whether one or both capacitors are
shorted. (If the circuit includes equalizing resistors
RI and R2, the resistance measured across a capacitor
will normally measure something less than the value
of the equalizing resistor.) Because Cl and C2 are
electrolytic capacitors, the resistance measurements
may vary, depending upon the test-lead polarity of
the ohmmeter. Therefore, two measurements must be
made, with the test leads reversed at the capacitor
terminals for one of the measurements, to determine
the larger of the two resistance measurements. The
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larger resistance value is then accepted as the meas-
ured vahre.

The rectifiers should be checked to determine
whether they are open or otherwise defective. A rela-
tive check of the rectifier condition can be made by
use of an ohmmeter, as outlined in a previous para-
graph of this section. However, faihrre of the rec-
tifiers may be the result of other causes; therefore,
tests of thefilter and load circuit are necessary.

Low Output. The ac supply voltage should be
measured at the input of the circuit to d2terinine
whether the voltags i ine correct value, since a low
applied voltage can result in alow output voltage.

Each rectifier should be checked to determine
whether the low output is due to normal rectifier
aging. A relative check of rectifier condition can be
made by use of an chmmeter, as outlined in a pre-
vious paragraph of this section. If the forward resis-
tance of the rectifier increases, the output voltage will
decrease. Also, if the reverse resistance decreases, the
output voltage will decrease, and the amplitude of the
ripple voltage will increase.

The load current should be checked to make sure
that it is not excessive, because the voltagedoubler
circuit has poor regulation and an increase in load
current (decrease in load resistance) can cause ade-
crease in output voltage.

One terminrd of each charging capacitor, Cl and
C2, should be disconnected from the circuit and each
capacitor checked, using a capacitance anayzer, to
determine the effective capacitance and leakage resis-
tance of each capacitor. A decrease in effective ca
pacitance or losses within either capacitor can cause
the output of the voltage-doubler circuit to be below
normal, since the defective capacitor will not charge
to its normal operating value. If a suitable capacitance
analyzer is not available, an indication of leakage
resistance can be obtained by using an ohmmeter; the
measurements are made with one terminal of the
capacitor disconnected from the circuit and, using the
ohmmeter procedure outlined in a previous paragraph
for the no-output condition, two measurements are
made (with the test leads reversed at the capacitor
terminals for one of the measurements). The larger of
the two measurements should be greater than 1
megohm for a satisfactory capacitor.

ORIGINAL
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VOLTAGE TRIPLER. (ELECTRON TUBE)

Application.

The voltage-tripler circuit is used to produce a
higher dc output voltage than can be obtained from a
conventional rectifier circuit utilizing the same input
voltage. It is normally used in “transformerless’ cir-
cuits where the load current is small and voltage reg-
ulation is not critical.

Characteristics.

Input to circuit is ac; output is pulsating dc.

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

Output requires faltering; dc output ripple fre-
guency is either twice or equal to ac source fre-
guency, depending upon triple circuit arrangement.

Has poor regulation characteristics; output voltage
availableis afunction of load current.

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

Usesindirectly heated cathode-type rectifiers.

Circuit Analysis.

General. The voltage-tripler circuit is used with or
without a transformer to obtain a dc voltage from an
ac source. As the term voltage tripler implies, the
output voltage is approximately three times the input
voltage. The voltage regulation of the voltage tripler is
relatively poor as compared with the regulation of
either the half-wave or the full-wave voltage doubler
circuit. Assuming that a given voltage-multiplier
(doubler, tripler, or quadruple) circuit uses the same
value of capacitors in each instance, the greater the
voltage-multiplication factor of the circuit, the poorer
is the regulation characteristics. However, the regula-
tion characteristics can be improved somewhat by
increasing the value of the individual capacitors used
in the voltage-multiplier circuit. Because of the reg-
ulation characteristics of the voltage tripler, the use
of the circuit is generally restricted to applications in
which the load current is small and relatively con-
stant.

Circuit Operation. A basic voltage-tripler circuit is
shown in the accompanying circuit schematic, Funda-
mentally, this circuit consists of a half-wave voltage-
doubler circuit and a half-wave rectifier circuit ar-
ranged so that the output voltage of one circuitisin
series with the output voltage of the other; thus, the
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total output voltage developed across the load resis-
tance is approximately three times the applied volt-

ages.

Basic Voltage-Triple Circuit

Rectifiers VI and V2, charging capacitors Cl and
C2, and resistor RI form a half-wave voltagedoubler
circuit (the operation of the voltagedoubler circuit
was previously described in this section). Rectifier
V3, charging capacitor C3, and resistor R2 fo