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This Manual is intended as a guide to the designers of power
transistor circuits. It includes a brief introduction to solid-state
physics and general information on electrical ratings, packaging
and mounting techniques, and thermal factors for power transistor
devices. Detailed discussions are provided on the theory of
operation, basic design concepts, operating parameters, structures,
geometries, and capabilities of power transistors. Specific design
criteria and procedures are supplied for circuits that use power
transistors in the amplification, rectification, conversion, control,
and switching of electrical power. Design examples are given, and
practical circuits are shown and analyzed.

This Manual is a comprehensive, authoritative, up-to-date text
on the design of power transistor circuits. It will be found extremely
useful by circuit and systems designers, educators, students,
hobbyists, and others.
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Basic Design Considerations

Solid-state devices are small but versatile
units that can perform a great variety of
control functions in electronic equipment.
Like other electron devices, they have the
ability to control almost instantly the move-
ment of charges of electricity. They are used as
rectifiers, detectors, amplifiers, oscillators,
electronic switches, mixers, and modulators.

In addition, solid-state devices have many
important advantages over other types of
electron devices. They are very small and light
in weight. They have no filaments or heaters,
and therefore require no heating power or
warm-up time. They consume very little power.
They are solid in construction, extremely
rugged, free from microphonics, and can be
made impervious to many severe environ-
mental conditions.

SEMICONDUCTOR MATERIALS

Unlike some electron devices, which depend
on the flow of electric charges through a
vacuum or a gas, solid-state devices make use
of the flow of current in a solid. In general, all
materials may be classified into three major
categories—conductors, semiconductors, and
insulators—depending upon their ability to
conduct an electric current. As the name
indicates, a semiconductor material has poorer
conductivity than a conductor, but better
conductivity than an insulator.

The material most often used in semicon-
ductor devices is silicon. Germanium has
higher electrical conductivity (less resistance
to current flow) than silicon, and has been
used in the past in many low- and medium-
power diodes and transistors. Silicon is more
suitable for higher power devices than ger-
manium. One reason is that it can be used at
much higher temperatures. In general, silicon
is preferred over germanium because silicon
processing techniques yield more economical
devices. As a result, silicon has superseded

germanium in almost every type of application,
including the small-signal area.

Resistivity

The ability of a material to conduct current
(conductivity) is directly proportional to the
number of free (loosely held) electrons in the
material. Good conductors, such as silver,
copper, and aluminum, have large numbers of
free electrons; their resistivities are of the
order of a few millionths of an ohm-centimeter.
Insulators such as glass, rubber, and mica,
which have very few loosely held electrons,
have resistivities as high as several million
ohm-centimeters.

Semiconductor materials lie in the range
between these two extremes, as shown in Fig.
1. Pure germanium has a resistivity of 60 ohm-
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Fig. 1 - Resistivity of typical conductor,
semiconductor, and insulator.

centimeters. Pure silicon has a considerably
higher resistivity, in the order of 60,000 ohm-
centimeters. As used in solid-state devices,
however, these materials contain carefully con-
trolled amounts of certain impurities which
reduce their resistivity from a low of less than
one to greater than 50 ohm-centimeters at
room temperature (this resistivity decreases
rapidly as the temperature rises).




Impurities

Carefully prepared semiconductor materials
have a crystal structure. In this type of
structure, which is called a lattice, the outer or
valence electrons of individual atoms are
tightly bound to the electrons of adjacent
atoms in electron-pair bonds, as shown in Fig.
2. Because such a structure has no loosely held
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Fig. 2 - Crystal lattice structure.

electrons, semiconductor materials are nor-
mally poor conductors. One way to separate
the electron-pair bonds and provide free
electrons for electrical conduction would be to
apply high temperature or strong electric
fields to the material.

Another way to alter the lattice structure
and thereby obtain free electrons, however, is
to add small amounts of other elements
having a different atomic structure. By the
addition of almost infinitesimal amounts of
such other elements, called impurities, the
basic electrical properties of pure semicon-
ductor materials can be modified and con-
trolled. The ratio of impurity to the semi-
conductor material is usually extremely small,
in the order of one part in ten million. ‘

When the impurity elements are added to
the semiconductor material, impurity atoms
take the place of semiconductor atoms in the
lattice structure.

When the impurity atom has one more
valence electron than the semiconductor atom,
this extra electron cannot form an electron-
pair bond because no adjacent valence electron
is available. The excess electron is then held
very loosely by the atom, as shown in Fig. 3,
and requires only slight excitation to break
away. Consequently, the presence of such
excess electrons makes the material a better
conductor, i.e., its resistance to current flow is
reduced. '
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Fig. 3 - Latticestructure of n-type material.

Impurity elements which are added to silicon
crystals to provide excess electrons include
phosphorus, arsenic, and antimony. When
these elements are introduced, the resulting
material is called n-type because the excess
free electrons have a negative charge. (It
should be noted, however, that the negative
charge of the electrons is balanced by an
equivalent positive charge in the center of the
impurity atoms. Therefore, the net electrical
charge of the semiconductor material is not
changed.) ,

A different effect is produced when an
impurity atom having one less valence electron
than the semiconductor atom is substituted in
the lattice structure. As a result, a vacancy or
hole exists in the lattice, as shown in Fig. 4. An
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Fig. 4 - Latticestructure of p-type material.

electron from an adjacent electron-pair bond
may then absorb enough energy to break its
bond and move through the lattice to fill the
hole. As in the case of excess electrons, the
presence of holes encourages the flow of
electrons in the semiconductor material;
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consequently, the conductivity is increased
and the resistivity is reduced.

The vacancy or hole in the crystal structure
is considered to have a positive electrical
charge because it represents the absence of an
electron. (Again, however, the net charge of
the crystal is unchanged.) Semiconductor
material which contains these holes or positive
charges is called p-type material. P-type
materials are formed by the addition of boron,
aluminum, gallium, or indium.

Although the difference in the chemical
composition of n-type and p-type materials is
slight, the differences in the electrical charac-
teristics of the two types are substantial, and
are very important in the operation of
semiconductor devices.

JUNCTIONS
When n-type and p-type materials are joined
together, as shown in Fig. 5, an unusual but
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Fig. 5 - Interaction of holes and electrons
at p-n junction.
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very important phenomenon occurs at the
interface where the two materials meet (called
the p-n junction). An interaction takes place
between the two types of material at the
junction as a result of the holes in one material
and the excess electrons in the other.

When a p-n junction is formed, some of the
free electrons from the n-type material diffuse
across the junction and recombine with holes
in the lattice structure of the p-type material;
similarly, some of the holes in the p-type
material diffuse across the junction and
recombine with free electrons in the lattice
structure of the n-type material. This inter-
action or diffusion is brought into equilibrium
by a small space-charge region (sometimes
called the transition region or depletion layer).
The p-type material thus acquires a slight
negative charge and the n-type material
acquires a slight positive charge.

Thermal energy causes charge carriers (elec-
trons and holes) to diffuse from one side of the
p-n junction to the other side; this flow of
charge carriers is called diffusion current. Asa
result of the diffusion process, however, a
potential gradient builds up across the space-
charge region. This potential gradient can be
represented, as shown in Fig. 6, by an
imaginary battery connected across the p-n
junction. (The battery symbol is used merely
to illustrate internal effects; the potential it
represents is not directly measurable.) The
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Fig. 6 - Potential gradient across space-
charge region.

potential gradient causes a flow of charge
carriers, referred to as drift current, in the
opposite direction to the diffusion current.
Under equilibrium conditions, the diffusion
current is exactly balanced by the drift current
so that the net current across the p-n junction
is zero. In other words, when no external
current or voltage is applied to the p-n junction,
the potential gradient forms an energy barrier
that prevents further diffusion of charge
carriers across the junction. In effect, electrons
from the n-type material that tend to diffuse
across the junction are repelled by the slight
negative charge induced in the p-type material
by the potential gradient, and holes from the
p-type material are repelled by the slight
positive charge induced in the n-type material.
The potential gradient (or energy barrier, as it
is sometimes called), therefore, prevents total
interaction between the two types of materials,
and thus. preserves the differences in their
characteristics.

Current Flow

When an external battery is connected
across a p-n junction, the amount of current
flow is determined by the polarity of the
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applied voltage and its effect on the space-
chargeregion. In Fig. 7(a), the positive terminal
of the battery is connected to the n-type
material and the negative terminal to the p-
type material. In this arrangement, the free
electrons in the n-type material are attracted
toward the positive terminal of the battery
and away from the junction. At the same time,
holes from the p-type material are attracted
toward the negative terminal of the battery
and away from the junction. As a result, the
space-charge region at the junction becomes
effectively wider, and the potential gradient
increases until it approaches the potential of
the external battery. Current flow is then
extremely small because no voltage difference
(electric field) exists across either the p-type or
the n-type region. Under these conditions, the
p-n junction is said to be reverse-biased.

In Fig. 7(b), the positive terminal of the
external battery is connected to the p-type
material and the negative terminal to the n-
type material. In this arrangement, electrons
inthe p-type material near the positive terminal
of the battery break their electron-pair bonds
and enter the battery, creating new holes. At
the same time, electrons from the negative
terminal of the battery enter the n-type material
and diffuse toward the junction. As a result,
the space-charge region becomes effectively
narrower, and the energy barrier decreases to
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Fig. 7 - Electron current flow in biased
p-n junctions.
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an insignificant value. Excess electrons from
the n-type material can then penetrate the
space-charge region, flow across the junction,
and move by way of the holes in the p-type
material toward the positive terminal of the
battery. This electron flow continues as long
as the external voltage is applied. Under these
conditions, the junction is said to be forward-
biased.

The generalized voltage-current character-
istic for a p-n junction in Fig. 8 shows both the
reverse-bias and forward-bias regions. In the
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Fig. 8 - Voltage-currentcharacteristic for
a p-n junction.

forward-bias region, current rises rapidly as
the voltage is increased and is relatively high.
Current in the reverse-bias region is usually
much lower. Excessive voltage (bias) in either
direction is avoided in normal applications
because excessive currents and the resulting
high temperatures may permanently damage
the solid-state device.

TRANSISTOR STRUCTURES

Fig. 7 shows that a p-n junction biased in
the reverse direction is equivalent to a high-
resistance element (low current for a given
applied voltage), while a junction biased in the
forward direction is equivalent to a low-
resistance element (high current for a given
applied voltage). Because the power developed
by a given current is greater in a high-
resistance element than in a low-resistance
element (P=I?R), power gain can be obtained
in a structure containing two such resistance
elements if the current flow is not materially
reduced. A device containing two p-n junctions
biased in opposite directions can operate in
this fashion. The resulting device is called a
transistor.
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Such a two-junction device is shown in
Figs. 9 and 10. The thick end layers are made
of the same type of material (n-type in this
case), and are separated by a very thin layer of
the opposite type of material (p-type in the
device shown). The three regions of the device
are called the emitter, the base, and the
collector, as shown in Fig. 10. By means of the
external batteries, the left-hand (n-p) junction
is biased in the forward direction to provide a
low-resistance input circuit, and the right-
hand (p-n) junction is Biased in the reverse
direction to provide a high-resistance output
circuit.

OUTPUT
—O

ELECTRON
FLOW

I
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Fig.. 9 - N-P-Nstructure biased for power
gain.

EMITTER BASE | COLLECTOR

Fig. 10 - Functional diagram of transistor
structure.

Electrons flow easily from the left-hand n-
type region to the center p-type region as a
result of the forward biasing. Most of these
electrons diffuse through the thin p-type
region, however, and are attracted by the
positive potential of the external battery across
the right-hand junction. In practical devices,
approximately 95 to 99.5 per cent of the
electron current reaches the right-hand n-type
region. This high percentage of current
penetration provides power gain in the high-
resistance output circuit and is the basis for
transistor amplification capability.

The operation of p-n-p devices is similar to
that shown for the n-p-n device, except that
the bias-voltage polarities are reversed, and
electron-current flow is in the opposite direc-
tion. (In general, discussions of semiconductor
theory assume that the “holes” in semicon-
ductor material constitute the main charge

carriers in p-n-p devices, and discuss “hole
currents” for these devices and “electron
currents” for n-p-n devices. The direction of
hole current flow is considered to be the same
as that of conventional current flow, which is
assumed to travel through a circuit in a
direction from the positive terminal of the
external battery back to its negative terminal.
This direction is opposite from that of
electron flow, which travels from a negative to
a positive terminal.)

Different symbols are used for n-p-n and
p-n-p transistors to show the difference in the
direction of current flow in the two types of
devices. In the n-p-n transistor shown in Fig.
11(a), electrons flow from the emitter to the
collector. In the p-n-p transistor shown in Fig.
11(b), electrons flow from the collector to the
emitter. In other words, the direction of
electron current is always opposite to that of
the arrow on the emitter lead. The arrow
indicates the direction of “conventional current
flow” in the circuit.

EMITTER /~ \ COLLECTOR

BASE
(a) n-p-n TRANSISTOR

EMITTER COLLECTOR

BASE
(b) p-n-p TRANSISTOR
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Fig. 11 - Schematic symbols for transis-
tors.

The transistor can be used for a wide variety
of control functions, including amplification,
oscillation, switching, and frequency conver-
sion. Power-transistor characteristics and
ratings are discussed in the following pages.

The ultimate aim of all transistor fabrication
techniques is the construction of two parallel
p-n junctions with controlled spacing between
the junctions and controlled impurity levels
on both sides of each junction. A variety of
structures and geometries have been developed
in the course of transistor evolution.
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In power transistors, structure refers to the
junction depth, the concentration and profile
of the impurities (doping), and the spacings of
the various layers of the device. Geometry
refers to the topography of the transistor.
These factors and the method of assembly of
the semiconductor pellet into the over-all
transistor package have an important bearing
on the types of applications in which a power
transistor can be used to optimum advantage.
The proper choices of trade-offs among these
factors determine the gain, frequency, voltage,

current, and dissipation capabilities of power
transistors.

Various structures have been developed to
provide different electrical, thermal, or cost
properties, with each having certain advantages
or compromises to offer. Table I lists the
principal structures available for silicon power
transistors, together with some of the ad-
vantages and disadvantages of each type. A
brief description of each type of structure
follows.

Table I—Types of Structures for Silicon Power Transistors

Structure Advantages

Disadvantages

Hometaxial-base

Electrically rugged, low
cost, good voltage rating

Low speed, low upper-
voltage limit (150-200 V)

Double-diffused mesa High speed

High saturation resistance

Double-diffused planar

Uniformity of dévice
characteristics, high
speed, low leakage

High saturation resistance

Triple-diffused High speed, low saturation | Moderate cost, moderate
resistance leakage
Triple-diffused planar Very low leakage, high Higher cost

resistance

speed, low saturation

Double-diffused epitaxial

High speed, low saturation | Moderate cost, moderate

mesa resistance leakage, less rugged
Double-diffused epitaxial | High speed, low leakage, |High cost, less rugged
planar low saturation resistance

Epitaxial-base mesa

resistance

High current-carrying
capability, moderate
speed, low saturation

Low voltage, moderate
leakage

Multiple-epitaxial-base
mesa

Good current-handling
capability, moderate
speed, low saturation
resistance, electronically
rugged, high voltage

Moderate cost

Double-diffused multiple-
epitaxial mesa

High speed, electronically
rugged, low saturation
resistance, high collector-
junction voitage ratings

Moderate cost, moderate
leakage

Darlington (double-
epitaxial, single-diffused)

Moderate speed, high gain,| High saturation resistance
high input impedance
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Hometaxial-Base Transistors

Hometaxial-base transistors start with a
wafer of moderately-high-resistivity silicon on
which are deposited several thin layers of
impurities. Then, under controlled temperature
and ambient conditions, the impurities are
driven deep into both sides of the silicon
wafer. Early in the diffusion, the process is
interrupted briefly, and a “mesa” or raised
portion ‘is selectively etched to define the
emitter geometry. The process is complete
when the deep diffused junctions are separated
by a moderately wide (about 1 mil) base
region. Fig. 12shows a typical cross section of
a completed single-diffused hometaxial tran-
sistor.

Double-Diffused Transistors

Double-diffused transistors start with a
relatively high-resistivity silicon wafer on
which a base dopant impurity is deposited.
This dopant is then diffused to a shallow
depth. Then, an oxide (Si02) is selectively
etched to define regions where an emitter
impurity is to be deposited and diffused. The
oxide acts as an effective mask against the
diffusion of most of the usual impurity
clements, such as boron or phosphorus. The
emitter diffuses more rapidly than the base
and, therefore, provides a means to narrow
the base width until the desired electrical
properties are obtained. The more rapid

emitter diffusion results from a much higher
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Fig. 12 - Hometaxial-base (smgle—dlffused)
transistor structure.

The chief advantages of the hometaxial-
base transistors are good voltage ratings and
excellent electronic ruggedness that permit
these transistors to withstand repeated high-
energy power pulses. Both advantages result
from the very deep graded junctions and the
wide base region. The graded junction pro-
vides a benefit of either higher voltage ratings
with good saturation resistances, or much
lower saturation resistances at a given voltage.
The electronic ruggedness arises from the
moderately wide, undiffused (homogeneous)
base region which allows injected charge
carriers to fan out and thereby reduce charge-
carrier density at the collector junction where
heating effects predominate. Another advan-
tage is that the manufacturing cost per unit of
power-handling capability is relatively low,
primarily as a result of large-batch processing.

Hometaxial-base transistors have a rela-
tively low switching-speed limit because of the
moderately wide base spacing, and a low
upper voltage limit of about 150 to 200 volts
because of punch-through limitations.

impurity level, which enhances the diffusion
coefficient as compared to that of the base
diffusion. Fig. 13 shows a cross section of a
typical double-diffused transistor.

OXIDE

{7

92CS-35958

Fig. 13 - Double-diffused transistor struc-
ture.

The double-diffused structure differs from
other designs in that the high-resistivity side of
the collector-base junction is on the collector
side; therefore, the collector voltage can be
designed almost independent of the base width.
The advantage of the double-diffused tran-
sistor is that very narrow non-homogeneous
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or graded base widths are employed; the
frequency responses of these devices, therefore,
are orders of magnitude greater than those of
earlier types of transistors. Double-diffused
transistors, however, have a very high collector
saturation resistance and relatively fragile
junctions because of the thick high-resistivity
collector and narrow graded base width.

Double-Diffused Planar Transistors

The double-diffused planar transistor is
essentially identical to the double-diffused
type with one modification in the manufac-
turing process. As shown in Fig. 14 the

OXIDE
E /I :I 823 1
CEMTIER J_ 4 4
l BASE 01 ML oZML
! !
COLLECTOR HIGH RESISTIVITY 5-6
MILS

92CS-35960

Fig. 14 - Double-diffused planar transistor
structure.

collector-base junction terminates under a
protective oxide layer at the surface of the
silicon wafer instead of at the side. This
requires one additional masking step for the
base impurity. An oxide similar to the emitter
masking step is also used for this mask.

The double-diffused planar transistor fea-
tures drastically reduced collector leakage
currents and better uniformity of device
characteristics. The double-diffused planar
structure allows the transistor to come very
close to the low theoretical limit for silicon
junction leakage current.

The disadvantages are similar to those of
the double-diffused transistor, in that the
double-diffused planar type has a very high
collector saturation resistance and relatively
fragile junctions. The double-diffused planar
transistor has a collector voltage 10 to 20 per
cent lower than that of mesa types with the
same junction design.

Triple-Diffused Transistors

The triple-diffused structure is essentially
identical to the double-diffused design except
that a third diffusion is performed. The third
diffusion, on the opposite side of the silicon
wafer, eliminates the major disadvantage of
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the double-diffused design—high saturation
resistance. In the triple-diffused transistor the
wafer of silicon is coated with a dopant,
followed by a controlled diffusion. Fig. 15
shows a typical cross section of a triple-
diffused transistor.

OXIDE
EMITTER d
(LEMITTER J_ §
BASE TNl 02 ML
‘COLLECTOR HIGH RESISTIVITY
4 MiLS

| DIFFUSED COLLECTOR

:

Fig. 15 - Triple-diffusedtransistor structure.

The principal advantage of the triple-dif-
fused structure is that it has low saturation
resistance which is of crucial importance in
power transistor applications. The saturated
switching speeds of this type of transistor are
faster than those of the double-diffused design.
Both advantages are a result of the thinning
down of the high-resistivity section while the
bulk of the collector is heavily doped and
highly conductive. This technique, however,
results in relatively fragile junctions.

Triple-Diffused Planar Transistors

The triple-diffused planar transistor, which
is similar in structure to the triple-diffused
transistor, incorporates a planar collector, as
shown in Fig. 16. Critical cross sections of

CONTACT
METALIZING PLANAR

COLLECTOR

OXIDE JUNCTION

LEMITTER [
BASE OIMIL

COLLECTOR HIGH RESISTIVITY

—t
| |o2mu
DIFFUSED COLLECTOR 4 MILS
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Fig. 16 - Triple-diffused planar transistor
structure.

different stages of the manufacturing processes
are shown in Fig. 17,

The principal advantages of the triple-
diffused planar transistor are very low leakage
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Fig. 17 - Processing steps in the manu-
facture of a triple-diffused planar

transistor.

current, high-speed operation, and low sat-
uration resistance. The main disadvantage is
that the cost of manufacturing is higher than
that of non-planar devices.

Double-Diffused Epitaxial Transistors

The double-diffused epitaxial structure is
similar in appearance to the triple-diffused
design, except that the diffused collector region
is replaced by a heavily doped homogeneous
layer referred to as the epitaxial substrate.
Because of the difference in doping between

e V//IIIIY.

_BASE ]
COLLECTOR HIGH RESISTIVITY

| HEAVILY DOPED SUBSTRATE }4 MILS

92CS-35954

Fig. 18 - Double-diffused epitaxial tran-
sistor structure.

the double-diffused epitaxial and triple-dif-
fused structures, some improvements in
switching speeds and saturation resistance can
be realized. The double-diffused structure,
however, has a somewhat poorer reverse
“energy profile”, so that its capability to
withstand inductive or capacitive energy pulses
is reduced.

~ Fig. 18 shows a cross section of a typical
double-diffused epitaxial transistor, and Fig.
19 shows a planar version of the same kind of
transistor.
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Fig. 19 - Double-diffused epitaxial planar
transistor structure.




12

Epitaxial-Base Transistors

The epitaxial-base structure uses epitaxial
layers in the actual formation of the base-
collector junction. A single diffusion of the
emitter completes this relatively simple design.
A layer of impurity (opposite to the substrate
impurity) is epitaxially grown on the highly
doped substrate. An oxide masking and emitter
diffusion into this epitaxial layer completes
the construction. Fig. 20 shows a typical cross
section of an epitaxial-base power transistor.

OXIDE

X777

EMITTER

DIFFUSED EMITTER
HOMOGENEQUS EPITAXIAL BASE

(COLLECTOR)
10 MILS

|

Fig. 20 - Epitaxial-base transistor structure.

The principal advantage of the epitaxial-
base structure, compared to the double-dif-
fused designs, is that it is electronically more
rugged (able to withstand energy pulses) as a
result of the wider and homogeneous base
region. In comparison to the hometaxial

HEAVILY DOPED SUBSTRATE

92CS-35951
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structure, the epitaxial-base type has signi-
ficantly higher frequency response and the
ability to carry higher currents for an equi-
valent emitter area.

The disadvantage of the epitaxial-base
design is that it is limited by low voltage
ratings imposed by the constraint of the
abrupt base-collector junction formed between
the heavily doped collector substrate and the
epitaxially deposited base layer. The low
voltage rating also results from the thin base
width necessary for adequate current gain
which reduces voltage limits because of
punch-through effects. The epitaxial-base
transistor also suffers from moderate collector
leakage-current levels resulting from the abrupt
step junctions and mesa construction.

Multiple-Epitaxial-Base Transistors

The multiple-epitaxial-base structure is
similar to the epitaxial-base transistor, but
has the added feature of a high-resistivity
epitaxial layer for the active collector region.
The multiple epitaxial-base transistor is fabri-
cated from a heavily doped silicon wafer on
which alternate layers of p-n or n-p high-
resistivity silicon are epitaxially grown to
createa - vorav- 7 base-collectorjunction.
An emitter area is then diffused into the
structure. Fig. 21 shows the various stages in
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92CS-35052

Fig. 21 - Processing steps in the manufacture of a
multiple-epitaxial-base transistor.
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Fig. 22 - Multiple-epitaxial-base transistor

structure.

the manufacture of the multiple-epitaxial-
base transistor structure, and Fig. 22 shows a
typical cross section of this type of device.

The principal advantage of the multiple-
epitaxial-base structure is that it has high
voltage ratings with good current carrying
abilities and excellent power-handling capa-
bilities at high voltages (second breakdown).
The higher voltage ratings result because the
transistor uses both the base and the collector
regions to support the applied collector
voltage. The good current-handling character-
istic results from the fact that lower collector
resistivity can be used for equivalent voltage
ratings, as compared to double-diffused epi-
taxial designs. The lower collector resistivity
also minimizes high-current fall-off effects
that result from base widening. The excellent
second breakdown characteristic results from
the moderately wide base width and partial
homogeneous base doping, which allows more
charge-carrier fan-out (diffusion) and reduced
current densities at the collector junction
where heating effects predominate.

The principal disadvantage is that the cost
of manufacturing the multiple epitaxial-base
transistor is relatively high.

Multiple-Epitaxial
Double-Diffused Transistors

The multiple epitaxial double-diffused struc-
ture is almost identical to the double-diffused
epitaxial design, with the exception that
multiple epitaxial layers are used in the
collector region, instead of a single collector
layer. The top collector layer is a thin, high-
resistivity layer followed by one or more thin,

but more heavily doped, layers. These more
heavily doped layers are grown sequentially in
an epitaxial reactor system onto a thick,
heavily doped silicon substrate wafer. Fig. 23
shows the various stages in manufacture of the
multiple epitaxial double-diffused structure,
and Fig. 24 shows a typical cross section of the
completed transistor.

The advantages of the multiple epitaxial
double-diffused structure include those of the
double-diffused epitaxial design (high speed
and low saturation), as well as the significant
advantages of higher collector-junction voltage

f
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Fig. 23 - Processing steps in the manu-
facture of a multiple-epitaxial
double-diffused transistor.
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Fig. 24 - Multiple-epitaxial double-diffused
transistor structure.

ratings, and increased electrical ruggedness.
The electrical ruggedness (supplied by the
additional collector layers) becomes even more
of a factor during power switching with
inductive loads in the 100-to-200-volt range
where significant inductive energies (reverse
second breakdown) may have to be handled
by the transistor.

The disadvantages of the multiple epitaxial
double-diffused transistor are the moderate-
to-high cost per unit and the moderate leakage
in the structure.

GEOMETRIES

The topography of a transistor is referred to
as its geometry. This transistor geometry, in
conjunction with its structure, establishes most
of the fundamental transistor electrical, ther-

mal, and economic properties. Proper geo-
metric design of a transistor allows for many
compromises, which may result in a variety of
advantages and disadvantages from different
structures.

The basic premise for most geometric designs
for power transistors is to increase current
handling per unit area of device. This condition
results in lower-cost designs or, as in high-
frequency transistors, higher-speed operation
as a result of the smaller device areas.

Power transistor geometries have evolved
from the very early inefficient “ring-dot”
configurations to the present-day sophisticated
“overlay” concepts. Fig. 25 shows some typical
geometry milestones in this evolutionary cycle.

The early geometries were characterized by
simple shapes, large dimensional tolerances,

BASE
]
@ :
@) |& &
RING -DOT LINE INTE%AD?GLITMTED
- 8
S )| =] (=] [E] [E]
§m =] I BEEE
§L —| | BEEE
\(‘?\ Y| OVERLAY
—_—)
C = \\\BJ
(NTERDIGITATED 92CS-35949

Fig. 25 - Typical geometries inthe development of transistors.
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and poor utilization of active regions. As the
state of the art in fine-line mask making and
wafer printing improved, the geometries
became more involved, with much finer
dimensions.

Certain device structures have constraints
on how fine the emitter geometry can be
made. Refinement of emitters is governed by
the space needed for emitter and collector
mesas and by the thickness of oxide masks
needed for deep diffusion, as well as by other
factors.

SPECIAL PROCESSING
TECHNIQUES

Silicon power transistors are now taking on
new dimensions in performance. New pro-
cessing techniques including ion implanted,
diffused junctions, polysilicon field shields,
glass passivation, moated planar junctions,
.aluminum-titanium-nickel metallization, and
high lifetime wafer processing are some of the
advanced technologies that are responsible.

Neutron Doping

The voltage and current performance of a
high-voltage transistor is critically dependent
on the crystal resistivity in the n-type collector
region of the device.
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Conventional n-type float-zone crystal-
growing techniques tend to produce large
variations in doping levels due to the low
distribution coefficient of the n-type dopant
(phosphorous) and the varying thermal equi-
librium conditions at the growth interface.

Phosphorous doping by thermal neutron
transmutation is a doping technique in which
a flux of thermal neutrons is irradiated on a
high-resistivity, undoped single crystal to
fractionally transmutate silicon into phosphor-
ous.

The crystal is subsequently annealed to
remove radiation-induced defects in the lattice.
The technique is cost-effective at low doping
levels below ~ 1 x 10'*/cm®(p>50 Q cm)
producing wafers in production quantities
with resistivity variations less than 10 per cent.

Ion Implantation

Control of base and collector doping profiles
is also an important aspect of transistor
processing. The use of ion implantation to
achieve precise doping levels for the base and
collector diffusion sources has eliminated
critical high-temperature chemical-deposition
processes, resulting in better yields and tighter
parameter distributions. A schematic of a
basic ion implant machine is shown in Fig. 26.
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Fig. 26 - Basic ion implantation machine.
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The machine provides simple electronic control
of the incident beam of doping ions. Mass
analysis is used to assure extreme purity of the
ion beam. Doping accuracy is better than one
per cent compared to about 10 per cent for
typical chemical processes. Recently, high
current machines have become commercially
available, providing sufficient capability for
most power device doping.

With theion-implantation technique, atomic
species are ionized, accelerated to high veloci-
ties under vacuum by the application of
electrostatic fields, and directed against the
surface of a target material where they
penetrate and come to rest in a shallow layer
below the surface.

Diffusion Process

The diffusion process developed for pro-
duction of high-voltage transistors contains
only two diffusion steps as shown in Fig. 27.
The ion-implanted base and collector regions
are diffused simultaneously from both sides of
the wafer. This high-temperature (1300°C)
process forms the basic high-voltage diode
structure. The ion-implanted emitter, base-
contact, and collector-contact regions are
then diffused in a second short diffusion step
at a moderate temperature (1200° C) producing
the complete n-p-n transistor structure. Stand-
ard photolithographic and silicon dioxide
masking techniques are used to restrict the
diffusion to the desired regions.

Surface Electric-Field Control

Once the requirements are met for voltage
breakdown capability in bulk silicon, special

Si0p MASK
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consideration of the termination of the junction
with the silicon surface must be taken because
the peak surface electric field that initiates
avalanche breakdown is generally significantly
lower than the corresponding bulk electric
field. Several common methods of reducing
surface fields are shown in Fig. 28. While no
method is completely successful in eliminating
the surface effect, each method is capable of
surface breakdown voltage within 90-95 per
cent of the bulk capability. For reasons
described, the planar depletion moat was
chosen as the best structure for a passivated
high-voltage transistor.

The reverse-bevel technique, shown in Fig.
28(a), is used by most manufacturers of high-
voltage transistors. Surface fields are reduced
because the field is spread over a larger surface
area due to the approximately 30° bevel. One
drawback of the technique is that it requires a
mechanical grinding step to produce an
accurate taper, and mechanical processes are
generally expensive in comparison with other
semiconductor processes. Hard-glass passi-
vation of the junction is not practical due to
the position of the junction, and devices of this
type are generally non-passivated. The reverse-
bevel technique, however, is proven and has
withstood the test of time both in volume
production and in device application.

The planar depletion moat structure shown
in Fig. 28(d) is an excellent method of high-
voltage junction termination both from the
standpoint of pellet area utilization and the
ease of hard-glass passivation. The junction is
located in a plane parallel to the top surface of
the pellet several mils from the mesa-etch
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Fig. 27 - Simplified diffusion process.
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Fig. 28 - Common methods of reducing
surface electric fields.

discontinuity. This arrangement minimizes
the adverse effects of certain variables in the
passivation process such as photoresist ad-
herence, mechanical stresses in the passivation
layers, and glass coverage. Near-theoretical
breakdown can be achieved with proper etch-
depth control.

Glass Passivation

The operating voltage of a solid-state device
is generally limited by the surface breakdown
voltage and the stability of the surface when
the device is subjected to high voltage and
high temperature. Bulk silicon can withstand
an electric field in the order of 500 volts per
mil before breakdown occurs; the surrounding
medium and its interface, however, have much
lower breakdown potentials. Even when arcing
or breakdown of the surface does not occur,
high electric fields can cause ionization of
atoms or molecules on the surface and
migration of ions along the surface.

Ion migration is actually a leakage current
that, although of negligible magnitude, results
in an accumulation of negative and positive

static charges on the pellet surface. These
static charges induce opposite-polarity mobile
charges beneath the surface within the pellet
body. It is the flow of these induced mobile
charges within the body of the pellet, rather
than the flow of charge on the pellet surface,
that actually constitutes the leakage current
which is detrimental to a device operated at
high voltages and high temperatures. Glass
passivation is used to assure maximum surface
breakdown voltage and maximum surface
stability. The glass protects the surface of the
silicon pellet from breakdown or arcing and
forms a barrier that prevents migration of ions
to the silicon surface. Fig. 29 shows a cross
section of a typical glass-passivated transistor
pellet.

Sipos/Glass Passivation

In any high-voltage device, fringing electric
fields external to the pellet are important in
determining performance and reliability. Mo-
bile ionic contaminants on the surface can
play havoc with the electrical characteristics
causing high leakage, unstable voltage break-
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Fig. 29 - Glass-passivated transistor pellet.

down and, in severe cases, complete destruction
of the device. This condition is especially true
ina non-hermetic environment. To desensitize
the junction from external effects, the silicon
surface can be passivated with insulating or
semi-insulating materials which bond well
with the silicon and do not contain mobile
contaminants which can be thermally activated
at the device’s operating temperature.

Passivation of the junction servés another
important economic purpose. Because the
passivated system hermetically seals the device
in chip form, the hard-glass-passivated device
can be tested, categorized, and inventoried at
the pellet stage, reducing inventory carrying
costs and enabling more effective response to
varying market conditions.

A multilayer passivation system called
SOGO was developed to meet the performance
and reliability requirements of high-voltage
devices. The basic components of the SOGO
system are shown in Fig. 30. The primary
passivation layer is a thin film of semi-
insulating polycrystalline oxygen doped silicon
(Sipos) which is formed by Low Pressure
Chemical Vapor Deposition (LPCVD) through
the reaction of nitrous oxide (N20) and silane
(SiH,).

The use of LPCVD primary passivant is

TAPERED CONTACT
OPENNING

also advantageous from the manufacturing
standpoint. High throughput, excellent uni-
formity and reproducibility are realized with
the LPCVD system.

Tri-Metal Metallization

The wide collector region and high lifetime
result in large amounts of stored charge which
tend to restrict switching performance of
high-voltage devices. In order to achieve fast
switching and minimize turn-off tails (which
lead to high power dissipation in turn-off),
RCA high-voltage, high-current transistors
use a finely subdivided discrete emitter struc-
ture and employ a high-conductivity, solder-
able Al/Ti/Ni metallization system, shown in
Fig. 31, on the emitter-base side of the device
with metal-over-oxide capability to access the
discrete emitters. In this metal system, a thick
layer of aluminum is used to bond to the
silicon and silicon dioxide and provide high
lateral conductivity, minimizing voltage drops
in the base and emitter metal which would
tend to create current non-uniformities at
high current injection levels. The titanium
layer serves as a buffer region preventing the
formation of brittle aluminum/nickel inter-
metallics during the metal alloying process.
Solder contact is readily made to the nickel
layer. On the collector side of the device a
layer of nickel is deposited over a titanium
layer to provide a high-conductivity surface
for solder mounting to a heat sink. The metal
layers are deposited in an electron-gun vacuum
evaporator and metal definition is accom-
plished using photolithographic techniques.
A single-step metal etch is employed for ease
of manufacturing. This metal system combines
the advantages of high conductivity, fine-line
geometry, and metal over oxide capability of
the aluminum metal system, with the advan-
tages of a rugged nickel-lead solder mounting
and clip bonding assembly process.
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Fig. 30 - Sipos-Oxide-Glass-Oxide (SOGO) passivation system.
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Fig. 31 - Crosssection of transistor pellet
employing high-conductivity metal-
lization system.

RCA SwitchMax Power Transistors

Many of the special processing techniques
described in the previous paragraphs are
employed toadvantage in the RCA “SwitchMax”
series of power-switching transistors. These
transistors employ a multiple-layer epitaxial,
double-diffused collector structure that is
specially designed for high-current, high-speed
switching. They are fully characterized for
switching applications in off-the-line switching
power supplies, converters, and pulse-width-
modulated switching regulators.

The RCA SwitchMax transistors feature
high voltage capability, fast switching speeds,
and high safe-operating-area (SOA) ratings;
they are 100 per cent tested for the parameters
essential to the design of power-switching
circuits. Table II lists the RCA SwitchMax
series together with important switching
characteristics and voltage and current ratings.
Asindicated in the table, switching parameters
are tested at elevated temperatures (Tc =
100°C), as well as at room temperature, to
provide limit values necessary for worst-case
design.

The fine-geometry emitter, together with
minimum base and collector sheet resistivities
compatible with voltage-breakdown require-
ments, assures excellent high-current and fast-
switching capability. The low collector resist-
ivity and carefully controlled layer thicknesses
minimize the fall-off in gain at high currents
that results from base-widening effects. A
controlled-lifetime process used in the pro-
duction of the SwitchMax pellets results in
higher gain for a given base width and assures
stable current gain during operation at elevated
temperatures.

The ruggedness of the SwitchMax tran-
sistors is enhanced by careful design of the
emitter periphery to assure low current density,
use of wide base widths so that collector
current is spread over more of the pellet area,
a special emitter-pad design that provides
“dynamic” emitter ballasting during switching,
and graded n-type layers for collector bal-
lasting.

The SwitchMax transistors employ the
high-conductivity trimetal metallization sys-
tem, previously shown in Fig. 31, that permits
a designer to solder-mount pellets and chips
for ruggedness and still retain a high-conduc-
tivity, fine-geometry metallization pattern.
Potential weaknesses in the system are detected
by infrared analyses, which enable establish-
ment of optimum patterns to assure uniform
base-current distribution over the entire
transistor active area. The SwitchMax tran-
sistors employ a unique, proprietary glass-
passivation system (similar to that shown
earlier in Fig. 30) that assures low surface
leakage, increased voltage capability, and
improved high-temperature performance.
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SwitchMax Transistor Classification Chart

Table 1l — SwitchMax Transistor Classification Chart
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Ic(sat) 1A 4A SA SA 6A 8A 10A J18A 25A
Veev 260 V — — — — — — — — 2N6686
280V — — — — — — — — 2N6687 |
300 V - — — — — — — — 2N6GAA" |
2N67714 — 2N6671% — — - 2N6674% | 2N6676" -
450V | BUw4oA - 2N67384 — - - 2N6774 -
— — BUw414 — — — - =
2N§7728 - 2N6672 — - — — 2Ne877 -
550V |BUWA40AS — 2N67394 - - - - 2N6775 -
— — BUW41AA — — - — —
2N67734 — 2N6673" — - - 2N6675% | 2N6678% -
650V |BUW40BA| — 2N67404 - - - 2N6776 -
— — BUW41BA - - - - =
- BUX31 — 2N6751 | BUX32 | BUX33 — - -
800V - - - — - - — - -
850 V — — — 2N6752 — — — = —
— BUX31A — 2N6753 | BUX32A | BUX33A — — —
900 V - — - - — - — — -
- BUX31B - 2N6754 | BUX32B | BUX33B — - -
1000 V - — - - —_ — — — -
Characteristics | Temp., T¢ Limits
leev (Max) 25°C 0.1 mA 0.1 mA 0.1 mA 0.1 mA 0.1 mA 0.1 mA 0.1 mA 0.1 mA | 0.05 mA
_ 100°C — 1mA — 1 mA 1mA 1mA 2mA 1mA -_
at Vee=Vcev
125°C 1mA — 1 mA — — — — — 0.5 mA
Vee(sat)(max) 25°°C 1v 1V 1AY 1v 1Y 1V 1V 1v 1.5V
at Ic (sat) 100°C - 15V - 15V 15V 1.5V 2V 2v -
125°C 2V — 2V — — — = - 15V
t (max) 25°C 02us 0.45 us 05us 045us | 0.45us | 0.45us 0.6 us 0.6 us 0.35 us
at I (sat) 100°C - 0.6 us - 0.6 us 0.6 us 0.6 us 1us 1us -
125°C 0.5 us — 0.8 us - - — - — 0.6us |
ts (max) 25°C 25us 3us 25us 3us 3us 3us 25us 25us 0.8 us
at Ic (sat) 100°C - 4us - 4us 4us 4us 4us 4us -
125°C 4.5 us —_ 4us — — — — — 2.5 us
t, (max) 25°C 04 us 04 us 04 us 0.4 us 0.4 us 0.4 pus 0.5us 0.5 us 0.5 us
at I (sat) 100°C — 0.7 us - 0.7 us 0.7 us 0.7 us 1us tus —_
126°C | 138 — 08us - - - — - 08us |
te (max) 25°C 0.4 us 0.4 us 0.4 us 04 us 0.4 us 0.4 us 0.5us 0.5us 0.5u8
at I (sat) 100°C — 0.8 us -— 0.8 us 0.8us 0.8us 0.8 us 0.8 us -
125°C 13us - 08us - - - - - 0.8 us
All SwitchMax transistors are supplied in JEDEC TO-204MA/TO-3 packages, except as noted below: ‘lc (sat) = 20 A.

ASupplied in JEDEC TO-220AB plastic package.

BMIL Approved:
MIL-S-19500/536 — 2N6671, 2N6673
MIL-S-19500/537 — 2N6674, 2NBB75
MIL-S-19500/538 — 2N6676, 2N6678
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RCA power transistors are supplied in both
hermetic packages (metal and/or ceramic)
and plastic packages.The photographs in Fig.
32 show the packages that are used for these
devices.

The volume and area of the package are
important in determining the power dissipation
capability of a power transistor; chip mounting
and encapsulation are also factors. The
maximum allowable power dissipation in the
device is limited by its junction temperature,
which depends upon the ability of the thermal
circuit to conduct heat away from the chip.
The predominant mode of heat transfer is
conduction through the silicon chip and
through the case; the effects of internal free
convection and radiation and lead conduction
are small and may be neglected. The thermal
resistance from pellet to case depends upon
the pellet dimensions and the package con-
figuration.

When the device is operated in free air,
without a heat sink, the steady-state thermal
circuit is defined by the junction-to-free-air
thermal resistance. Thermal considerations
require that there be a free flow of air around
the device and that the power dissipation be
maintained below that which would cause the
junction temperature to rise above the maxi-
mum rating. When the device is mounted ona
heat sink, however, care must be taken to
assure that all portions of the thermal circuit
are considered.

Fig. 33 shows the thermal equivalent circuit
for a heat-sink-mounted device. This figure
shows that the junction-to-ambient thermal
circuit includes three series thermal-resistance
components, i.e., junction-to-case, R guc; case-
to-heat-sink, Rgcs; and heat-sink-to-ambient,
Rgsa. The junction-to-case thermal resistance
of the various device types is given in the
individual technical bulletins on specific types.
The heat-sink-to-ambient thermal resistance
can be determined from the technical data

provided by the heat-sink manufacturer, or
from published heat-sink nomographs. The
case-to-heat-sink thermal resistance depends
on several factors, which include the condition
of the heat-sink surface, the type of material
and thickness of the insulator, the type of
thermal compound, the mounting torque, and
the diameter of the mounting hole in the
heat-sink.

Ty =junction temperature
T =case temperature
Tg =heat-sink temperature
Ta =ambient temperature
Ry jc=iunction-to-casa
thermal resistance
Ry cs=case-to-heat-sink
thermal resistance
Ry sa=heat-sink-to-ambient
thermal resistance

92€5-26386

Fig. 33 - Thermal equivalent circuit for a
solid-state device mounted on a
heat sink.

HERMETIC PACKAGES

The selection of a particular method for
mounting and connection of power transistors
in equipment depends on the type of package
involved; on the equipment available for
mounting and interconnection; on the con-
nection method used (soldered, welded,
crimped, etc.); on the size, shape, and weight
of the equipment package; on the degree of
reliability and maintainability (ease of replace-
ment) required; and, of course, on cost
considerations.

In the following discussion, the information
given applies to the package rather than the
device unless otherwise specified. In other
words, the discussion of handling and mount-
ing of the TO-5 package is understood to
cover mounting of the transistors.
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H-1670

JEDEC TO-3/

H-1811

2N6032, 2N6033
Modified TO-3
(0.060-In. Dia. Pins)

TO-39/TO-5
with Heat Radiator

TO-204MA

TO-39/TO-5
with Flange

JEDEC
TO-39/TO-
205MD

JEDEC TO-66/
TO-213MA

TO-66 with Heat Radiator

. H-1534R1

VERSAWATT
JEDEC TO-220AA

VERSAWATT
JEDEC TO-220AB

RADIAL

Fig. 32 - RCA power transistor packages.
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Packages with Flexible Leads

Some power transistor packages have
flexible leads; these leads are usually soldered
to the circuit elements. In all soldering
operations, some slack or an expansion elbow
should be provided in each lead to prevent
excessive tension on the leads. Excessive heat
should be avoided during the soldering
operation to prevent possible damage to the
devices. Some of the heat can be absorbed if
the flexible lead of the device is grasped
between the case and the soldering point with
a pair of long-nosed pliers.

Although flexible leads can be bent into
almost any configuration to fit any mounting
requirement, they are not intended to take
repeated bending. In particular, repeated
bending at the point at which the lead enters
the case should be avoided. The leads are not
especially brittle at this point, but the sharp
edge of the case produces an excessively small
radius of curvature in a bend made at the case.
Repeated bending with a small radius of
curvature at a fixed point will cause fatigue
and breakage in almost any material. For this
reason, right-angle bends should be made at
least 0.020 inch from the case. This practice
will avoid sharp bends and maintain sufficient
electrical isolation between lead connections
and header. A safe bend can be assured if the
lead is gripped with pliers close to the case and
then bent the requisite amount with the fingers,
as shown in Fig. 34. When the leads of a

==

—
—

L

92CS-26387

Fig. 34 - Method of bending leads on a
flexible-lead package.

number of devices are to be bent into a
particular configuration, it may be advantag-
eous to use a lead-bending fixture to assure
that all leads are bent to the same shape and in
the correct place the first time, so that there is
no need for the repeated bending.
Transistors should be mounted on heat
sinks when they are operated at high power
levels. An efficient heat-sink method for

transistors in JEDEC TO-39 packages is to
provide intimate contact between the heat
sink and at least one-half of the base of the
device opposite the leads. TO-39 packages can
be mounted to the heat sink mechanically,
with glue or an epoxy adhesive. Transistors
should not be soldered to the heat sink.

Packages with Mounting Flanges

The mounting flanges of packages such as
the JEDEC-type TO-3 or TO-66 often serve as
the collector terminal. In such cases, it is
essential that the mounting flange be securely
fastened to the heat sink, which may be the
equipment chassis. Under no circumstances,
however, should the mounting flange be
soldered directly to the heat sink or chassis
because the heat of the soldering operation
could permanently damage the device.

Such devices can be installed in com-
mercially available sockets. Electrical con-
nections may also be made by soldering
directly to the terminal pins. Such connections
may be soldered to the pins close to the pin
seats provided care is taken to conduct
excessive heat away from the seals; otherwise,
the heat of the soldering operation could
crack the pin seals and damage the device.

During operation, the mounting-flange
temperature is higher than the ambient
temperature by an amount which depends on
the heat sink used. The heat sink must provide
sufficient thermal conduction to the ambient
environment to assure that the temperature of
the device mounting flange does not rise
above the rated value. The heat sink or chassis
may be connected to either the positive or
negative supply.

Fig. 35 shows methods of mounting flanged
packages. Zinc-oxide-filled silicone grease
should be used between the device and the
heat sink to eliminate surface voids and to
help conduct heat across the interface. Al-
though glue or epoxy adhesive provides good
bonding, a significant amount of thermal
resistance may exist at the interface. To
minimize this interface resistance, an adhesive
material with low thermal resistance, such as
Hysol* Epoxy Patch Material No. 6C or
Wakefield* Delta Bond No. 152, or their
equivalent, should be used.

*Products of Hysol Corporation, Olean, New York, and
Wakefield Engineering, Inc., Wakefield, Massachusetts,
respectively.
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TO-204MA/TO-3

é . 2SCREWS, 6-32

DF377A
MICA INSULATOR

HEAT SINK
(CHASSIS)

DF378F

2 NYLON INSULATING
BUSHINGS

I. D. = 0.156 in. (4.00 mm)

—
9,/ SHOULDER DIA. = 0.250 in.
(6.40 mm) MAX.,

2 METAL WASHERS SHOULDER THICKNESS
=0.050 in. (1.27 mm) MAX.
2 LOCK WASHERS(&}

2nex. nuTs D

2SOLDER LU

2 HEX. NUTS 92C5-22668R2

NOTE: MAXIMUM TORQUE APPLIED TO MOUNTING
FLANGE IS 12in.-ibs. {0.14 kgf m).

TO-204MA/TO-3
With 200-mil diameter pin

isolation
gf/ 2 SCREWS, 4-40

DF435A
MICA INSULATOR

HEAT SINK
(CHASSIS)

DF436A

2 NYLON INSULATING
BUSHINGS

1.0.=0.120 in. (3.05 mm)
SHOULDER DIA.=0.310 in.
(7.87 mm) MAX.,
SHOULDER THICKNESS
=0.084 in. (1.63 mm) MAX.

2 METAL WASHERS@

2 LOCK WASHERS(ER

2 ex. nuTs P

2SOLDER LUG

2 HEX. NUTS 92C5-33203

NOTE: MAXIMUM TORQUE APPLIED TO MOUNTING
FLANGE 1S 8 in.-lbs. (0.08 kgf m).

MODIFIED TO-3

g\ 2 SCREWS, 6-32

DF238A
MICA INSULATOR

HEAT SINK

/ DF378F
— 2 NYLON INSULATING
—— BUSHINGS
1.D. = 0.156 (4.00)
SHOULDER DIA. = 0.250
(6.40) MAX.,

SHOULDER THICKNESS
=0.050 (1.27) MAX.

2 METAL WASHERS
2Lock wasHers (&}

2 HEX. NUTS ‘\9)

1 SOLDER LUG
2 HEX. NUTS

TO-205MA/TO-5
TO-205MD/T0O-39
With Flange

2 SCREWS, 440

DFO063A
MICA INSULATOR

HEAT SINK

DF378G

2NYLON INSULATING BUSHINGS
1.D. = 0.130 (3.30)
SHOULDER DIA. = 0.218 {5.54)

SHOULDER THICKNESS =
0.050 (1.27) MAX.

2 METAL WASHERS

2 Lock wAsHERS (&R

2 HEX. NUTS

Note: Maximum torque applied
to mounting flange is s2cs-27587E
8 in.-Ib. (0.09 kgim).

Fig. 35 - Methods of mounting flanged-
packaged types.
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TO-213MA/TO-66

2 METAL WASHERS

2 Lock wasners (S

2 HEX. NUTs

1 SOLDER LUG
P 2 HEX. NUTS

Note: Maximum ¢

2 SCREWS, 6-32

DFO31A
MICA INSULATOR

HEAT SINK

DF378F

2 NYLON INSULATING BUSHINGS
1.D. =0.156 (4.00)

SHOULDER DIA. =

0.250 (6.40) M AX.

SHOULDER THICKNESS =

0.050 (1.27) MAX.

q Jied to
12 in.-ib. (0.14 kgfm)

TO-220AB

g SCREW, 6-32
. NR231A
\ R RECTANGULAR METAL

WASHER

DF1038

MICA INSULATOR

HOLE DIA. = 0.145-0.141 in.
(3.68-3.58 mm)

HEAT SINK
(CHASSIS)

DF378F
INSULATING SHOULDE R WASHER
1.D. = 0.156 in. (4.00 mm)
@ SHOULDER DIA. =
METAL WASHER 0.250 in. 6.35 (mm) MAX.
LOCK WASHER (S

HEX NUT @
SOLDER LUG g?

(=3
D!
HEX NUT

NOTE: MAXIMUM TORQUE APPLIED TO MOUNTING
FLANGE IS 8 in. 1. {0.09 kgf-m)

92CS- 34689

ing flange is
$2CS-22500P8
scaew, 6-32
N2 NR231A
RECTANGULAR METAL
WASHER
DF103B
MICA INSULATOR
HOLE DIA. 0.145.0.141
(3.68-3.58)
(&)
S HEAT SINK
© .
(=]
[

0.250 (6.40) MAX.
SHOULDER THICKNESS =
0.050 (1.27) MAX,

et INSULATING BUSHING
1.D. =0.156 (4.00)
SHOULDER DIA, =

METAL WASHER

LOCK WASHER

a8
HEX. NUT

SOLDER LUG Cvf/‘;)
HEX. NUT

92CS~ 22564R2

Fig. 35 - Methods of mounting flanged-
packgged types (cont'd).
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MOLDED-PLASTIC PACKAGES

RCA power transistors in molded-silicone-
plastic packages are available in a wide range
of power-dissipation ratings and a variety of
package configurations.

The most common type of molded-plastic
package is the RCA VERSAWATT (JEDEC
TO-220) package for medium-power appli-
cations, specifically designed for ease of usein
many applications. Each basic type offers
several different lead options, and the user can
select the configuration best suited to his
particular application.

Fig. 36 shows the options currently available
for devicesin RCA VERSAWATT packages.

| H-1534R1

(c)

Fig. 36 - RCA VERSAWATT transistor
packages: (a) JEDEC No. TO-
220AB in-line lead version; (b)
configuration designed for mount-
ing on printed-circuit boards; (c)
JEDEC No. TO-220AA version,
which may be used as replace-
mentfor JEDEC No. TO-66 metal
packages in JEDEC TO-66 sock-
ets.

The JEDEC Type TO-220AB in-line-lead
version, shown in Fig. 36(a), represents the
basic style. This configuration features leads
that can be formed to meet a variety of specific
mounting requirements. Figs. 36(b) and 37
show a package configuration that allows a
VERSAWATT package to be mounted on a
printed-circuit board with a 0.100-inch grid
and a minimum lead spacing of 0.200 inch.
Fig. 36(c) shows a JEDEC Type TO-220AA
version of the VERSAWATT package. The
dimensions of this type of transistor package
are such that it can replace the JEDEC TO-66
transistor package in a commercial socket or
printed-circuit board without retooling. The
TO-220AA VERSAWATT package can also
be obtained with an integral heat sink.

O PR

Fig. 37 - Method of configuring VERSA-
WATT transistor leads for con-
nection to printed-circuit boards
and to provide relief in mounting
arrangements in which forces
are imposed on the package
leads.

Lead-Forming Techniques

The RCA VERSAWATT plastic package
is both rugged and versatile within the confines
of commonly accepted standards for such
devices. Although these versatile packages
lend themselves to numerous arrangements,
provision of a wide variety of lead configu-
rations to conform to the specific requirements
of many different mounting arrangements is
highly impractical. However, the leads of the
VERSAWATT in-line package can be formed
to a custom shape, provided that they are not
indiscriminately twisted or bent. Although
these leads can be formed, they are not flexible
in the general sense, nor are they sufficiently
rigid for unrestrained wire wrapping.

Before an attempt is made to form the leads
of an in-line package to meet the requirements
of a specific application, the desired lead
configuration should be determined, and a
lead-bending fixture should be designed and
constructed. The use of a properly designed
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INCORRECT

LEAD IS NOT RESTRAINED BETWEEN
BENDING POINT AND PLASTIC CASE.

(a)

CORRECT

(b)

92CS-26385

Fig. 38 - Use oflong-nosed pliers for lead
bending: (a) incorrect method;
(b) correct method.

fixture for this operation eliminates the need
for repeated lead bending. When the use of a
special bending fixture is not practical, a pair
of long-nosed pliers may be used. The pliers
should hold the lead firmly between the
bending point and the case, but should not
touch the case. Fig. 38 illustrates the use of
long-nosed pliers for lead bending. Fig. 38(a)
shows a technique that should be avoided;
Fig. 38(b) shows the correct method.

When the leads of an in-line plastic package
are to be formed, whether by use of long-
nosed pliers or a special bending fixture, the
following precautions must be observed to
avoid internal damage to the device:

1. Restrain the lead between the bending
point and the plastic case to prevent
relative movement between the lead and
the case.

2. Whenthe bend is made in the plane of the
lead (spreading), bend only the narrow
part of the lead.

3. When the bend is made in the plane
perpendicular to that of the leads, make
the bend at least % inch from the plastic
case.

4. Do not use a lead-bend radius of less than
1/16 inch.

5. Avoid repeated bending of leads.

The leads of the TO-220AB VERSAWATT
in-line package are not designed to withstand
excessive axial pull. Force in this direction
greater than 4 pounds may result in permanent
damage to the device. If the mounting
arrangement tends to impose axial stress on
the leads, some method of strain relief should

be devised. Fig. 38 illustrates an acceptable
lead-forming method that provides this relief.

Wire wrapping of the leads is permissible,
provided that the lead is restrained between
the plastic case and the point of the wrapping.
Soldering to the leads is also allowed; the
maximum soldering temperature, however,
must not exceed 235°C and must be applied
for not more than 10 seconds at a distance
greater than % inch from the plastic case.
When wires are used for connections, care
should be exercised to assure that movement
of the wire does not cause movement of the
lead at the lead-to-plastic junctions.

Mounting Considerations

Fig. 39 shows recommended mounting
arrangements and suggested hardware for
VERSAWATT devices. The rectangular washer
(NR231A) shownin Fig. 39(a), (¢) and (d) was
designed to minimize distortion of the mounting
flange when the device is fastened to a heat
sink. Excessive distortion of the flange could
cause damage to the device. The washer is
particularly important when the size of the
mounting hole exceeds 0.140 inch (6-32
clearance). Larger holes are needed to accom-
modate insulating bushings; however, the
holes should not be larger than necessary to
provide hardware clearance and, in any case,
should not exceed a diameter of 0.250 inch.
Flange distortion is also possible if excessive
torque is used during mounting. A maximum
torque of 8-inch-pounds is recommended.
The tool used to drive the mounting screw
should never come in contact with the plastic
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g SCREW, 6-32
g\ SCREW, 4-40
NR231A
ECTANGULAR METAL
P WASHER
DF137A
INTEGRAL
INSULATING WASHER
s DF1038
MICA INSULATOR [&)
HOLE DIA. = 0.145.0.141 in, DF103C
(&) (3.68-3.58 mm) MICA INSULATOR
S, 'HOLE FOR 4-40 SCREW!
[ 2 e
NZ& HEAT SINK
(&) (CHASSIS) HEAT $INK
DF378F
INSULATING SHOULDER WASHER

—— 1.D.=0.156 in. (4.00 mm)
& SHOULDER DIA. =

METAL WASHER (o) 0.250 in. 6.35 (mm) MAX. METAL WASHER
LOCK WASHER (&3 Lock wasHER (&}

wexnur D MEX NUT
(=]

SOLDER LUG 9 SOLDER LUG
T
HEX NUT @ HEX. NU @

92CS- 34689
92C$-21279R2

NOTE: MAXIMUM TORQUE APPLIED TO MOUNTING
FLANGE IS 8in. Ib. (0.08 kgf m)

E\scozew, 6:32 NR231A

NR231A HER
RECTANGULAR METAL
WASHER \ \\
DF103B
MICA INSULATOR SCREW, 8-32 \ |
HOLE DIA.- 0.145.0.141
(3.68-3.58)

S} S |

e
© f i
(= [

©

®

HEAT

PRINTED
CIRCUIT

HEAT SINK
J BOARD

DF378F

e INSULATING BUSHING
1.D. = 0.156 (4.00)
SHOULDER DA, =

0.250 (6.40) MAX.
METAL WASHER @ SHOULDER THICKNESS =

0.050 (1.27) MAX.
Lock wasner  (ER

nex Nyt (92

-
SOLDER LUG )
3
HEX. NUT 92cs-21281R1

92CS~ 22564R2

Fig. 39 - Recommended mounting arrange-
ments and suggested hardware
for use with VERSAWATT de-
vices.
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body during driving operation. Such contact
can result in damage to the plastic body and
internal device connections. An excellent
method of avoiding this problem is to use a
spacer or combination spacer-isolating bushing
which raises the screw head or nut above the
top surface of the plastic body, as shown in
Fig. 40. The material used for such a spacer or
spacer-isolating bushing should be carefully
selected to avoid cold-flow and consequent
reduction in mounting force. Suggested mater-
ials for these bushings are diallphthalate,
fiberglass-filled nylon, or fiberglass-filled
polycarbonate. Unfilled nylon should be
avoided.

Modification of the flange can also resultin
flange distortion and should not be attempted.
The flange should not be soldered to the heat
sink by use of lead-tin solder because the heat
required with this type of solder will cause the
junction temperature of the device to become
excessive.

SCREW 4-40

SHOULDER BUSHING
-

HEADER
INSULATOR

HEAT SINK

92Cs-21282R2

Fig. 40 - Mounting arrangement in which
an isolating bushing is used to
raise the head of the mounting
screw above the plastic body of
the VERSAWATT package.

TO-220AA packages can be mounted in
commercially available TO-66 sockets, such
as UID Electronics Corp. Socket No. PT-4 or
equivalent. For testing purposes, the TO-
220AB in-line package can be mounted in a
Jetron Socket No. CD74-104 or equivalent.
Regardless of the mounting method, the
following precautions should be taken:

1. Use appropriate hardware.

2. Always fasten the devices to the heat sink
before the leads are soldered to fixed
terminals.

3. Neverallow the mounting tool to come in

contact with the plastic case.

Never exceed a torque of 8 inch-pounds.
Avoid oversize mounting holes.

Provide strain relief if there is any
probability that axial stress will be applied
to the leads.

7. Useinsulating bushings made of materials
that do not have hot-creep problems.
Such bushings should be made of diallph-
thalate, fiberglass-filled nylon, or fiber-
glass-filled polycarbonate.

Many solvents are available for degreasing
and removal of flux from device and printed-
circuit board after the device has been
mounted. The usual practice is to submerge
the board in a solvent bath for a specified
time. From a reliability standpoint, however,
it is extremely important that the solvent,
together with other chemicals in the solder-
cleaning system (such as flux and solder
covers), not adversely affect the life of the
device. This consideration applies to all non-
hermetic and molded-plastic devices.

It is, of course, impractical to evaluate the
effect on long-term device life of all cleaning
solvents, which are marketed under a variety
of brand names with numerous additives.
Chlorinated solvents, gasoline, and other
hydrocarbons cause the inner encapsulant to
swell and damage the transistor. Alcohols are
acceptable solvents and are recommended for
flux removal whenever possible. Several
examples of suitable alcohols are listed below:

1. methanol

2. ethanol

3. isopropanol

4. blends of the above

When considerations such as solvent flamma-
bility are of concern, selected freon-alcohol
blends are usable when exposure is limited.
Solvents such as those listed below should be
safe when used for normal flux removal

Al
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operations, but care should be taken to assure
their suitability in the cleaning procedure:

1. Freon TE

2. Freon TE-3§

3. Freon TP-35 (Freon PC)
These solvents may be used for a maximum of
4 hoursat 25°C or for a maximum of 1 hour at
50°C.

Care must also be used in the selection of
fluxes in the soldering of leads. Rosin or
activated-rosin fluxes are recommended; or-
ganic fluxes are not.

SPECIAL HANDLING
CONSIDERATIONS

The generation of static charge indry weather
is harmful to all transistors, and can cause
permanent damage or catastrophic failure in
the case of high-speed devices. The most
obvious precaution against such damage is
humidity control in storage and operating
areas. Inaddition, itis desirable that transistors
be stored and transported in metal trays
rather than in polystyrene foam “snow”.
During testing and installation, both the
equipment and the operator should be grounded,
and all power should be turned off when the
device is inserted into the socket. Grounded
plates may also be used for stockpiling of
transistors prior to or after testing, or for use
in testing ovens or on operating life racks.
Further protection against static charges can
be provided by use of partially conducting
floor planes and non-insulating footwear for
all personnel.

Environmental temperature also affects
performance. Variations of as little as 5 per
cent can cause changes of as much as 50 per
cent in the saturation current of a transistor.
Some test operators can cause marked changes
in measurements of saturation current because
the heat of their hands affects the transistors
they work on. Precautions against temperature
effects include air-conditioning systems, use
of finger cots in handling of transistors (or use
of pliers or “plug-in boards” to eliminate
handling), and accurate monitoring and
control of temperature near the devices. Prior

to testing, it is also desirable to allow sufficient
time (about 5 minutes) for a transistor to
stabilize if it has been subjected to temperature
much higher or lower than normal room
temperature (25°C).

Although transient rf fields are not usually
of sufficient magnitude to cause permanent
damage to transistors, they can interfere with
accurate measurement of characteristics at
very low signal levels or at high frequencies.
For this reason, it is desirable to check for
such radiation periodically and to eliminate
its causes. In addition, sensitive measurements
should be made in shielded screen rooms if
possible. Care must also be taken to avoid the
exposure of transistors to other ac or magnetic
fields.

Many transistor characteristics are sensitive
to variations in temperature, and may change
enough at high operating temperatures to
affect circuit performance. Fig. 41 illustrates
the effect of increasing temperature on the
common-emitter forward current-transfer
ratio (beta), the dc collector-cutoff current,
and the input and output impedances. To
avoid undesired changes in circuit operation,
itis recommended that transistors be located away
from heat sources in equipment, and also that
provisions be made for adequate heat dis-
sipation and, if necessary, for temperature
compensation.

FORWARD CURRENT-
TRANSFER RATIO

20 40 60 80 100
TEMPERATURE—"°C

92C€s5-2574!

Fig. 41 - Variation of transistor character-
istics with temperature.
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Ratings and Characteristics

Ratings are established for solid-state
devices to help circuit and equipment designers
use the performance and service capabilities
of each type to maximum advantage. They
define the limiting conditions within which a
device must be maintained to assure satis-
factory and reliable operation in equipment
applications.. A designer must thoroughly
understand the constraints imposed by the
device ratings if he is to achieve effective,
economical, and reliable equipment designs.
Reliability and performance considerations
dictate that he select devices for which no
ratings will be exceeded by any operating
conditions of his application, including equip-
ment malfunction. He should also realize,
however, that selection of devices that have
overly conservative ratings may significantly
add to the cost of his equipment.

BASIS FOR DEVICE RATINGS

Three systems of ratings (the absolute
maximum system, the design center system,
and the design maximum system) are currently
in use in the electronics industry. The ratings
given in the RCA technical data for solid-state
devices are based on the absolute maximum
system. A definition for this system of ratings
has been formulated by the Joint Electron
Devices Engineering Council (JEDEC) and
standardized by the National Electrical Manu-
facturers Association (NEMA) and the Elec-
tronic Industries Association (EIA), as follows:

“Absolute-maximum ratings are limiting
values of operating and environmental condi-
tions applicable to any electron device of a
specified type as defined by its published data,
and should not be exceeded under the worst
probable conditions.

“The device manufacturer chooses these
values to provide acceptable serviceability of
the device, taking no responsibility for equip-
ment variations, environmental variations,
and the effects of changes in operating

conditions due to variations in device charac-
teristics.

“The equipment manufacturer should design
so that initially and throughout life no
absolute-maximum value for the intended
service is exceeded with any device under the
worst possible operating conditions with
respect to supply-voltage variation, equipment
component variation, equipment control ad-
justment, load variation, signal variation,
environmental conditions, and variations in
device characteristics.”

The rating values specified in the technical
data for RCA solid-state devices are deter-
mined on the basis of extensive operating and
life tests and comparison measurements of
critical device parameters. These tests and
measurements define the limiting capabilities
of a specific device type in relation to the
rating factors being considered. The test and
measurement conditions simulate, as closely
as possible, the worst-case conditions that the
device is likely to encounter in actual equip-
ment applications.

Rating tests are expensive, time-consuming,
and often destructive. Obviously, therefore,
all individual solid-state devices of a given
type designation cannot be subjected to these
tests. The validity of the ratings is assured,
however, by use of stringent processing and
fabrication controls and extensive quality
checks at each stage in the manufacturing
process to assure product uniformity among
all devices of a specific type designation and
by testing of a statistically significant number
of samples.

Ratings are given for those stress factors
that careful study and experience indicate
may lead to severe degradation in performance
characteristics or eventual failure of a device
unless they are constrained within certain
limits.

All solid-state devices undergo irreversible
changes if their temperature is increased
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beyond some critical limit. A number of
ratings are given for power transistors, there-
fore, to assure that this critical temperature
limit will not be exceeded on even a very small
part of the silicon chip. The ratings for power
transistors normally specify the maximum
voltages, maximum current, maximum and
minimum operating and storage temperatures,
and maximum power dissipation that the
transistor can safely withstand.

In power transistors, the main design
consideration is power-handling capability.
This capability is determined by the maximum
junction temperature a transistor can with-
stand and how quickly the heat can be
conducted away from the junction.

In general, the basic physical theory that
defines the behavior of any bipolar transistor
in relation to charge-carrier interactions,
current gain, frequency capabilities, voltage
breakdown, and current and temperature
ratings is not significantly different for power
types. Power transistors, however, must be
capable of large current densities and are
required to sustain large voltage fields. For
power types, therefore, the basic transistor
theory must be expanded to include the effect
that these conditions have on the physical
behavior of the devices. In addition, the
physical capabilities of power transistors must
be defined in terms of factors, such as second-
breakdown energy levels, safe operating area,
and thermal-cycling stresses, that are not
usually considered for small-signal types.

VOLTAGE RATINGS

Maximum voltage ratings are normally
given for both the collector and the emitter
junctions of a transistor. A Vgeo rating, which
indicates the maximum base-to-emitter voltage
with the collector open, is usually specified.
The collector-junction voltage capability is
usually given with respect to the emitter,
which is used as the common terminal in most
transistor circuits. This capability may be
expressed in several ways. A Vceo rating
specifies the maximum collector-to-emitter
voltage with the base open; a Vcen rating for
this voltage implies that the base is returned to
theemitter through a specified resistor; a Vces
rating gives the maximum voltage when the
base is shorted to the emitter; and a Vcev
rating indicates the maximum voltage when
the base is reverse-biased with respect to the
emitter by a specified voltage. A Vcex rating
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may also be given to indicate the maximum
collector-emitter voltage when a resistor and
voltage are both connected between base and
emitter.

If a maximum voltage rating is exceeded,
the transistor may “break down” and pass
current in the reverse direction. The breakdown
across the junction is usually not uniform, and
the current may be localized in one or more
small areas. The small area becomes over-
heated unless the current is limited to a low
value, and the transistor may then be destroyed.

The collector-to-base or emitter-to-base
breakdown (avalanche) voltage is a function
of the resistivity or impurity doping con-
centration at the junction of the transistor and
of the characteristics of the circuitin which the
transistor is used. When there is a breakdown
at the junction, a sudden rise in current (an
“avalanche”) occurs. In an abruptly changing
junction, called a step junction, the avalanche
voltage is inversely proportional to the im-
purity concentration. In a slowly changing
junction, called a graded junction, the ava-
lanche voltage is dependent upon the rate of
change of the impurity concentration (grade
constant) at the physical junction. Fig. 42
shows the two types of junction breakdowns.
The basic transistor voltage-breakdown mech-
anisms and their relationship to external
circuits are the basis for the various types of
voltage ratings used by transistor manufac-
turers.
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Fig. 42 - Step-junction and graded-junc-
tion breakdown.
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CURRENT, TEMPERATURE, AND
DISSIPATION RATINGS

The physical mechanisms related to basic
transistor action are temperature-sensitive. If
the bias is not temperature-compensated, the
transistor may develop a regenerative condi-
tion, known as thermal runaway, in which the
thermally generated carrier concentration
approaches the impurity carrier concentration.
[Experimental data for silicon show that, at
temperatures up to 700°K, the thermally
generated carrier concentration n¢ is deter-
mined as follows: n1=3.87 x 10'® x T x (3/2)
exp (-1.21/2kT).] When this condition be-
comes extreme, transistor action ceases, the
collector-to-emitter voltage Vce collapses toa
low value, and the current increases and is
limited only by the external circuit.

If there is no current limiting, the increased
current can melt the silicon and produce a
collector-to-emiitter short. This condition can
occur as a result of a large-area average
temperature effect, or in a small area that
produces hot spots or localized thermal
runaway. In either case, if the intrinsic
temperature of a semiconductor is defined as
the temperature at which the thermally
generated carrier concentration is equal to the
doped impurity concentration, the absolute
maximum temperature for transistor action
can be established.

The intrinsic temperature of a semicon-
ductor is a function of the impurity con-
centration, and the limiting intrinsic tempera-
ture for a transistor is determined by the most
lightly doped region. It must be emphasized,
however, that the intrinsic temperature acts
only as an upper limit for transistor action.
The maximum operating junction temperature
and the maximum current rating are estab-
lished by additional factors such as the
efficiency of heat removal, the yield point and
melting point of the solder used in fabrication,
and the temperature at which permanent
changes in the junction properties occur.

The maximum current rating of a transistor
indicates the highest current at which, in the
manufacturer’s judgment, the device is useful.
This current limit may be established by
setting an arbitrary minimum current gain or
may be determined by the fusing current of an
internal connecting wire. A current that
exceeds the rating, therefore, may result in a
low current gain or in the destruction of the
transistor.
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The basic materials in a silicon transistor
allow transistor action at temperatures greater
than 300°C. Practical transistors, however,
are limited to lower temperatures by mounting
systems and surface contamination. If the
maximum rated storage or operating tempera-
ture is exceeded, irreversible changes in leakage
current and in current-gain characteristics of
the transistor result.

Junction-Temperature Ratings

The temperature of solid-state devices must
be closely controlled not only during operation,
but also during storage. For this reason,
ratings data for these devices usually include
maximum and minimum storage temperatures,
as well as maximum operating temperatures.

The maximum allowable power dissipation
in a solid-state device is limited by the
temperature of the semiconductor pellet (i.e.,
the junction temperature). An important factor
that assures that the junction temperature
remains below the specified maximum value is
the ability of the associated thermal circuit to
conduct heat away from the device. For this
reason, solid-state power devices should be
mounted on a good thermal base (usually
copper), and means should be provided for
the efficient transfer of heat from this base to
the surrounding environment.

When a solid-state device is mounted in free
air, without a heat sink, the steady-state
thermal circuit is defined by the junction-to-
free-air thermal resistance given in the pub-
lished data on the device. Thermal consider-
ations require that there be a free flow of air
around the device and that the power dissi-
pation be maintained below that which would
cause the junction temperature to rise above
the maximum rating. When the device is
mounted on a heat sink, however, care must
be taken to assure that all portions of the
thermal circuit are considered.

Solid-state power devices may also be
adversely affected by temperature variations
that result from changes in power dissipation
during operation or in the temperature of the
ambient environment. Such temperature varia-
tions produce cyclic mechanical stresses at the
interface of the semiconductor pellet and the
copper base to which the pellet is attached
because of the different thermal-expansion
coefficients of these materials. These thermally
induced cyclic stresses may eventually lead to
a wearout type of failure refered to as thermal
fatigue.
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In this section the thermal impedances that
comprise the basic thermal circuit of a solid-
state device are defined, the use and advantages
of external heat sinks are described, and the
effects of cyclic thermal stresses are analyzed.
The basic principles explained are generally
applicable to all solid-state power devices
regardless of the particular type of device
identified in specific examples.

Basic Thermal System

When current flows through a solid-state
device, power is dissipated in the semicon-
ductor pellet that is equal to the product of the
voltage across the junction and the current
through it. As a result, the temperature of the
pellet increases. The amount of the increase in
temperature depends on the power level and
how fast the heat can flow away from the
junction through the device structure to the

case and the ambient atmosphere. The rate of tions.

heat removal depends primarily upon the
thermal resistance and capacitance of the
materials involved. The temperature of the
pellet rises until the rate of heat generated by
the power dissipation is equal to the rate of
heat flow away from the junction; i.e., until
thermal equilibrium has been established.
Thermal resistance can be compared to
electrical resistance. Just as electrical resistance
is the extent to which a material resists the

PERMISSIBLE DISSIPATION —
PER CENT OF MAXIMUM RATING
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flow of electricity, thermal resistance is the
extent to which a material resists the flow of
heat. A material that has a low thermal
resistance is said to be a good thermal
conductor. In general, materials which are
good electrical conductors are good thermal
conductors, and vice versa.

Power-Dissipation Ratings

Power is dissipated in the semiconductor
material of a solid-state device in the form of
heat, which if excessive can cause irreversible
changes in the crystal structure or melting of
the pellet. This dissipation is equal to the
difference between the input power applied to
the device and the power delivered to theload
circuit. Because of the sensitivity of semi-
conductor materials to variations in thermal
conditions, maximum dissipation ratings are
usually given for specific temperature condi-

In many instances, dissipation ratings for
solid-state devices are specified for ambient,
case, or mounting-flange temperatures up to
25°C. Such ratings must be reduced linearly
for operation of the devices at higher tempera-
tures. Fig. 43 shows a typical power-transistor
derating chart that can be used to determine
maximum permissible dissipation values at
specific temperatures above 25° C. (This chart
cannot be assumed to apply to transistor types
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other than the particular transistors for which
it was prepared.) The chart shows the permis-
sible percentage of the maximum dissipation
ratings as a function of ambient or case
temperature. Individual curves are shown for
specific operating temperatures. If the maxi-
mum operating temperature of a particular
transistor type is some other value, a new
curve can be drawn from point A to the
desired temperature value on the abscissa, as
indicated by the dashed-line curves on the
chart.

EFFECT OF EXTERNAL
HEAT SINKS

The maximum allowable power dissipation
in a solid-state device is limited by the
temperature of the semiconductor pellet (i.e.,
thejunction temperature). An important factor
that assures that the junction temperature
remains below the specified maximum value is
the ability of the associated thermal circuit to
conduct heat away from the device. For this
reason, solid-state power devices should be
mounted on a good thermal base (usually
copper), and means should be provided for
the efficient transfer of heat from this base to
the surrounding environment.

Most practical heat sinks used in modern,
compact equipment are the result of experi-
ments with heat transfer through convection,
radiation, and conduction in a given applica-
tion. Although there are no set design formulas
that provide exact heat-sink specifications for
a given application, there are a number of
simple rules that reduce the time required to
evolve the best design for the job. These
simple rules are as follows:

1. The surface area of the heat sink should
be as large as possible to provide the greatest
possible heat transfer. The area of the surface
is dictated by case-temperature requirements
and the environment in which the device is to
be placed.

2. The heat-sink surface should have an
emissivity value near unity for optimum heat
transfer by radiation. A value approaching
unity can be obtained if the heat-sink surface
is painted flat black.

3. The thermal conductivity of the heat-
sink material should be such that excessive
thermal gradients are not established across
the heat sink.

Although these rules are followed in con-
ventional heat-sink systems, the size and cost

35

of such systems often become restrictive in
compact, mass-produced power-control and
power-switching applications. The use of
mass-produced prepunched parts, direct solder-
ing, and batch-soldering techniques eliminates
many of the difficulties associated with heat
sinks by making possible the use of a variety of
simple, efficient, readily fabricated heat-sink
configurations that can be easily incorporated
into the mechanical design of equipment.

For most efficient heat sinking, intimate
contact should exist between the heat sink and
at least one-half of the package base. The
package can be mounted on the heat sink
mechanically, with glue or epoxy adhesive, or
by soldering. (Soldering is not recommended
for transistors.) If mechanical mounting is
employed, silicone grease should be used
between the device and the heat sink to
eliminate surface voids, prevent insulation
buildup due to oxidation, and help conduct
heat across the interface. Although glue or
epoxy adhesive provides good bonding, a
significant amount of resistance may exist at
the interface resistance; an adhesive material
with low thermal resistance, such as Hysol
Epoxy Patch Material No. 6C or Wakefield
Delta Bond No. 152, or their equivalent,
should be used.

Types of Heat Sinks

Heat sinks are produced in various sizes,
shapes, colors, and materials; the manufacturer
should be contacted for exact design data. It is
convenient for discussion purposes to group
heat sinks into three categories as shown
below:

1. Flat vertical-finned types are normally
aluminum extrusions with or without an
anodized black finish. They are unexcelled for
natural convection cooling and provide
reasonable thermal resistance at moderate air-
flow rates for forced convection.

2. Cylindrical or radial vertical-finned types
are normally cast aluminum with an anodized
black finish. They are used when maximum
cooling in minimum lateral displacement is
required, using natural convection.

3. Cylindrical horizontal-finned types are
normally fabricated from sheet-metal rings
and have a painted black matte finish. They
are used in confined spaces for maximum
cooling in minimum displaced volume.

It is also common practice to use the
existing mechanical structure or chassis as a
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heat sink. The design equations and curves for removal by both convection and radiation is
such heat sinks based upon convection and given in Fig. 47. This nomograph applies for
radiation are shown in Figs. 44, 45, and 46. natural bright finish on the copper or aluminum.

A useful nomograph which considers heat

2800
- \
2300 ,_L_,025
s \\\ Rgc = SR x5 )
\ .
P \\ \ Rac =£‘§E °C/WATT
t 2400
S N\ WHERE Rge = CONVECTION THERMAL
- L\ \ RESISTANCE *C/WATT
5 2200 AR A= AREA IN cm?, TOTAL
4 \ EXPOSED SURFACE
o 2000 \ \ N L =HEIGHT IN cm
a \ N N N R
4 \ \ "oc
m
< 1800 S 3o
2 1600 20 ~~——
3 \ s \
w NG \\ T~
S 1400 N ‘0 \\
§ 1200 < S —
- \ \
2 K] P—
1000 S
\\
800 —
0O 20 40 60 80 100 120 140

TsurRFACE ~ TAMBIENT — °

0o

92Cs-21250

Fig. 44 - Convection thermal resistance as afunction of temperature drop
from the surface of the heat sink to free air for heat sinks of various
heights. (Reprinted from Control Engineering, October 1956.)

8

2000

1800

1600

Row = 1793x 108
R — % 5
Ae(TE+TE) (Tg+To)
R [

\"o . A—f °C/WATT

N WHERE A = TOTAL EXPOSED AREA, cm@
\ e = EMISSIVITY

N

X

Ts = SURFACE TEMP, °C
Ta = AMBIENT TEMP, °C

RADIATION THERMAL RESISTANCE x AREA (°C/WATT xem?)

Rgr * RADIATION THERMAL
14 R
00 ) R RESISTANCE
1200 Ei\
So
1000 NN \
\\‘rs\\\
U !
QPA.\‘O{
800 {995~
C\Q
\
600
O 20 40 _60 80 100 120 140
TamBigNT — °C 92¢s-21251

Fig. 45 - Radiation thermal resistance as a function of ambient tempera-
ture for various heat-sink surface temperatures. (Reprinted from
Control Engineering, October 1956.)




Ratings and Characteristics

|°2 [ EMISSIVITY =0.01

16cm-HIGH VERTICAL PLATE
TAMBIENT =27°C —

&

[}

0.

»n ®

RADIATION THERMAL RESISTANCE/
CONVECTION THERMAL RESISTANCE

ol
20 40 60 80 100 120 140 160
T surFace —°C 92¢s- 21252
Fig. 46 - Ratio of radiation thermal resistance to convection thermal

resistance as a function of heat-sink surface temperature
for various surface emissivities. (Reprinted from Control Engineering,

October 1967.)
MATERIAL COPPER I ALUMINUM
'} -t
< <
MOUNTING Z g z -
POSITION 8 g 2 2
g 8 § &
x > 2 >
3 25 2 T -
THCKNESS (INCHES) 16 | 32 i6 | 32 i6 | 32 i6 | 32
= P
3 E a = o
t— N/ —aa [
3 — 3 1 = =0 F e/
0 - — — ~N ]
3 —= — = = —
- o« ] —] o — o —
9 | N © ] [ o —] —a —
AREA g — I s [ I I g
OF .ONE g E T 2 L s3d-
SIDE OF : = o— o = = =
HEAT © = — o —] , o 9=
SINK OR =0 H BEred ="
CHASSIS S E 4 = E 9 E —
o s) = " J E 3 E «J
INCHES) 0 p— = E 5 = —
M= H E.od E =
— ¢ —] —< ©= — o
Y — 5 E= = v
o = o E = =
= o= Ev o o= o—
o E° =ZH E H g =
= = == ~= —
o — — —] 0 = —
b — ] = -
© — — = puns ©—]
= ~ — ~= = =
_ = L~ o — =
THERMAL RESISTANCE — °C/W

92Cs-21253
Fig. 47 - Thermal resistance as a function of heat-sink dimensions. (Nomo-
graph reprinted from Electronic Design, August 16, 1961.)




38

Heat-Sink Performance

The performance that may be expected
from a commercial heat sink is normally
specified by the manufacturer, and the inform-
ation supplied in the design curves shown in
Figs. 44, 45, and 46 provides the basis for the
design of flat vertical plates for use as heat
sinks. In all cases, it must be remembered that
the heat is dissipated from the heat sink by
both convection and radiation. Although
surface area is important in the design of
vertical-plate heat sinks, other factors such as
surface and ambient temperature, conduc-
tivity, emissivity, thickness, shape, and orient-
ation must also be considered. An excessive
temperature gradient can be avoided and the
conduction thermal resistance in the heat sink
can be minimized by use of a high-conductivity
material, such as copper or aluminum, for the
heat sink. Radiation losses are increased by an
increase in surface emissivity. Best results are
obtained when the heat sink has a black matte
finish for which the emissivity is at least 0.9.
When free-air convection is used for heat
removal, a vertically mounted heat sink
provides a thermal resistance that is approxi-
mately 30 per cent lower than that obtained
with horizontal mounting.

In restricted areas, it may be necessary to
use forced-convection cooling to reduce the
effective thermal resistance of the heat sink.
On the basis of the improved reliability of
cooling fans, it can be shown that the over-all
reliability of a system may actually be improved
by use of forced-convection cooling because
the number of components required is reduced.

Economic factors are also important in the
selection of heat sinks. It is often more
economical to use one heat sink with several
properly placed transistors than to use indiv-
idual heat sinks. It can be shown that the
cooling efficiency increases and the unit cost
decreases under such conditions.
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Heat-Sink Insulators

As pointed out previously, when power
transistors are to be mounted on heat sinks,
some form of electrical isolation must be
provided between the case and the heat sink.
Unfortunately, however, good electrical insu-
lators usually are also good thermal insulators.
It is difficult, therefore, to provide electrical
insulation without introduction of significant
thermal resistance between case and heat sink.
The best materials for this application are
mica, beryllium oxide (Beryllia), and anodized
aluminum. A comparison of the properties of
these three materials for case-to-heat-sink
isolation of the TO-3 package is shown in
Table II1. If the area of the seating plane, the
thickness of the material, and the thermal
conductivity are known, the case-to-heat-sink
thermal resistance 6c-s can be readily calcu-
lated by use of the following equation:

Bcona = d/4.186 KA °C per watt

where d is the length of the thermal path in
centimeters, K is the thermal conductivity in
cal/(sec) (cm) (°C), and A is the area per-
pendicular to the thermal path t in square
centimeters. The number 4.186is a conversion
factor used to obtain the result in ° C per watt.

In all cases, this calculation should be
experimentally verified. Irregularities in the
bottom of the transistor seating plane or on
the face of the heat sink or insulating washer
may result in contact over only a very small
area unless a filling compound is used.
Although silicone grease has been used for
years, recently newer compounds with zinc
oxide fillers (e.g., Dow Corning #340 or
Wakefield #120) have been found to be even
more effective.

For small general-purpose transistors, such
as the 2N2102, which use a JEDEC TO-5
package, a good method for thermal isolation
of the collector from a metal chassis or

Table 111 - Comparison of insulating
Washers Used for Electrical Isolation
of Transistor

TO-3 Case from Heat Sink

Thickness 6c-s | Capacitance
Material _ (inches) | (°C/W) (pF)
Mica 0.002 0.4 90
Anodized
Aluminum 0.016 0.35 110
Beryllia 0.063 0.25 15
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printed-circuit board is by means of a beryl-
lium-oxide washer. The use of a zinc-oxide-
filled silicone compound between the washer
and the chassis, together with a moderate
amount of pressure from the top of the
transistor, helps to decrease thermal resistance.
Fin-type heat sinks, which are commercially
available, are also suitable, especially when
transistors are mounted in Teflon sockets
which provide no thermal conduction to the
chassis or printed-circuit board. Fig. 48
illustrates both types of mounting.
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Fig. 48 - Suggested mounting arrange-
ments for transistors having a
JEDEC TO-5 package: (a) without
heat sink; (b) with fin-type heat
sink.
SECOND BREAKDOWN

A bipolar transistor operated at high power
densities is subject to a failure mode termed
“second breakdown” in which the emitter-
collector voltage suddenly drops, usually 10 to
25 volts. Unless the power is rapidly removed,
the transistor is destroyed or materially
degraded by overheating. Second breakdown
(S/b) is a thermal hot-spot formation within
the transistor pellet. It has two phases of
development. First is the constriction phase
where, because of thermal regeneration, the
current tends to concentrate in a small area.
The second phase is the destruction phase. In
this second phase, local temperatures and

39

temperature gradients increase until they cause
permanent device damage.

The constriction or regeneration phase of
second breakdown may be initiated in any
number of ways. One section of the emitter-
base junction need only be higher in tempera-
ture than the others. Such a hot spot might be
caused by resistive debiasing, divergent heat
flow to the device heat sink, an inhomogeneity
in the thermal path, or other irregularities or
imperfections within the device. Once a slightly
hotter emitter-base region is present, positive
thermal feedback begins: the hot region injects
more and therefore gets hotter. If the available
power is limited or the effective thermal
resistance of the hot spot is sufficiently low,
the peak temperature remains below a critical
temperature, and stable operation continues.
When the peak temperature reaches a value
such that local base-collector leakage currents
reach base current magnitude, the device
regenerates into second breakdown, often
very rapidly.

Second breakdown may occur when the
device operates with a forward-biased emitter-
base junction or during the application of
reverse bias. In the forward-biased form of
second breakdown, shown in Fig. 49, the
current Isp above which the device switches
into second breakdown is specified as part of
the “safe-operating area” rating system dev-
eloped by RCA for power transistors. (This
system is explained later in this section.) Emitter
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Fig. 49 - Forward-biased second break-
down.




40

and base resistive ballasting effectively increase
forward-biased Isp of a device. Emitter
ballasting equalizes currents by inserting in
each emitter region a voltage drop proportional
to base current in the various base regions
thus equalizing drive conditions within the
device and maintaining uniformity. Thermal
coupling between emitter regions may also be
used to improve the forward biased Isp
performance of a transistor. This design
approach tends to hold all regions of the
emitter-base junction at the same temperature
and same forward bias, thus maintaining
uniform current flow.

Second breakdown is also observed when a
transistor operating with an inductive load is
turned off. Fig. 50 shows this form of second
breakdown. When the emitter-base junction is
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Fig. 50 - Reverse-biased second break-
down.
reverse biased, the edges of the emitters are
quickly turned-off by the voltage drop caused
by the reverse flow of the base current through
the base resistance under the emitter. Collector
current tends to be rapidly reduced; however,
the inductive load responds to the decrease in
collector current by driving the collector-
emitter voltage to a value at which breakdown
can occur in the collector-base space charge
region Vemcex. The multiplied current re-
sulting from the breakdown is focused towards
the emitter centers, keeping the centers on for
a longer time, When all center sections of the
emitters behave alike, the power is dissipated
uniformly by all emitters. If, however, a hot
spot exists or develops, the energy stored in
theload inductance is dumped into this region.
The central region of this emitter rapidly rises
intemperature, reaching a value where the hot
spot sustains itself and second breakdown
occurs. Emitter ballasting is not effective in
protecting against reverse-biased second break-
down because the hogging portion of the
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emitter is fed internally from a current source,
and this current source is insensitive to the
relatively small differences in emitter potential:
Ballasting against reverse-biased second break-
down is best done in the collector by the
addition of a resistive layer which decreases
the internal collector-emitter voltage in the
affected region. The maximum energy that
may be stored in the load inductance before
second breakdown (Es) is specified for most
RCA power transistors intended for switching
applications.

HIGH-VYOLTAGE SURFACE EFFECTS

As the voltage ratings of a power transistor
are increased, it becomes more difficult to
achieve theoretical bulk breakdown values.
Furthermore, both the breakdown voltage
and junction leakage currents may vary under
operating conditions. The problem is usually
due to surface phenomena.

High-voltage transistors require large de-
pletion widths in the base-collector junction.
This requirement suggests that at least one
side of the junction must be lightly doped. Fig.
51 shows what happens in a normal “mesa-
type” device. The external fringing electrical
fields terminate on the silicon and modify the
depletion regions at the surface. If these
fringing fields are large and configured as
shown, a local high field condition is estab-
lished at the surface and premature breakdown
occurs. High-intensity fringing fields exist
well outside the junction and contribute to the
movement of ions external or internal to the
applied passivation layers, leading to instabi-
lities.

METALLURGICAL
JUNCTION

HIGH FIELD
POINT

EFRINGING

7 HERT SINK
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Fig. 51 - Electric field distribution in high-
voltage “mesa” n-p-n transistor.
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The state-of-the-art “cures” for these prob-
lems are: junction contouring to reduce the
magnitude and the shape of the fringing fields;
empirical determination of the proper surface
etchand the optimum organic encapsulant; or
glassing of the junctions to contain the fringing
fields. The latter two solutions do not usually
yield breakdown voltages equal to the bulk
values, but they do lessen the surface instability.

 Toachieve breakdown voltages approaching
the bulk values it is necessary that the fringing
field be properly shaped, and once properly
shaped it must be kept in this condition. Field
electrodes are being investigated to accomplish
this objective.

THERMAL-CYCLING RATINGS

_A power transistor is often used in appli-
cations where the power in the device is
cycled; the transistor is heated and cooled
many times. Because the transistor is con-
structed of materials that have different
thermal expansion coefficients, stress is placed
on the chip, the metallurgical bond, and the
heat spreader. If the stress is severe enough
and sufficient cycles are encountered, the
device fails. Usually the chip separates from
the heat spreader or one of the contact
connections opens. The stress is proportional
to the size of the pellet, the temperature
variation, elasticity of the connecting members,
and the differences in thermal-expansion
coefficients. Anything which concentrates the
stress, such as voids in the mounting system,
aggravates the condition.

The rate of degradation of a metallurgi al
bond under stressed conditions is also propor-
tional to the average and peak temperature
excursions of the bond. The failure-rate
dependency of thermal fatigue and other

phenomena can be as much as double for
every 10°C increase in average and peak
temperature. The most economical way to
buy reliability in power transistor application
is, therefore, to reduce these temperatures by
careful consideration of heat flow during
equipment design.

Several techniques are used to improve
thermal-cycling capability within power tran-
sistors. One method is to mount the chip ona
metal such as molybdenum, whose thermal
expansion coefficient is similar to silicon, and
to braze this metal to the package. In this way
stresses are evenly distributed, as in a graded
glass seal. Another method, applicable on
units using the lead solder mounting technique,
uses a controlled solder process in which the
thickness and composition of the lead solder
are carefully controlled at all times.

An equipment manufacturer should make
certain that power-transistor circuits included
in his systems are designed so that cyclic
thermal stresses are mild enough to assure
that no transistor fatigue failures will occur
during the required operating life of his
equipment.

RCA has developed a thermal-cycling rating
system that relates the total power dissipation
Pr and the change in case temperature ATc to
the total number of thermal cycles N that the
transistor is rated to withstand.

Fig. 52 shows a typical thermal-cycling
rating chart for a power transistor. This chart
is provided in the form of a log-log presentation
in which total transistor dissipation is denoted
by the ordinate and the thermal-cycling
capability (number of cycles to failure) is
indicated by the abscissa. Rating curves are
shown for various magnitudes of changes in
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Fig. 52 - Thermal-cycling rating chart for
an RCA hermetic power transis-

tor.
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case temperature. Use of the thermal-cycling
rating charts makes it possible for a circuit
designer to avoid transistor thermal-fatigue
failures during the operating life of his
equipment. In general, power dissipation is a
fixed system requirement. The design can also
readily determine the number of thermal
cycles that a power transistor will be subjected
to during the minimum required life of the
equipment. For these conditions, the charts
indicate the maximum allowable change in
case temperature. If therating point does not
lie exactly on one of the rating curves, the
allowable change in case temperature can be
approximated by linear interpolation. The
designer can then determine the minimum size
of the heat sink required to restrict the change
in case temperature within this maximum
value.

RCA thermal-cycling ratings allow a circuit
designer to use power transistors with assur-
ance that thermal-fatigue failures of these
devices will not occur during the minimum
required life of his equipment. These ratings
provide valid indications of the thermal-cycling
capability of power transistors for all types of
operating conditions.

SAFE-OPERATING-AREA RATINGS

During normal circuit operation, power
transistors are often required to sustain high
current and high voltage simultaneously. The
capability of a transistor to withstand such
conditions is normally shown by use of a safe-
operating-area rating curve. This type of
rating curve defines, for both steady-state and
pulsed operation, the voltage-current bound-
aries that result from the combined limitations
imposed by voltage and current ratings, the
maximum allowable dissipation, and the
second-breakdown (Isp) capabilities of the
transistor.

If the safe-operating area of a power tran-
sistor is limited within any portion of the
voltage-current characteristics by thermal
factors (thermal impedance, maximum junc-
tion temperatures, or operating case tempera-
ture), this limiting is defined by a constant-
power hyperbola (I=KV™') which can be
represented on the log-log voltage-current
curve by a straight line that has a slope of -1.

Theenergy level at which second breakdown
occurs in a power transistor increases as the
time duration of the applied voltage and
current decreases. The power-handling capa-

bility of the transistor also increases with a
decrease in pulse duration because thermal
mass of the power-transistor chip and assoc-
iated mounting hardware imparts an inherent
thermal delay to a rise in junction temperature.

Fig. 53 shows a forward-bias safe-area
rating chart for a typical silicon power
transistor, the RCA-2N3585. The boundaries
defined by the curves in the safe-area chart
indicate, for both continuous-wave and non-
repetitive-pulse operation, the maximum
current ratings, the maximum collector-to-
emitter forward-bias avalanche breakdown-
voltage rating [VaM=1, which is usually
approximated by Vceo(sus)], and the thermal
and second-breakdown ratings of the tran-
sistors.

As shown in Fig. 53, the thermal (dis-
sipation) limiting of the 2N3585 ceases when
the collector-to-emitter voltage rises above
100 volts during dc operation. Beyond this
point, the safe operating area of the transistor
is limited by the second-breakdown ratings.
During pulsed operation, the thermal limiting
extends to higher values of collector-to-emitter
voltage before the second-breakdown region
isreached, and as the pulse duration decreases,
the thermal-limited region increases.
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Fig. 53 - Safe-area rating chart for the
RCA-2N3585 silicon power tran-
sistor.

If a transistor is to be operated at a pulse
duration that differs from those shown on the
safe-area chart, the boundaries provided by
the safe-area curve for the next higher pulse
duration must be used, or the transistor
manufacturer should be consulted. Moreover,




43

Ratings and Characteristics

as indicated in Fig. 53, safe-area ratings are
normally given for single nonrepetitive pulse
operation at a case temperature of 25°C and
must be derated for operation at higher case
temperatures and under repetitive-pulse or
continuous-wave conditions.

Fig. 54 shows temperature derating curves
for the 2N3585 safe-area chart of Fig. 53.
These curves show that thermal ratings are
affected far more by increases in case temper-
ature than are second-breakdown ratings. The
thermal (dissipation-limited) derating curve
decreases linearly to zero at the maximum
junction temperature of the transistor [Ty(max)=
200°C]. Thesecond-breakdown (Isp-limited)
temperature derating curve, however, is less
severe because the increase in the formation of
the high current concentrations that cause
second breakdown is less than the increase in
dissipation factors as the temperature increases.

[
F 4
'&'w 150
§§
w
o 100
eu Ig/p LIMITED
M 0/
N >
£y %0 Mo
W, b
7] L
x | 1%
g o 50 100 150 200

CASE TEMPERATURE — °C

92C8-25734

Fig. 54 - Safe-area temperature-derating
curves for the RCA-2N3585 sili-
con power transistor.

Because the thermal and second-breakdown
deratings are different, it may be necessary to
use both curves to determine the proper
derating factor for a voltage-current point
that occurs near the breakpoint of the thermal-
limited and second-breakdown-limited regions
on the safe-area curve. For this condition, a
derating factor is read from each derating
curve. For one of the readings, however,
either the thermal-limited section of the safe-
area curve must be extrapolated upward in
voltage or the second-breakdown-limited
section must be extrapolated downward in
voltage, depending upon which side of the
voltage breakpoint the voltage-current point
is located. The smaller of the collector-current
values obtained from the thermal and second-
breakdown deratings must be used as the safe
rating.

For pulsed operation, the derating factor
shown in Fig. 54 must be applied to the
appropriate curve on the safe-area rating
chart. For the derating, the effective case
temperature Tc(eff) may be approximated by
the average junction temperature Ty(av). The
average junction temperature is determined as
follows:

Tu(av)=Tc+Pav (6s-c)

This approach results in a conservative rating
for the pulsed capability of the transistor. A
more accurate determination can be made by
computation of actual instantaneous junction
temperatures. (For more detailed information
on safe-area ratings and temperature derating
the reader should refer to the RCA Power
Circuits Designer’s Handbook, Technical
Series SP-52.

BASIC TRANSISTOR
CHARACTERISTICS

The term “characteristic”is used to identify
the distinguishing electrical features and values
of a transistor. These values may be shown in
curve form or they may be tabulated. When
the characteristics values are given in curve
form, the curves may be used for the deter-
mination of transistor performance and the
calculation of additional transistor parameters.

Characteristics values are obtained from
electrical measurements of transistors in
various circuits under certain definite con-
ditions of current and voltage. Static charac-
teristics are obtained with dc potentials applied
to the transistor electrodes. Dynamic charac-
teristics are obtained with an ac voltage on
one electrode under various conditions of dc¢
potentials on all the electrodes. The dynamic
characteristics, therefore, are indicative of the
performance capabilities of the transistor
under actual working conditions.

Current-Voltage Relationships

The currents in a transistor are directly
related to the movement of minority carriers
in the base region that results from the
application of voltages of the proper polarities
to the emitter-base and collector-base junc-
tions. A definite mutual relationship exists
between the transistor currents and the voltages
applied to the transistor terminals. Graphical
representations of the variations in transistor
currents with the applied voltages provide an
excellent indication of the operation of a
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transistor under different biasing conditions.
Transistor manufacturers usually provide
curves of current-voltage characteristics to
define the operating characteristics of their
devices. Such curves are provided for either
common-emitter or common-base transistor
connections. Fig. 55 shows the bias-voltage
polarities and the current components for
both common-emitter and common-base con-
nections of a p-n-p transistor. For an n-p-n
transistor, the polarities of the voltages and
the directions of the currents are reversed.

92CS5-25697RI

Fig. 55 - Transistor bias-voltage polarities
and current components for (a)
the common-emitter connection
and (b) the common-base con-
nection.

The common-emitter connection, shown in
Fig. 55(a), is the more widely used in practical
applications. In this connection, the emitter is
the common point between the input (base)
and output (collector) circuits, and large
current gains are realized by use of a small
base current to control a much larger emitter-
to-collector current. The common-base con-
nection, shown in Fig. 55(b), differs from the
common-emitter connection in that the volt-
ages applied to the transistor are referred to
the base rather than to the emitter.

Published data for transistors include both
electrode characteristic curves and transfer
characteristic curves. These curves present the
same information, but in two different forms
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to provide more useful data. Because tran-
sistors are used most often in the common-
emitter configuration, characteristic curves
are usually shown for the collector or output
electrode. The collector-characteristic curve is
obtained by varying collector-to-emitter volt-
age and measuring collector current for
different values of base current. The transfer-
characteristic curve is obtained by varying the
base-to-emitter (bias) voltage or current at a
specified or constant collector voltage, and
measuring collector current.

Current-Gain Parameters

Power gain in transistor circuits is usually
obtained by use of a small control signal to
produce larger signal variations in the output
current. The gain parameter most often
specified is the current gain (8) from the base
to the collector. The power gain of a transistor
operated in a common-emitter configuration
is equal to the square of the current gain 8
times the ratio of the load resistance r. to the
input resistance i, as indicated in Fig. 56.

1

ic=ips
INPUT CURRENT iv
INPUT VOLTAGE ib rin
OUTPUT CURRENT = ic = ivf

OUTPUT VOLTAGE = icr. = ibfrr

INPUT POWER ib? rin
OUTPUT POWER fe?rL = iv? B3 rL
POWER GAIN = power output/power input
= in?B2rL/iv%rin
= B%L/rin
92¢$ -25700

Fig. 66 - Testcircuitand simplified power-
gain calculation for a transistor
operated in a common-emitter
configuration.

Although the input resistance nn affects the
power gain, as shown by the equations given
in Fig. 56, this parameter is not usually
specified directly in the published data on
transistors because of the large number of
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components of which it is comprised. In
general, the input impedance is expressed as a
maximum base-to-emitter voltage Ve under
specified input-current conditions.

A measure of the current gain of a transistor
is its forward current-transfer ratio, i.c., the
ratio of the current in the output electrode to
the current in the input electrode. Because of
the different ways in which transistors may be
connected in circuits, the forward current-
transfer ratio is specified for a particular
circuit configuration.

The current gain (or current transfer ratio)
of a transistor is expressed by many symbols;
the following are some of the most common,
together with their particular shades of
meaning:

1. beta (B)—general term for current gain
from base to collector (i.e., common-emitter
current gain)

2. alpha (a)—general term for current gain
from emitter to collector (i.e., common-base
current gain)

3. he—ac gain from base to collector (i.e.,
ac beta)

4. hgg—dcgain from base to collector. (i.e.,
dc beta)

Common-base current gain, a, is the ratio
of collector current to emitter current (i.e.,
a=Ic/Ig). Although a is slightly less than
unity, circuit gain is realized as a result of the
large differences of input (emitter-base) and
output (collector-base) impedances. The input
impedance is small because the emitter-base
junction is forward-biased, and the output
impedance is large because the collector-base
junction is reverse-biased.

Common-emitter current gain, B, is the
ratio of collector current to base current (i.e.,
B=I¢/Is). Useful values of B are normally
greater than ten.
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Transconductance

Extrinsic transconductance may be defined
as the quotient of a small change in collector
current divided by the small change in emitter-
to-base voltage producing it, under the condi-
tion that other voltages remain unchanged.
Thus, if an emitter-to-base voltage change of
0.1 volt causes a collector-current change of 3
milliamperes (0.003 ampere) with other volt-
ages constant, the transconductance is 0.003
divided by 0.1, or 0.03 mho. (A “mho” is the
unit of conductance, and was named by
spelling “ohm™ backward.) For convenience,
a millionth of a mho, or a micromho (#mho),
is used to express transconductance. Thus, in
the example, 0.03 mho is 30,000 micromhos.

Cutoff Frequencies

For all transistors, there is a frequency f at
which the output signal cannot properly follow
the input signal because of time delays in the
transport of the charge carriers. The three
principal cut-off frequencies, shown in Fig.
57, may be defined as follows:

1. The base cut-off frequency fgp is that
frequency at which alpha (a) is down 3 dB
from the low-frequency value.

2. The emitter cut-off frequency fge is that
frequency at which beta (8) isdown 3 dB from
the low-frequency value.

3. The frequency fr is that frequency at
which beta theoretically decreases to unity
(i.e., 0-dB gain) with a theoretical 6-dB-per-
octave fall off. This term, which is a useful
figure of merit for transistors, is referred to as
the gain-bandwidth product.

The gain-bandwidth product fr is the term
that is generally used to indicate the high-
frequency capability of a transistor. Other
parameters that critically affect high-frequency
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Fig. 57 - Cut-off frequencies.
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performance are the capacitance or resistance
which shunts the load and the input impedance,
the effect of which is shown by the equations
given in Fig. 56.

The base and emitter cut-off frequencies
and the gain-bandwidth product of a transistor
provide an approximate indication of the
useful frequency range of the device, and help
to determine the most suitable circuit con-
figuration for a particular application.

The specification of all the characteristics
which affect high-frequency performance is so
complex that often a manufacturer does not
specify all the parameters, but instead specifies
transistor performance in a specific amplifier
circuit. This information is very useful when
the transistor is operated under conditions
very similar to those of the test circuit, but is
difficult to apply when the transistor is used in
a widely different application. Some manu-
facturers also specify transistor performance
characteristics as a function of frequency,
which alleviates these problems.

Cutoff Currents

Cutoff currents are small steady-state reverse
currents which flow when a transistor is
biased into non-conduction. They consist of
leakage currents, which are related to the
surface characteristics of the semiconductor
material, and saturation currents, which are
related to the impurity concentration in the
material and which increase with increasing
temperatures. Collector-cutoff current is the
steady-state current which flows in the reverse-
biased collector-to-base circuit when the
emitter-to-base circuit is open. Emitter-cutoff
current is the current which flows in the
reverse-biased emitter-to-base circuit when
the collector-to-base circuit is open.

In the common-base configuration, the
collector reverse (leakage) current, Icgo, is
measured with the emitter circuit open. The
presence of the second junction, however, still
affects the level of the current because the
emitter acquires a small negative bias when it
is open-circuited. This bias reduces the hole
gradient at the collector and causes the reverse
current to decrease. This current, therefore, is
much smaller with the emitter open than it is
when the emitter-base junction is short-cir-
cuited.

The reverse current increases with collector
voltage, and may lead to avalanche breakdown
at high voltages.
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The common-emitter reverse collector cur-
rent Iceo, measured with zero input current
(1e=0 in this case), is very much larger than the
reverse collector current Iggo in the common-
base connection. When the base current is
zero, the emitter current adjusts itself so that
the losses in the hole-injection and diffusion
mechanisms are exactly balanced by the supply
of excess electrons left in the vicinity of the
collector by hole extraction. For this condition,
the collector current is equal to the emitter
current.

The common-emitter reverse collector cur-
rent Iceo increases with collector voltage,
unlike the common-base reverse collector
current Icso. This behavior is another con-
sequence of the variation in the effective base
width with collector voltage. The narrower
the effective base region, the more efficient is
the transfer of current from emitter to collector.
The more efficient base transport with the
higher collector voltage permits a higher
emitter current to flow before the losses are
again balanced by the supply of electrons
from the vicinity of the collector.

Breakdown Voltages

Transistor breakdown voltages define the
voltage values between two specified electrodes
at which the crystal structure changes and
current begins to rise rapidly. The voltage
then remains relatively constant over a wide
range of electrode currents. Breakdown volt-
ages may be measured with the third electrode
open, shorted, or biased in either the forward
or the reverse direction. For example, Fig. 58
shows a series of collector-characteristic curves
for different base-bias conditions. It can be
seen that the collector-to-emitter breakdown
voltage increases as the base-to-emitter bias
decreases from the normal forward values
through zero to reverse values. The symbols
shown on the abscissa are sometimes used to
designate collector-to-emitter breakdown volt-
ages with the base open Vgriceo, with external
base-to-emitter resistance V(gricer, with the
base shorted to the emitter V(grices, and with
a reverse base-to-emitter voltage Vigricev.

As the resistance in the base-to-emitter
circuit decreases, the collector characteristic
develops two breakdown points, as shown in
Fig. 58. After the initial breakdown, the
collector-to-emitter voltage decreases with
increasing collector current until another
breakdown occurs at a lower voltage. This
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Fig. 58 - Typical collector-characteristic
curves showing locations of vari-
ous breakdown volitages.

minimum collector-to-emitter breakdown volt-
age is called the sustaining voltage.

Punch-Through Voltage

Punch-through (or reach-through) voltage
defines the voltage value at which the depletion
region inthe collector region passes completely
through the base region and makes contact at
some point with the emitter region. This
“reach-through” phenomenon results in a
relatively low-resistance path between the
emitter and the collector, and causes a sharp
increase in current. Punch-through voltage
does not result in permanent damage to a
transistor, provided there is sufficient im-
pedance in the power-supply source to limit
transistor dissipation to safe values.

Saturation Voltage

The curves at the left of Fig. 58 show typical
collector characteristics under normal forward-
bias conditions. For a given base input current,
the collector-to-emitter saturation voltage is
the minimum voltage required to maintain the
transistor in full conduction (i.e., in the
saturation region). Under saturation con-
ditions, a further increase in forward bias
produces no corresponding increase in col-
lector current. Saturation voltages are very
important in switching applications, and are
usually specified for several conditions of
electrode currents and ambient temperatures.
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Effect of Temperature on
Transistor Characteristics

The characteristics of transistors vary with
changes in temperature. In view of the fact
that most circuits operate over a wide range of
environments, a good circuit design should
compensate for such changes so that operation
is not adversely affected by the temperature
dependence of the transistors.

Current Gain—The effect of temperature
on the gain of a silicon transistor is dependent
upon the level of the collector current, as
shown in Fig. 59. At the lower current levels,
the current-gain parameter hre increases with
temperature. At higher currents, however, hee
may increase or decrease with a rise in
temperature because it is a complex function
of many components.

CURRENT GAIN (hgg)

COLLECTOR CURRENT (I¢)
92€S—-25571
Fig. 59 - Current gain as a function of
collector current at different
temperatures.

Base-to-Emitter Voltage—Fig. 60 shows
the effect of changes in temperature on the
base-to-emitter voltage (Vge) of silicon tran-
sistors. As indicated, the base-to-emitter
voltage diminishes with a rise in temperature
for low values of collector current, but tends
to increase with a rise in temperature for
higher values of collector current.

COLLECTOR CURRENT (I¢)

BASE-TO-EMITTER VOLTAGE (Vgg}
92Cs-25572 ‘

Fig. 60 - Collector current as a function
of base-to-emitter voltage at
different temperatures.
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Collector-to-Emitter Saturation Voltage—
The collector-to-emitter saturation voltage
(Vce(sat) is affected primarily by collector
resistivity (pc) and the amount by which the
natural gain of the device (hre) exceeds the
gain with which the circuit drives the device
into saturation. This latter gain is known as
the forced gain (heegr).

At lower collector currents, the natural he
of a transistor increases with temperature, and
the IR drop in the transistor is small. The
collector-to-emitter saturation voltage, there-
fore, diminishes with increasing temperature
if the circuit continues to maintain the same
forced gain. At higher collector currents,
however, the IR drop increases, and gain may
decrease. This decrease in gain causes the
collector-to-emitter saturation voltage to
increase and possibly to exceed the room-
temperature (25°C) value. Fig. 61 shows the
effect of temperature on the collector-to-
emitter saturation voltage.

o
g (3
3

COLLECTOR-TO-EMITTER
SATURATION VOLTAGE [Vce (sat)]

COLLECTOR CURRENT (I¢)
92C5-25573

Fig. 61 - Collector current as a function
of collector-to-emitter saturation
voltage at different temperatures.

Collector Leakage Currents—Reverse col-
lector current In is a resultant of three
components, as shown by the following
equation:

In=Ip+1g+1s

Fig. 62 shows the variations of these com-
ponents with temperature.

Leakage currents are important because
they affect biasing in amplifier applications
and represent the off condition for transistors
used in switching applications. The symbol In
used in the preceding discussion represents
any of several different leakage currents
commonly specified by transistor manufac-
turers. The most basic specification is Iceo,
which indicates the leakage from collector to
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Fig. 62 - Reverse collector current as a
function of temperature.

base with the emitter open. This leakage is
simply the reverse current of the collector-to-
base diode.

In addition to the Icso value, Icev, Iceo, and
Icer specifications are often given for tran-
sistors. Icev is the leakage from the collector to
emitter with the base-emitter junction reverse-
biased. Icen is the leakage current from the
collector to the emitter with the base and
emitter connected by a specified resistance,
Iceo is the leakage current from collector to
emitter with the base open. Icev differs from
Iceo only very slightly and in most transistors
the two parameters can be considered equal.
(This equality is not maintained in symmetrical
transistors.) Iceo is simply the product of Iceo
at the voltage specified and the hee of the
transistor at a base current equal to Iceo. Iceo
is of course the largest leakage current normally
specified. Icen is intermediate in value between
Icev and Iceo.

POWER TRANSISTORS IN
SWITCHING SERVICE

An important application of power tran-
sistors is power switching. Large amounts of
power, at high currents and voltages, can be
switched with small losses by use of a power
transistor that is alternatively driven from
cutoff to saturation by means of a base control
signal. The two most important considerations
in such switching applications are the speed at
which the transistor can change states between
saturation and cutoff and the power dis-
sipation.

Transistor switching applications are usually
characterized by large-signal nonlinear opera-
tion of the devices. The switching transistor is
generally required to operate in either of two
states: on or off. In transistor switching circuits,
the common-emitter configuration is by far
the most widely used.
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Typical output characteristics for an n-p-n
transistor in the common-emitter configuration
are shown in Fig. 63. These characteristics are
divided into three regions of operation, i.e.,
cutoff region, active region, and saturation
region.

INCREASING Ig

"ACTIVE" REGION

LOAD LINEA\

“CUTOFF" REGION

"SATURATION" REGION

Ia‘o

Vce
92CS~-25738

Fig. 63 - Typical collector characteristic
of an n-p-n transistor showing
three principal regions involved
in switching.

In the cutoff region, both the emitter-base
and collector-base junctions are reverse-biased.
Under these conditions, the collector current
is very small, and is comparable in magnitude
to the leakage current Iceo, Icev, or Iceo,
depending on the type of base-emitter biasing
used.

Fig. 64 is a sketch of the minority-carrier
concentration in an n-p-n transistor. For the
cutoff condition, the concentration is zero at
both junctions because both junctions are
reverse-~biased, as shown by curve 1 in Fig. 64.

EMITTER- ~ COLLECTOR-
BASE JUNCTION  BASE JUNCTION

EMITTER

MINORITY-
CARRIER
CONCENTRATIONS

DISTANCE

92CS-25736

Fig. 64 - Minority-carrier concentrations
in an n-p-n transistor: (1) in cutoff
region, (2) in active region at
edge of saturation region, (3) in
saturation region.
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In the active region, the emitter-base
junction is forward-biased and the collector-
base junction is reverse-biased. Switching
from the cutoff region to the active region is
accomplished along a load line, as indicated in
Fig. 63. The speed of transition through the
active region is a function of the frequency-
response characteristics of the device. The
minority-carrier concentration for the active
region is shown by curve 2 in Fig. 64.

The remaining region of operation is the
saturation region. In this region, the emitter-
base and collector-base junctions are both
forward-biased. Because the forward voltage
drop across the emitter-base junction under
this condition [Vee(sat)] is greater than that
across the collector-base junction, there is a
net collector-to-emitter voltage referred to as
Vce(sat). It is evident that any series-resistance
effects of the emitter and collector also enter
into determining Vce(sat). Because the col-
lector is now forward-biased, additional
carriers are injected into the base, and some
into thecollector. This minority-carrier concen-
tration is shown by curve 3 in Fig. 64.

A basic saturated-transistor switching circuit
is shown in Fig. 65. The voltage and current

J1

Ves % = Vee

|||-—<.

92CS-25737

Fig. 65 - Basicsaturated transistor switch-
ing circuit.

waveforms for this circuit under typical base-
drive conditions are shown in Fig. 66. Prior to
the application of the positive-going input
pulse, the emitter-base junction is reverse-
biased by a voltage —-Vee(off)=Vss. Because
the transistor is in the cutoff region, the base
current Ig is the reverse leakage current Igev,
which is negligible compared with Ie1, and the
collector current Ic is the reverse leakage
current Icev, which is negligible compared
with Vee/Re.
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Fig. 66 - Voltage and current waveforms
for saturated switching circuit
shown in Fig. 65.

When the positive-going input pulse Vg is
applied, the base current Is immediately goes
positive. The collector current, however, does
not begin to increase until some time later.
This delay in the flow of collector current (ta)
results because the emitter and collector
capacitances do not allow the emitter-base
junction to become forward-biased instan-
taneously. These capacitances must be charged
from their original negative potential
[-Vee(off)] to a forward bias sufficient to
cause the transistor to conduct appreciably.
After the emitter-base junction is sufficiently
forward-biased, there is an additional delay
caused by the time required for minority
carriers which are injected into the base to
diffuse across the base and be collected at the
collector. This delay is usually negligible
compared with the delay introduced by the
capacitive component. The collector and
emitter capacitances vary with the collector-
base and emitter-base junction voltages, and
increase as the voltage Vge goes positive. An
accurate determination of total delay time,
therefore, requries knowledge of the nonlinear
characteristics of these capacitances.

When the collector current Ic begins to
increase, the transistor has made the transition
from the cutoff region into the active region.
The collector current takes a finite time to
reach its final value. This time, called rise time
(tr), is determined by the gain-bandwidth
product (fr), the collector-to-emitter capaci-
tance (Cc), and the static forward current-
transfer ratio (hre) of the transistor. At high
collector currents and/or low collector voit-
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ages, the effect of this capacitance on rise time
is negligible, and the rise time of collector
current is inversely proportional to fr. At low
currents and/or high voltages, the effect of
gain-bandwidth product is negligible, and the
rise time of collector current is directly
proportional to the product R¢Ce. At inter-
mediate currents and voltages, the rise time is
proportional to the sum (% mfr) + RcCe.
Under any of the above conditions, the
collector current responds exponentially to a
step of base current. If a turn-on base current
(Ie1) is applied to the device, and the product
Isthre is less than Vce/Re, the: collector
current rises exponentially until it reaches the
steady-state value Igq1hee. If Is1hre is greater
than Vce/ Re, the collector current rises toward
the value Isyhre. The transistor becomes
saturated when Ic reaches the value Ics(=
Vee/ Re). At this point, I is effectively clamped
at the value Vce/Re.

The rise time, therefore, depends on an
exponential function of the ratio Ics/Ip1:hre.
Because the values of hrg, fr, and Cg are not
constant, but vary with collector voltage and
current as the transistor is switching, the rise
time as well as the delay time is dependent on
nonlinear transistor characteristics.

After the collector current of the transistor
has reached a steady-state value Ics, the
minority-charge distribution is that shown by
curve 3 in Fig. 66. When the transistor is
turned off by returning the input pulse to zero,
the collector current does not change im-
mediately. This delay is caused by the excess

-charge in the base and collector regions, which

tends to maintain the collector current at the
Ics value until this charge decays to an
amount equal to that in the active region at the
edge of saturation (curve 2 in Fig. 66). The
time required for this charge to decay is called
the storage time (ts). The rate of charge decay
is determined by the minority-carrier lifetime
in the base and collector regions, on the
amount of reverse “turn-off” base current
(Is2), and on the overdrive “turn-on” current
(Ie1) which determined how deeply the tran-
sistor was driven into saturation. (In non-
saturated switching, there is no excess charge
in the base region, so that storage time is
negligible.)

When the stored charge (Qs) has decayed to
the point where it is equal to that at the edge of
saturation, the transistor again enters the
active region and the collector current begins
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to decrease. This fall-time portion of the
collector-current characteristic is similar to
the rise-time portion because the transistor is
again in the active region. The fall time,
however, depends on Iz, whereas the rise time
was dependent on Ig+. Fall time, like rise time,
also depends on fr and Ce.

The approximate values of Igy, g2, and Ics
for the circuit shown in Fig. 65 are given by:

VG-Ves-Vee(sat)

Igs =
Re
Vee+tVee(sat)
Ig2 =
Re
Vcc—Vcs_(Sat)
Ics =

Rc

Switching Characteristics

Theelectrical characteristics for a switching
transistor, in general, differ from that for a
linear-amplifier type of transistor in several
respects. The static forward current-transfer
ratio hre and the saturation voltages Vce(sat)
and Vge(sat) are of fundamental importance
in a switching transistor. The static forward
current-transfer ratio determines the maximum
amount of current amplification that can be
achieved in any given circuit, saturated or
non-saturated. The saturation voltages are
necessary for the proper dc design of saturated
circuits. Consequently, hee is always specified
for a switching transistor, generally at two or
more values of collector current. Vce(sat) and
Vee(sat) are specified at one or more current
levels for saturated transistor applications.
Control of these three characteristics deter-
mines the performance of a given transistor
type over a broad range of operating condi-
tions. For non-saturated applications, Vce(sat)
and Vae(sat) need not be specified. For such
applications, it is important to specify Vg at
specific values of collector current and collector-
to-emitter voltage in the active region.

Because the collector and emitter capaci-
tances and the gain-bandwidth product influ-
ence switching time, these characteristics are
specified for most switching transistors. The
collector-base and emitter-base junction capaci-
tances are usually measured at some value of
reverse bias and are designated Cop and Cip,
respectively. The gain-bandwidth product (fr)
of the transistor is the frequency at which the
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small-signal forward current-transfer ratio
(hte) is unity. Because this characteristic falls
off at 6 dB per octave above the corner
frequency, fr is usually controlled by specifying
the hye at a fixed frequency anywhere from 1/2
to 1/10 fr. Because Cob, Cin, and fr vary
nonlinearly over the operating range, these
characteristics are generally more useful as
figures of merit than as controls for deter-
mining switching speeds. When the switching
speeds in a particular application are of major
importance, it is preferable to specify the
required switching speeds in the desired
switching circuit rather than Ceop, Cib, and fr.

The storage time (ts) of a transistor is
dependent on the stored charge (Qs) and on
the driving current employed to switch the
transistor between cutoff and saturation.
Consequently, either the stored charge or the
storage time under heavy overdrive conditions
should be specified. Most recent transistor
specifications require that storage time be
specified.

Because of the dependence of the switching
times on current and voltage levels, these
times are determined by the voltages and
currents employed in circuit operation.

Dissipation, Current, and
Voltage Ratings

Up to this point, no mention has been made
of dissipation, current, and voltage ratings for
a switching transistor. The maximum con-
tinuous ratings for dissipation and current are
determined in the same manner as for any
other transistor. In a switching application,
however, the peak dissipation and current
may be permitted to exceed these continuous
ratings depending on the pulse duration, on
the duty factor, and on the thermal time
constant of the transistor.

Voltage ratings for switching transistors are
more complicated. In the basic switching
circuit shown in Fig. 65, three breakdown
voltages must be considered. When the
transistor is turned off, the emitter-base
junction is reverse-biased by the voltage
Vee(off), (i.e., Ves), the collector-base junction
by VectVes, and the emitter-to-collector
junction by +Vc¢c. To assure that none of the
voltage ratings for the transistor is exceeded
under “off” conditions, the following require-
ments must be met:

The minimum emitter-to-base breakdown
voltage Vsrieso must be greater than Vae(off).
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The minimum collector-to-base breakdown
voltage Viemiceo must be greater than Vec+
VaE(Off).

The minimum collector-to-emitter break-
down voltage Viericen. must be greater than
Vcc.

Visrieeo and Viericeo are always specified
for a switching transistor. The collector-to-
emitter breakdown voltage Vgriceo is usually
specified under open-base conditions. The
breakdown voltage VigricenL (the subscript
“RL”indicates a resistive load in the collector
circuit) is generally higher than V@griceo. The
requirement that Viericeo be greater than Vee
is overly pessimistic. The requirement that
ViericenL be greater than Vcc should be used

“wherever applicable.

Coupled with the breakdown voltages are
the collector-to-emitter and base-to-emitter
transistor leakage currents. These leakage
currents (Icev and Isev) are particularly
important considerations at high operating
temperatures. The subscript “V” in these
symbols indicates that these leakage currents
arespecified at a given emitter-to-base voltage
(either forward or reverse). In the basic circuit
of Fig. 65, these currents are determined by
the following conditions:

Icev] Vee = Vee
Ve = Vee(off) = -Vss

In a switching transistor, these leakage currents
are usually controlled not only at room
temperature, but also at some higher operating
temperature near the upper operational limit
of the transistor.

Inductive Switching

Most inductive switching circuits can be
represented by the basic equivalent circuit
shown in Fig. 67. This type of circuit requires
a rapid transfer of energy from the switched
inductance to the switching mechanism, which
may be a relay, a transistor, a commutating
diode, or some other device. Often an accurate
calculation of the energy to be dissipated in
the switching device is required, particularly if
that device is a transistor. If the supply voltage
is low compared to the sustaining breakdown

Isev
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TRANSISTOR
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Fig. 67 - Basic equivalent circuit for in-
ductive switching circuit.

voltage of the transistor and if the series
resistance of the inductor can beignored, then
the energy to be dissipated is % LI This type
of rating for a transistor is called “reverse-bias
second breakdown.” The energy capability of
a transistor varies with the load inductance
and base-emitter reverse bias. A typical set of
ratings which now appears in RCA published
data is shown in Fig. 68.
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Fig. 68 - Typicalreverse-biaséecond-break—
down (Es/p] rating curves.
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Linear Regulators for
DC Power Supplies

All linear voltage regulators can be classified
as either series or shunt types, as determined
by the arrangement of the pass element with
respect to the load. In a series regulator, as the
name implies, the pass transistor is connected
in series with the load. Regulation is accom-
plished by variation of the current through the
series pass transistor in response to a change
in the line voltage or circuit loading. In this
way, the voltage drop across the pass transistor
is varied and that delivered to the load circuit
is maintained essentially constant. In the
shunt regulator, the pass transistor is connected
in parallel with the load circuit, and a voltage-
dropping resistor is connected in series with
this parallel network. If the load current tends
to fluctuate, the current through the pass
transistor is increased or decreased as required
to maintain an essentially constant current
through the dropping resistor.

BASIC POWER-SUPPLY ELEMENTS

A dc power supply converts the power from
the ac line into a direct current and steady
voltage -of a desired value. The ac input
voltage is first rectified to provide a pulsating
dc and is then filtered to produce a smooth

voltage. Finally, the voltage may be regulated
to assure that a constant output level is
maintained despite fluctuations in the power-
line voltage or circuit loading. The recti-
fication, filtering, and regulation steps ina dc
power supply are illustrated in Fig. 69.

Rectifier Circuits

The optimum type of rectifier circuit for a
particular application depends upon the dc
voltage and current requirements, the maxi-
mum amount of ripple (undesirable fluctu-
ations in the dc output caused by an ac
component) that can be tolerated in the
circuit, and the type of power available.
Single-phase circuits are used to provide the
relatively low dc power required for radio and
television receivers, public-address systems,
and similar types of electronic equipment.
Polyphase rectifier circuits are used to provide
the dc power in high-power industrial appli-
cations.

Polyphase circuits more fully take advantage
of the capabilities of the rectifier and power
transformer and, in addition, provide a dc
output with a small percentage of ripple.
Polyphase rectifiers circuits, therefore, require

AC —47RECT|FIER H FILTER HREGULATOR }———5 oc

Vi)

Vil — Vin)

——==

Fig. 69 - Block diagram of a regulated dc
power supply. The waveforms
show the effects of rectification,
filtering, and regulation. (Dashed
lines indicate voltage fluctuations
as a result of input variations)
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less filtering of the dc output voltage than is
required for the dc output from single-phase
rectifier circuits.

Rectifier Voltage and Current Ratios

Table IV lists voltage and current ratios for
the basic rectifier circuits shown in Figs. 70
through 72 and in Figs. 78 through 81. For
most effective use of the rectifiers and power
transformers, operation of the rectifier circuits
into inductive loads, except for the single-
phase half-wave type, is generally recom-

4 7 )1 CYCLE
DC I (LINE
AC LOAD OQUTPUT FREQUENCY)
INPUT - P VOLTAGE 1 -
& i f— W ~——

mended. Current ratios given for inductive
loads are applicable only when a filter choke
(inductance) is used between the output of the
rectifier and any capacitor in the filter circuit.
The values shown neglect the voltage drops in
the power transformer, the silicon rectifiers,
and the filter components that occur when
load current is drawn. When a specific type of
rectifier has been selected for a specific circuit,
the information given in Table IV can be used
to determine the parameters and characteristics
of the circuit.
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Fig. 70 - Single-phase half-wave rectifier
and load-current waveform.
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Fig. 73 - Full-wave volitage-doubler circuit.
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Fig. 74 - Half-wave voltage-doubler circuit.
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Filter Netwofks

In general, the output-voltage waveform of
a dc power supply should be as flat as possible
(i.e., should approach a pure dc). The objective,
therefore, is a voltage waveform that has a
peak-to-average ratio of unity. The output of
a basic rectifier circuit, however, is a series of
positive or negative pulses rather than a pure
dc voltage. The rectifier output may be

considered as a steady dc voltage with an
alternating voltage superimposed on it. For
most applications, this alternating voltage
(ripple) must be removed (filtered out), or the
equipment in which the power supply is used
will not operate properly.

Figs. 82 through 86 illustrate the various
types of filter networks and the resulting
degree of ripple content appearing at the
output.
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Table IV—Normalized Characteristics for Rectifier Circuits
With Resistance and Choke-Input-Filtered Loads*

E = Transformer Secondary Voltage (rms)

Eav = Average DC Output Voltage

Em = Peak Transformer Secondary Voltage

Ebmi = Peak Inverse Anode Voitage

E, = Major Ripple Voltage (rms)

F = Supply Frequency

t = Major Ripple Frequency

law = Average DC Output Current

le = Average Anode Current

lo = Anode Current (rms)

lom = Peak Anode Current

Pap = Transformer Primary Volt-Amperes

Pas = Transformer Secondary Volt-Amperes

Pac = DC Power = (Eay X lav) :

1-Phase L1-Phase 1-Phase | 3-Phase | 3-Phase | 3-Phase | 3-Phase
Half-WaveFull-Wave[Full-WaveHalf-WavejFuli-WaveHalf{-WaveHailf-Wave
ltem Bridge | Delta- Delta- Delta- | Double-
Wye Wye Star | Wye with
Bal. Coil
(Fig. 70) | (Fig. 71) | (Fig. 72) | (Fig. 78) | (Fig. 79) | (Fig. 80) | (Fig. 81)
Voltage Ratios
Em/Eav 3.14 1.57 1.57 1.21 1.05 1.05 1.05
E/Eav 2.22 1.1 1.11 0.854 0.74 — 0.854
Eom/E 1.41 2.83 1.41 2.45 2.83 2.83 2.45
Eomi/Eav 3.14 3.14 1.57 2.09 2.09 2.42 2.09
E//Eav 1.11 0.471 0.471 0.177 0.040 —_ 0.04
Frequency
Ratio
=/t 1 2 2 3 6 6 6
Current Ratios
%o/ lav 1 0.5 0.5 0.333 0.167 0.167 0.167
Resistive Load
lp/lav 1.57 0.785 0.785 0.587 0.409 0.409 0.294
lom/lav 3.14 1.57 1.57 1.21 1.05 1.05 0.525
lpm/Ib 3.14 3.14 3.14 3.63 6.3 6.30 3.14
Inductive
Load®
lp/lav * 0.707 0.707 0.577 0.408 0.408 0.289
lpm/lav * 1.00 1.00 1.00 1.00 1.00 0.5
Notes:

*Conditions assume sine-wave voltage supply; zero voltage drop across rectifiers when conducting; no losses

in transformer or choke; output load is a pure resistance.
° The use of a large filter-input choke is assumed.

* Single-phase, half-wave, choke-input-filtered load has no practical significance; only a minute pulsating dc

current will flow.
®These ratios also apply for the case of capacitor-input filtered load.




Linear Regulators tor DC Power Supplies

59

RECTIRIER VOLTAGE
OUTPUT [\—-/\_[ O—4 /m AGRgss
e o
FULL -WAVE =
RECTIFIER/VW\ RECTIFIER FY Y Y YA
OUTPUT O—d i \
Fig. 82 - Single capacitor filter.
RECTIFIER
OUTPUT LOAD CURRENT
R VOLTAGE
Oo— —0 N\,.é\,\ 4
Y'Y YN Ede
PULSATING DC o o T
INPUT FROM
RECTIFIER 92cs-21723
Fig. 83 - Simple inductance filter.
CURRENT
T TR o
CHOKE
— VOLTAGE / OUTPUT
O M
L LOAD
NVY\ C=< AND/OR Edc
PULSATING DC o- BLEEDER
INPUT FROM 92¢cs5-21724
RECTIFIER
Fig. 84 - Choke-input filter.
VOLTAGE
L ACROSS G, VorThoE
Mi
Nm cl BLEEDER
PULSATING DC RESISTOR
INPUT FROM 9205-21725
RECTIFIER
Fig. 85 - Capacitor-input LC filter.
R
AN
PULSATING DC E, 1 ERt FILTERED
INPUT FROM T e R be outpuT
RECTIFIER é l‘ TO LOAD
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SERIES REGULATORS

Series-regulated power supplies are classified
as voltage-regulating types, voltage-regulating
current-limiting types, current-regulating
types, or voltage-regulating current-regulating
types. Fig. 87 shows the response charac-
teristics for each type of series-regulated power
supply.

Linear series regulators provide an excellent
means for prevention of large variations in

power-supply load current or output voltage.
Fast response time provided by the linear
control circuit makes possible close control of
the output voltage. However, because the
series pass transistor is equivalent to a variable
resistance in series with the load, the transistor
must dissipate a large amount of power at low
output voltages. Another disadvantage of the
series regulator is that the total fault current
passes through the regulating transistor if the
load becomes short-circuited. As a result,




overload and short-circuit protection in the
form of current-limiting or drive-reduction
networks that operate rapidly must be used to
protect the transistor.

v v \
I I
(a) (b)
I I
(¢) (d)

Fig. 87 - Typical response characteristics
for series-regulated power sup-
plies: (a) voltage-regulating types;
(b) voltage-regulating current-
limiting types; (c) current-regu-
lating types; (d) voltage-regula-
ting current-regulating types.

Basic Circuit Configurations

Fig. 88 shows a basic configuration for a
linear series regulator which is representative
of the type used in voltage-regulating power
supplies. In this type of regulator, the series
pass transistor is usually operated as an
emitter-follower, and the control (error) signal
used to initiate the regulating action is applied
to the base. The base control is developed by a
dcamoplifier. This amplifier, which is included
in the feedback loop from the load circuit to
the pass transistor, senses any change in the
output voltage by comparison of this voltage
with a known reference voltage. If an error
exists, the error voltage is amplified and
applied to the base of the pass transistor. The
conduction of the pass transistor is then
increased or decreased in response to theerror
signal input as required to maintain the output
voltage at the desired value.
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Voltage-regulating power supplies are re-
quired to maintain a constant output voltage,
independent of the load current, as shown in
Fig. 87(a). The supply, therefore, usually hasa
very low output impedance. For this reason,
voltage-regulating supplies must often be made
current-limiting to protect the regulator from
very high current drawn at the output terminal,
such as may be caused by a short circuit. In
voltage-regulating current-limiting power sup-
plies, the load current is prevented from rising
above some predetermined design value by
reduction of the power-supply output voltage
when this current limit is reached, as shown in
Fig. 87(b).

Fig. 89 shows the basic configuration for a
linear regulator circuit used in current-regu-
lating power supplies. This regulator senses
the voltage across a resistor in series with the
load, rather than the voltage across the load
circuit as in the linear voltage regulator.
Because the voltage across the series resistor is
directly proportional to the load current, a
detected error signal can be used to cancel any
tendency for a change in load current from the
desired value. Ideally, the linear current
regulator has an infinite output impedance
and output characteristics as shown in Fig.
87(a).

The regulator circuit used with voltage-
regulating current-regulating power supplies
is essentially a combination of the other types
of linear regulators. As shown in Fig. 87(d),
the output response characteristics of this type
of regulated supply exhibit a crossover point
at which the supply switches from voltage
regulation to current regulation.

Fig. 90 showsa block diagram of a voltage-
regulating current-regulating power supply.
Theinput ac power is rectified and filtered and
is then applied to the regulating circuit. When
preregulators are used, as is normally the case,
switching types are preferred. The efficiency
of the switching regulator is extremely high,
and a fast response time to load or line
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Fig. 88 - Basic series voltage regulator.
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Fig. 89 - Basic series regulator modified
for current sensing.
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Fig. 90 - Block diagram of series voltage-
regulating current-regulating dc

power supply.

variations is not required at this point in the
circuit. (The operation and characteristics of
switching regulators are discussed later in the
section on Switching Regulators.)

The output from the preregulator is trans-
ferred to the series pass element which provides
the fast response time for the entire regulating
circuit. At this point in thecircuit, a sample of
the output voltage is compared with a reference
voltage and the resulting error signal, which is
proportional to the difference between these
voltages, is amplified and delivered to the base
of the pass transistor to correct the output
voltage.

In this type of system, the resulting output
voltage is highly dependent upon the accuracy
of the reference supply. Such a voltage source
may be a temperature-compensated zener
diode in series with a very constant source of
current so that the diode incremental resistance
has no effect on the output voltage. The
sensitivity of the regulator is an inverse
function of the gain of the drive amplifier. The
smaller the variation to be sensed, the higher
the required gain of the amplifier. A higher
gain, however, results in less stability.

Performance Parameters

Most voltage-regulated power supplies are
required to provide voltage regulation for
wide variations in load current. It is important,
therefore, to specify the output impedance of
the supply, AVour/ Alow, over a large band of
frequencies. This parameter indicates the
ability of the power supply to maintain a
constant output voltage during rapid changes
in load. The output impedance of a typical
voltage-regulated supply is normally less than
0.1 ohm at all frequencies below 2 kHz. Above
this frequency, the impedance increases and
may be as much as several ohms.

A power supply must continue to supply a
constant voltage (or current) regardless of
variations in line voltage. An index of its
ability to maintain a constant output voltage
or current during input variation is called the
line regulation of the supply, which is defined
as 100 (Vo'/ Vo), or as the change in output
voltage AV,, for a specified change in input
voltage, expressed in per cent. Typical values
of line regulation are less than 0.01 per cent.

Another important power-supply parameter
is load regulation, which specifies the amount




that the regulated output quantity (voltage or
current) changes for a given change in the
unregulated quantity. Load regulation is
mainly a function of the stability of the
reference source and the gain of the feedback
network.

A power-supply parameter referred to as
recovery time denotes the time required for
the regulated quantity (voltage or current) to
return to the specified limits when a step
change in load is applied, as shown in Fig. 91.
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Fig. 91 - Typical recovery-time character-
istics for regulated dc power
supplies.

Recovery time is a function of the frequency
response of the feedback network of the
power supply. For voltage-regulated supplies,
the “roll-off” of the feedback network increases
the output impedance at high frequencies, and
the impedance becomes inductive. As a result,
the high-frequency harmonics of the step
change in the load current induce a spike of
voltage at the output.

The amount of change in the output voltage
of the regulated power supply from an initial
value over a specified period of time is referred
to as drift. This parameter is measured after
an initial warm-up period with a constant
input voltage and load applied and the ambient
temperature held constant.

Transistor Requirements

In linear series regulators, the transistor
parameters that affect circuit design and
performance are collector dissipation, maxi-
mum collector current I¢(max), leakage current
(Icer in most cases), current gains hrg and hye,
collector-to-emitter saturation voltage Vce
(sat), collector-to-emitter breakdown voltage
Vceo(sus), and second breakdown.

The collector-dissipation rating limits the
amount of power which the series transistor
can safely dissipate when the power supply is

Power Transistor Applications Manual

short-circuited. The maximum collector cur-
rent I¢(max) limits the total current which the
regulator can handle. A low value of leakage
current is required to maintain the stability of
the circuit and, possibly, to prevent thermal
runaway. This requirement makes silicon
transistors especially suitable for use as the
regulator pass element because leakage current
is generally much lower in silicon transistors
than in germanium types. The current-gain
parameters hre and hse determine the amount
of drive current needed at various collector
current levels. The ac forward-current transfer
ratio hee also determines the output impedance
of the supply. A high hee results in a low
output impedance. The saturation voltage
Vee(sat) is one factor that determines the
required input voltage to the regulator for a
specified output voltage and current. The
collector-to-emitter breakdown voltage Vceo
(sus) limits the maximum output voltage of
the power supply. Second-breakdown consider-
ations in circuit applications of transistors
were discussed previously in the section on
Power Transistor Ratings and Characteristics.

Current-Limiting Techniques

One of the problems encountered in the
design of series transistor voltage regulators is
protection of the series control element from
excess dissipation because of current overloads
and short circuits.

In some series voltage-regulator circuits,
overloading results in permanent damage to
the series control transistor. For example,
when the output terminals of the regulator
circuit shown in Fig. 92 are shorted, the full
input voltage and available current are applied
to the series control transistor. This power
usually is many times greater than the dissi-
pation ratings of the series transistor.
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Fig. 92 - Series voltage regulator without
current limiting.
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A series fuse is sometimes used in an
attempt to protect the series transistor from
this excessive dissipation. A series fuse cannot
usually provide the necessary protection under
all overload conditions, however, because the
thermal time constant of the fuse is normally
much greater than that of the transistor.

Protection for all overload conditions may
be accomplished by use of a circuit which
limits the current to a safe value, as determined
from the dissipation rating of the series
regulator transistor. An effective current-
limiting circuit must respond fast enough to
protect the series transistor and yet permit the
circuit to return to normal regulator operation
as soon as the overload condition is removed.
It is desirable to achieve current-overload
protection with minimum degradation of
regulator performance.

One method of achieving limiting is to use a

resistor in series with the regulator transistor.
The large resistance normally required, how-
ever, dissipates a large amount of power and
degrades the regulator performance.

The current-limiting section (dashed line)
of the regulator circuit shown in Fig. 93(a) is
designed to appear as a large series resistance
during current overload and as a negligible
resistance during normal operating conditions.
The value of resistance Rs is designed so that,
during normal regulator operation, transistor
Q4 operates in the saturated condition. For
the overload condition, R4 is adjusted so that
the maximum allowable value of overload
current through this resistor produces a voltage
drop large enough to cause silicon rectifier
CR; to conduct. Conduction of CR4 reduces
the bias to Qu, so that the transistor appears as
an increasing series resistance in the regulator
circuit.
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Fig. 93 - Series voltage regulator with
transistor current-limiting circuit
(inside dashed lines) added: (a)
schematic diagram; (b) response
characteristics.
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Under short-circuit conditions, the entire
value of input voltage Vi, appears across Qa
simultaneously with the limiting value of
current. Transistor Q4 must be capable of
withstanding the resulting dissipation. When
the current limit is reached, the junction
temperature of Qq4 rises to a value considerably
above the ambient temperature. This increase
in junction temperature causes the value of
short-circuit current to rise slightly because of
the inherent variation of the base-to-emitter
voltage Vee with temperature in transistors.
This effect is minimized by mounting silicon
rectifier CR4 and transistor Q4 on a common
heat sink so that their respective junction
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temperatures may reach the same value (the
values of their respective Vgg and forward-
voltage-drop temperature coefficients are
comparable).

Performance characteristics for the tran-
sistor series voltage regulator of Fig. 93(a) are
shown in Fig. 93(b).

Although the series-regulator circuit shown
in Fig. 93(a) provides adjustable current
limiting with simple circuitry and minimum
power loss during normal operation, it has the
disadvantage of requiring a second series
transistor capable of withstanding short-circuit
output current and total input voltage simul-
taneously.
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Fig. 94 - Series voltage regulator using
pass transistor as part of current-
limiting circuit: (a) schematic
diagram; (b) response character-
istics (for R4=0).
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In many high-current high-voltage regulator
circuits, it is necessary to use parallel or series
connections of pass transistors so that the
voltage, current, and power ratings of the
series control element are not exceeded. The
method shown in Fig. 93(a) may not be
practical in this application because of the
additional series transistor required. The
circuit shown in Fig. 94(a) eliminates the need
for an additional series transistor by use of the
series regulator transistor as the current-
limiting element. This method is very effective
when a Darlington connection is used for the
series control transistor. A desirable feature of
this circuit in high-current regulators is that it
functions well even when the value of resistor
R4 is reduced to zero.

In the circuit shown in Fig. 94(a), current
limiting is achieved by the combined action of
the components shown inside the dashed
lines. The voltage developed across R4 and the
base-to-emitter voltages of Qi and Q2 are
proportional to the circuit output current.
During current overload, these voltages add
up to a value great enough to cause CR; and
Q4 to conduct. As CRy and Q4 begin to
conduct, Q4 shunts a portion of the bias
available to the series regulator transistor.
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This action, in turn, increases the series
resistance of Qy. The value of current in the
circuit, under current-limiting conditions, is
adjusted by varying the value of resistance Ra.
Higher current ranges may be obtained by
increasing the number of rectifiers represented
by CR4. Temperature drift is minimized by
mounting transistors Qs and Q4 ona common
heat sink. Performance characteristics for this
circuit (for R4 = 0) are shown in Fig. 94(b).
Thecircuit shown in Fig. 95(a) is a variation
ofthat shown in Fig. 94(a). Current limiting is
adjusted by varying R4 and by changing the
number of silicon rectifiers represented by
CRi. Temperature drift is minimized by
mounting the series control transistor Qs and
silicon rectifier CR1 on a common heat sink.
Performance characteristics for this circuit
are shown in Fig. 95(b). The circuits shown in
Figs. 94 and 95 are both applicable to high-
current high-voltage regulators because addi-
tional series power transistors are not required.
Fig. 96(a) shows another current-limiting
circuit in which the regulator series control
transistor is used as the current-limiting
element. The series element must be capable
of withstanding input voltage and short-circuit
current simultaneously. The value of short-
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Fig. 95 - Series voltage regulator which
uses additional transistor-diode
network and series pass tran-
sistor to accomplish current-
limiting function: (a) schematic
diagram; (b) response charac-

teristics.
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Fig. 96 - Current-limiting series voltage
regulator in which series pass
transistor must be capable of
withstanding input voitage and
short-circuit current simultan-
eously: (a) schematic diagram;
(b) response characteristics.

circuit current is selected by adjusting the
value of resistor Rs4. Performance charac-
teristics of this circuit are shown in Fig. 96(b).
The circuit functions equally well with resistor
R4 located in the positive output lead.

Foldback Current Limiting

Foldback current limiting is a form of
protection against excessive current. If the
load impedance is reduced to a value that
would draw more than the predetermined
maximum current, the foldback circuit reduces
output voltage and thus reduces the current.
Further reduction of load impedance causes
further decrease of output voltage and current;
therefore a regulated power supply that
includes a foldback current-limiting circuit
has the voltage-current characteristic shown
in Fig. 97. The foldback process is reversible;
if the load impedance is increased while the
circuit is in the limiting mode, the output
voltage and current increase. When the current
reaches the threshold level, the regulator is
re-activated, and the power supply returns to
normal operation.

For additional information on the Design
of Current Regulated Supplies, refer to RCA
Solid State Power Circuits Handbook, SP-52
Series.
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Fig. 97 - Output characteristic of a regu-
lated power supply with foldback
current-limiting protection for
pass transistor.

A foldback current-limiting circuit is shown
in Fig. 98. At low output current, transistor
Qs is cut off; the value of resistor Rs is selected
so that Qs has zero bias when the output
current reaches its rated value, In. When the
load current Iour reaches the limiting value,
Ix, Qs begins to conduct; current flows through
resistor Rz, transistor Qa4 turns on, and the
base-to-emitter voltage of transistor Qs is
reduced. Therefore, the base-to-emitter voltage
of transistor Qz decreases, and the output
voltage of the power supply decreases. This
decrease in the output voltage Vour reduces
the output current, so that Qs continues to
conduct at the same emitter current. If the
load impedance is reduced further, Qs is
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Fig. 99 - Foldback-current-limiting circuit
with a differential amplifier for
greater sensitivity.

driven even harder, and the output voltage
and current decrease even further.

Improved foldback-circuit performance can
be achieved by use of a differential amplifier
instead of single-ended amplifier Qs. With the
improved circuit, illustrated in Fig. 99.

FOLDBACK-—LIMITED
REGULATED SUPPLY

Fig. 100 shows a series regulated power
supply with foldback current limiting. This
supply can deliver currents of up to 3 amperes
at 20 volts. The circuit uses integrated circuits

for the regulation and protection functions;
the voltage regulator is an RCA-CA3085A
and the foldback limiter uses an RCA-CA3030
operational amplifier as a linear differential
amplifier.

Circuit Description

Specifications for the 60-watt, 20-volt supply
shown in Fig. 100 are listed on page 69. The
circuit uses an external pass transistor and
driver to extend the current capability of the
RCA-CA3085A integrated circuit voltage
regulator; the overload protection provided
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by a foldback current-limiting circuit permits
operation of the transistor at a dissipation
level close to its limit. This foldback circuit
achieves high efficiency by use of an RCA-
CA3030 integrated circuit operational ampli-
fier.

The over-all operation of the circuit can be
understood with the aid of the schematic
diagram shown in Fig. 100. Transformer T1
and its rectifiers supply the raw dc power that
is regulated by pass transistor Qs; this pass
transistor is driven by driver Qgz, which is
driven by the CA3085A voitage regulator.
Transformer T2, with its rectifiers and shunt
regulator Qu, provides positive and negative
supplies for the operational amplifier CA3030.
This operational amplifier drives the current-
limiting control Qs. Output voltage is sensed
at resistance string (Re + Ris), and load
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current is sensed by Rs.

Voltage Regulation

The power-supply output voltage is sampled
by the voltage divider (Re + Ri3), and a
portion is fed to terminal No. 6 (the inverting
input) of the CA3085A. (This portion is less
than the 3.3-volt breakdown voltage of the
type IN5225 zener diode; the zener is present
only to protect the integrated circuit from
accidental overvoltages.) If the output voltage
decreases, the base-to-emitter voltage of Q2
increases, as explained in the next paragraph.
Therefore the pass transistor Qi is driven
harder, and as a result the output voltage
increases to its original value (minus the error
dictated by the system gain).

The process by which a voltage decrease at
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Fig. 100 - Schematic diagram of a dc
power supply that uses inte-
grated circuits in the voltage
regulator and foldback-current-
limiting circuitry.
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Parts List for Schematic Diagram of Fig. 100

Ty=Signal Transformer Co.,
Part No. 244 or equivalent
Te=Signal Transformer Co.,
Part No. 12.8-0.25 or equivalent
C4=5900 uF, 75 V, Sprague Type
36D592F075BC or equivalent
C2=0.005 uF, ceramic disc,
Sprague TGD50 or equivalent
Cs, C7, C10=50 pF, ceramic disc,
Sprague 30GA-Q50 or equivalent
C4=2 uF, 25V, electrolytic, Sprague
500D G025BAT7 or equivalent
Cs=0.01 uF, ceramic disc, Sprague
TG510 or equivalent
Cs=500 uF, 50 V, Corneil-Dubilier
No. BR500-50 or equivalent
Ce=250 uF, 25 V, Cornell-Dubilier
BR 250-25 or equivalent
C9=0.47 uF, film type, Sprague
Type 220P or equivalent
R+=5 ohms, 1 watt, IRC type
BWH or equivalent
R2=1000 ohms, 5§ watts, Ohmite
type 200-5 % or equivalent
Rs=1200 ohms, % watt, carbon,
IRC Type RC % or equivalent
R«=100 ohms, % watt, carbon,
IRC Type RC % or equivalent

Rs=430 ohms, 2 watt, wire wound
IRC Type BWH or equivalent
Re=9100 ohms, 2 watts, wire wound,

. IRC Type BWH or equivalent
‘R7=470 ohms, % watt, carbon,

IRC type % or equivalent

Re=5100 ohms, % watt, carbon,
IRC type RC % or equivalent

Re,R14=1000 ohms 2 watts, wire
wound, IRC type BWH or
equivalent

R10,R15=250 ohms, 2 watts, 1% wire

.wound, IRC type AS-2 or
equivalent

R11,R17=1000 ohms, % watt, carbon,
IRC type RC % or equivalent

R12=82 ohms, 2 watts, IRC type
BWH or equivalent

R13=1000 ohms, potentiometer,
Clarostat Series U39 or equivalent

R16=1200 ohms, 2 watts, wire
wound, IRC type BWH or
equivalent

Rse=510 ohms, % watt, carbon,
IRC type RC % or equivaitent

R19=10,000 ohms, ‘% watt, carbon,
IRC type RC % or equivalent

R20=300 ohms, potentiometer,
Clarostat Series U39 or equivalent

R21=510 ohms, 3 watts, wire wound,
Ohmite type 200-3 or equivalent

Rc=240 ohms, 1%, wire wound,
IRC type AS-2 or equivalent

Rs=(See text for fixed portion);
1 ohm, 25 watts, Ohmite type H or
equivalent

Miscellaneous

(1 Req'd)—Heat Sink, Delta
Division Wakefield Engineering
NC-423 or equivalent

(3 Req'd)—Heat Sink, Thermalloy
#2207 PR-10 or equivalent

(1 Req'd)—8-pin socket Cinch
#8-1CS or equivalent

(1 Req'd)—14-pin DIL socket, T.I.,
#1CO14ST-7528 or equivaient

(2 Req'd)—TO-5 socket ELCO

. #05-3304 or equivalent

Vector Board #838AWE-1 or
equivalent

Vector Receptacle R644 or
equivalent

Chassis—As required

Cabinet—As required

Dow Corning DC340 filled grease

60-Watt, 20-Volt Power-Supply Specifications

Vinput 105-130 V, Single Transients:

Phase, 55-420 cps No load to full load: 100 mV, recovery

within 50 us

Voutpu 20V 05V Full load to no load: 100 mV, recovery
lioaa(max) 3A within 50 us
Ambient Drift 20 mV in 8 hours
Temperature 0 to +65°C of operation at
Voltage spikes None at turn-on or constant ambient

turn-off temperature
Regulation Line: £0.25% Short Circuit and

Load: +0.25% Overcurrent ‘ .
Ripple 33 mV pp; Protection Foldback technique|

9.5 mV rms '
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terminal No. 6 of the CA3085A produces an
increase of Q2 base-to-emitter voltage can be
understood with the aid of Fig. 101, which
shows some of the internal circuitry of the
CA3085A. The drop of voltage at terminal
No. 6 causes a higher base-to-emitter voltage
at the Darlington combination Qq3-Q1a4.
Therefore the collector current of Q4 in-
creases, and thus increases the voltage drop
across the 500-ohm resistor, which is the base-
to-emitter voltage of Q..
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Fig. 101 - CA3085A control of the power
transistors.

Foldback Currént-Limiting Circuit

The purpose of the current-limiting circuit
is to prevent the.power supply from passing a
load current that could damage the pass
transistor if a very low impedance (or a short
circuit) is placed across the output terminals.
Fig. 102 shows the effect of this circuit. The
supply voltage remains constant until the load
current reaches the threshold for activation of
the limiting circuit; any further decrease of
load impedance causes output voltage Vo and
load current Ip to decrease, so that the Vo-lo
characteristic folds back to limit the power
dissipation in the pass transistor. Activation
of the foldback limiting circuit disables the
voltage-regulation circuit.

1
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Fig. 102 - Foldback current-limiting charac-
teristic.

The foldback current-limiting circuit shown
in Fig. 103 uses the CA3030 integrated circuit
as a differential amplifier. A signal from the
voltage divider Rn1 and Raz2*, which is across
Vo and the Egs return, is applied to the
inverting input (terminal No. 3) of the CA3030.
The non-inverting input is tied to system
ground through Rye. Thus the base-to-base
signal that actuates the CA3030 is the dif-
ference between Vms(=IoRs) and Vmpz2. The
CA3030 output, which is the voltage at
terminal No. 12, varies linearly with the
actuating voltage, asshown in Fig. 104. When
the load current is zero*, Vrs is zero; therefore
(Vrs-Vrre) is negative, terminal 12 is negative
with respect to ground, and Qs is back-biased
(i.e., cut off). Therefore Qs does not interfere
with the normal voltage-regulated operation
of the supply. As the load current increases,
Vas increases and the voltage at terminal 12
increases.

*Ra1 actually consists of Rs and the upper portion of Rao
in the schematic diagram of Fig. 100. Raz is the lower
portion of Rzo.

The value of resistor Rs is adjusted so that
when the load current reaches the foldback-
activation value (about 3 amperes in the
power supply shown), the voltage at terminal
No. 12 of the CA3030 becomes positive. At
about 0.7 volt, transistor Qs begins to conduct;
current flows through the current-limiting
resistor R¢, with the result that terminal No. 1
of the CA3085A control circuit is driven
positive. Q15 of Fig. 101 turns on, and the
base-to-emitter voltage of Q13-Qu4 is therefore
reduced; the base-to-emitter voltage of Q2 is
reduced, and the output voltage of the power
supply decreases. This decrease of Vo tends to
reduce the load current; however, Vanz also
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Fig. 103 - Foldback current-limiting circuit.

decreases with Vo, so that (Ves-Varz) remains
fixed and Qs continues to conduct at thesame
emitter current. If the load impedance is
reduced, Qs will be driven even harder, and
therefore the output voltage and the load
current will decrease even further. Fig. 102
shows the foldback as Ry decreases.

This process is reversible. If the load
impedance Ry is increased, Io and Vo will
increase. When Io reaches the foldback-activa-
tion level, Qs will cut off again and the power
supply will return to regulated operation.

The CA3030 must be operated as a linear
voltage amplifier in the foldback circuit, so
that the gain is as shown in Fig. 104. If the

V2 OUTPUT

(VRs- VRR2!

Fig. 104 - Outputvoltage from the CA3030
operational amplifier as a func-
tion of actuating voltage.

CA3030 is misadjusted, a Schmitt trigger
action can occur. Such operation may be
desirable in latching-type current protection,
e.g., in circuits that switch off at overload.
Such circuits, however, introduce other prob-

lems such as lack of automatic turn-on,
hysteresis effects on varying loads during the
shutdown process, and capacitive and non-
linear loads.

*The currents in the 1-kilohm bleeder resistor and the
10-kilohm sensing string are neglected in this discussion.

FOLDBACK-LIMITED SUPPLY
Hybrid-Circuit Regulator

The RCA line of power hybrid circuits
includes a series voltage regulator, shown in
Fig. 105, designed for use as the regulating
element in foldback-current-limited, regulated
dc power supplies. The hybrid-circuit regulator
includes an RCA-CA3085A integrated-circuit
voltage-regulator chip for voltage regulation,
stability, and temperature compensation. This
integrated circuit supplies a regulated signal
to a two-stage high-current booster circuit
that consists of a p-n-p driver chip Qz and an
n-p-n hometaxial-base transistor chip Qa
(RCA-2N3055 type) used as the series pass
transistor. This two-stage output circuit makes
possible a load-current capability of 4 amperes
without the use of external booster devices.
With the use of two external booster tran-
sistors, the hybrid circuit can provide regu-
lation at load currents up to 12 amperes. For
load currents greater than 12 amperes, the
regulator circuit is used as a Darlington
driver.

The internal circuitry of the hybrid regulator
also includes a foldback-current-limiting cir-
cuit, a crowbar trigger circuit, and three
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Fig. 105 - RCA high-current hybrid-circuit

series voltage regulator.

ballast resistors. The ballast resistors are
provided to assure current sharing between
the internal pass transistor and two external
pass transistors when regulation is required at
current levels between 4 and 12 amperes.

Because the CA3085A chip is rated for a
maximum supply voltage of 40 volts and a
feedback voltage to the inverting input (ter-
minal 6) of 1.8 volts, the output-voltage
capability of the hybrid-circuit regulator is
limited to a range from 2 to 32 volts.
Standard-design regulator circuits that provide
a regulated output of 5, 8, or 12 volts are
available. For each type, the output voltage is
regulated to within +1 per cent for typical
lme-voltage load-current, and temperature
variations.

The values of the voltage-divider resistors

Rz and Rj establish the level of the output
voltage. The junction of these resistors is
directly coupled to the inverting input of the
CA3085A voltage-regulator chip. The values
of the resistors are selected to divide the
output voltage so that, for the rated output,
the voltage applied to the CA3085A inverting
input is approximately 1.6 volts. Any change
in output voltage produces a corresponding
change at the inverting input of the CA3085A
and this circuit then develops an output to
cancel the change in output voltage. For
example, an increase in load resistance causes
the output voltage to rise. The resultant
increase in the voltage at the inverting input of
the CA3085A is applied to the base of transistor
Qs on the CA3085A chip, and the collector
current of this transistor increases. The base
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current of transistor Q3 then decreases because
it is derived from a constant-current source.
This action, in turn, causes the base and
collector currents of transistor Q4 to decrease
so that the drive for the p-n-p driver transistor
Qzand the n-p-n pass transistor Qu s reduced.
The load current then decreases to return the
output voltage to its original value.

HIGH-OUTPUT-CURRENT VOLTAGE
REGULATOR WITH FOLDBACK
CURRENT LIMITING

Fig. 106 illustrates the use of the hybrid-
circuit series voltage regulator in a foldback-
current-limited, regulated dc power supply.
This supply provides an output of 5 volts
regulated to within +1 per cent. The two
external 2N3055 hometaxial-base transistors
Qo1 and Qg2 are used as booster pass transistors
to increase the load-current capability of the
basic regulator circuit to 10 amperes.

The values of the three ballast resistors (Ra,
Rs, and Ry) in the hybrid circuit are selected
so that (1) the voltage drop across each
resistor at the rated current is approximately
450 millivolts and (2) the current through each

3

external pass transistor is 1.5 times that
through the internal pass transistor. These
resistors, therefore, force the required current
sharing between the internal and external pass
transistors.

The foldback-current-limiting circuit con-
sists of transistors Q1 and Qs and resistors Ry,
Rs, Re, and Ry in the hybrid circuit (shown in
Fig. 105). Transistor Qs senses the voltages
across the branches of the bridge circuit
formed by resistors Re and R7 on one side and
the base-emitter junction of the series pass
transistor Qu, resistor R4, and the load
resistance on the other side. Because the base-
to-emitter voltage of transistor Qa4 increases
with the collector current, inclusion of the
base-emitter junction of this transistor in the
bridge increases circuit sensitivity.

During normal operation, transistor Qy is
operated in the saturation region, and tran-
sistor Qg is cut off. When an overload occurs,
transistor Qg is driven into conduction, and
the collector current of this transistor flows
through resistor Rs to decrease the base-to-
emitter voltage of transistor Q4. This effect
reduces the base drive to the p-n-p driver

YPE
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Fig. 106 - Foldback-current-limited regu-
lated dc power supply that uses
an RCA high-current power
hybrid circuit as the series

voltage regulator.
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transistor Q2 and subsequently the voltage
drop across the load resistor. The voltage-
feedback condition reaches a stable point on
the load-resistance characteristic because the
loop gain is less than unity. Transistor Qi
effectively protects transistors Qz and Q4 and
the main pass transistor Q.4 on the CA3055
integrated-circuit chip (shown in Fig. 105),
but it does not protect transistor Qq3. Pro-
tection of this latter transistor is provided by
transistor Qis, which turns on when the
current through resistor Ry reaches 20 milli-
amperes.

The crowbar trigger circuit in the hybrid
circuit provides a trigger input to the external
2N682 crowbar SCR in response to an
overvoltage that ranges from 105 to 125 per
cent of the rated output value. This overvoltage
may result from short-duration transient
currents generated by either the load, the
supply, or a pass transistor that becomes
short-circuited. Resistor R4y and zener diode
D4 provide a stable reference voltage that is
reduced in value by the voltage divider formed
by resistors Ry2 and Rys. The voltage at the
junction of these resistors is compared to the
output voltage by transistor Qs. When an
overvoltage occurs, transistor Qs turns on and
provides the base drive to turn on the transistor
Qe. This action is regenerative, and the
collector currents of transistors Qs and Qg are
limited only by resistor Ry3, which limits the

base current of transistor Qe. Resistor Ris

provides a leakage path for the collector-base
junction of transistor Qe. The output of the
trigger circuit is connected to the gate of the
SCR. The SCR is triggered on by the gate
current supplied by this circuit to provide a
low-impedance path to shunt excessive cur-
rents generated by the overvoltage condition
away from the load circuit.

In high-current voltage regulators employing
constant-current limiting, it is possible to
develop excessive dissipation in the series-
pass transistor when a short-circuit develops
across the output terminals. This situation can
be avoided by the use of the “foldback”
current-limiting circuitry as shown in Fig.
107. In this circuit, terminal 8 of the RCA
CA3085A senses the output voltage, and
terminal 1 is tied to a tap on a voltage-divider
network connected between the emitter of the
pass-transistor (Qa) and ground. The current-
foldback trip-point is established by the value
of resistor Rsc.
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The protective tripping action is accom-
plished by forward-biasing Qis in the CA-
3085A. Conditions for tripping-circuit opera-
tion are defined by the following expressions:

Vee(Qqs)=(voltage at terminal 1)-(output

voltage)

| R, l '
= + -
(Vo + ILRsc) R, + Rs Vo

R4
If = K.
R, + Rs K. then
Vee(Q15)~(Vo*ILRsc) K-Vo=KVo+KIL Rsc-Vo
and therefore
Rec = Vo + Vai(gw) - KVo
KI,

Q2
2N4036

Fig. 107 - High-output-current voltage
regulator with “foldback” cur-
rent limiting.

Under load short-circuit conditions, term-
inal 8 is forced to ground potential and
current flows from the emitter of Qi4 in the
CA3085A establishing terminal 1 at one Vae-
drop [= 0.7 V] above ground and Qis in a
partially conducting state. The current through
Q14 necessary to establish this one-Vge condi-
tion is the sum of currents flowing to ground
through R+ and [R2 + Rsc]. Normally Rgc is
much smaller than Rz and can be ignored:
therefore, the equivalent resistance Req to
ground is the parallel combination of Ry and
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Rz. The Qu4 current is then given by:

\ \ 0.7 [1.3+0.46
= 2EQrs) ToE(Qu), [ 1206

I
& T R.Rz 1.3x0.46
Ri + Rz milliamperes

This current provides a voltage between
terminals 2 and 3 as follows:

V2-3=1Q,,x250 ohms=2.06x107x250=0.515
volt.

The effective resistance between terminals 2
and 3 is 250 ohms because the external 500-
ohm resistor Rg is in parallel with the internal
500-ohm resistor Rs. It should be understood
that the V-3 potential of 0.515 volt is
insufficient to maintain the external p-n-p
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transistor Qz in conduction, and, therefore,
Qs has no base drive. Thus the output current
is reduced to zero by the protective circuitry.
Fig. 108 shows the foldback characteristic
typical of the circuit of Fig. 107.

An alternative method of providing “fold-
back” current-limiting is shown in Fig. 109.
The operation of this circuit is similar to that
of Fig. 107, except that the foldback-control
transistor Q2 is external to the CA3085A to
permit added flexibility in protection-circuit
design.

Under low load conditions Q2 is effectively
reverse-biased by a small amount, depending
upon the values of Ra and R4. As the load
current increases the voltage drop across Ruip
increases, thereby raising the voltage at the
base of Qq and Qq starts to conduct. As Q2

10

OUTPUT VOLTAGE (Vo)—V

INPUT VOLTAGE (V1)=15V
CURRENT TRIP SET FOR IA

0 \ZmA

OUTPUT CURRENT (Ip)—A

B

92C$-21832

Fig. 108 - Typical “foldback’” current-lim-
iting characteristic for circuit of

Fig. 107.

0.001uF

Ql
2N5497
PASS TRANSISTOR

R4

REG.

o—+

Vo
m%
O

_Fig. 109 - High-output-currentvoltageregu-

lator using auxiliary transistor
to provide “foldback” current

limiting.
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becomes increasingly conductive it diverts
base current from transistors Q13 and Q4 in
the CA3085, and thus reduces base drive to
the external pass-transistor Q¢ with a con-
sequent reduction in the output voltage. The
point at which current-limiting occurs, Iip, is
calculated as follows:

Veg(Qy)=voltage at terminal 8 —Vo(assuming
a low value for Ryip)

Veg(Qp)=voltage at terminal S(R R; )—Vo
atRa4

=| Vo+ILRuip* Vg R4 Y
O

K=
RatR,

, then the trip current is given by:

_Vee(Qa)KI[Vo+Vee(Q)l* Vo
p=
KRtrip

In the circuit in Fig. 107 the load current goes
to zero when a short circuit occurs. In the
circuit of Fig. 109 the load current is signi-
ficantly reduced but does not go to zero. The
value for Isc is computed as follows:

Vse(Q2)+ |:VBE_(QE.)+ IB(Qz)] R, =V95(Q1 )"’
R

Itn

2 IscRuip
[Vae(oz) ]
lo= VeE(Q*L Rz *18(Qq)|Ri-Vee(Qy)
Rurip

Fig. 110 shows that the transfer characteristic
of the load current is essentially linear between
the “trip-point™ and the “short-circuit” point.

SHUNT REGULATORS

Although shunt regulators are not as
efficient as series regulators for most appli-
cations, they have the advantage of greater
simplicity. The shunt regulator includes a
shunt element and a reference-voltage element.

OUTPUT VOLTAGE (Vy)—V
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Fig. 110 - Typical foldback current-limiting
characteristic for circuit of Fig.
109.

The output voltage remains constant because
the shunt-element current changes as the load
current or input voltage changes. This current
change is reflected in a change of voltage
across the resistance Ry in series with the load.
A typical shunt regulator is shownin Fig. 111.
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@
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Fig. 111 - Basicconfiguration for a typical
- shunt regulator.

T

The shunt element contains one or more
transistors connected in the common-emitter
configuration in parallel with the load.

For a detailed discussion of the Design and
Equations for Shunt Regulators, refer to
RCA Solid State Circuits Handbook, SP52-
Series
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A switching regulator is used to maintain
the output voltage Vo constant during varia-
tions in loading. Essentially, the regulator is
an inductance-capacitance (LC) filter in series
with a switch and a power source. By variation
in the length of time the switch is on during
each cycle, the amount of energy delivered to
the filter can be controlled. The output voltage
Vo is a function of this energy.

BASIC REGULATOR OPERATION

As shown in Fig. 112, QI is used in the
switching mode; therefore, large power levels
may be controlled with low loss. Because the
output voltage of a switching regulator is not
perfectly regulated, this circuit is often used as
a preregulator.

Typical operating waveforms for a switching
regulator are shown in Fig. 113. The period T
is constant; the transistor “on”time t, however,
is variable. A differential amplifier compares
the output voltage to a reference voltage, and
that difference determines the “on” time t. The
output voltage Vo is proportional to t for a
given load. When Q1 is on, current increases
linearly in the L part of the LCfilter. When Q1
is off, the energy in L is transferred to C and
the load. The commutating diode limits the
voltage across Q1 to the supply voltage. When
Q1 again turns on, the capacitance of the
diode must be discharged. This discharge
causes an initial spike in the collector current
of Ql.

L

+ Q) _

RECTI-

FIER

AND PULSE- LoAD
60 FILTER|V: WIDTH
"3“ POURCE Moou- (MAY BE A

AMPLIFIER [LATOR SERIES
REGULATOR)
92CS—26584

Fig. 112 - Switching regulator.
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Fig. 113 - Typical operating waveforms for
a switching regulator.
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Some important characteristics of the
switching—regulator performance are as follows:
1. The maximum operating frequency may
be limited by the switching time of the
transistor QI.

. Thecollector-to-emitter saturation voltage
Vee(sat) and switching-time losses cause
device dissipation and power loss. The
power dissipation Py in QI is determined
as follows:

t
Pi=Vee(sat -
'=Vce(sat) Ic T

. Esw (rise and fall)
T

where t is the transistor “on” time. T is the
period, Ic is the collector current in
amperes, and Esw is the energy absorbed
by the output transistor during switching.
The collector-to-emitter saturation voltage
Vce(sat) and the transistor rise and fall
times should be small to ensure low device
dissipation.

The maximum output voltage is limited
by the amount of voltage that QI can
withstand without breaking down. Because
the full source voltage appears across Q1
when it is off and the diode is on, the
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collector-to-emitter breakdown voltage
Vcex should be greater than the source
voltage.

DESIGN OF A PRACTICAL
SWITCHING—REGULATOR
POWER SUPPLY

Power supplies that use switching regulation
usually are smaller and lighter and operate
more efficiently than conventional supplies.
These improvements result from elimination
of the need for a 60-Hz power transformer and
heat sinks for the transistors.

A complete switching-regulator power sup-
ply is described in detail in the sections below
(see Fig. 114). A block diagram of this circuit
showing voltage waveforms at various points
is given in Fig. 115. This supply produces 250
watts at 5 volts with an efficiency of 70 per
cent. It uses two switching transistors in a
push-pull arrangement with variable pulse
width; the switching rate is 20 kHz. The
complete supply weighs only 10 pounds and
occupies only 470 cubic inches.

Power-Supply Elements

The switching-regulator power supply in-
cludes the six major elements shown in the
schematic diagram of Fig. 114: (1) the main

ISOLATION POWER FILTER |3
TRANSFORMER ECTIFIERS 5
s SR VR o 1 ou&%uT
"g; (SN © l e
(8) ™
u . " s
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SWITCHING SWITCHING
TRANSISTOR TRANSISTOR | RECTIFIER OUTPUT VOLTAGE
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,_t: ‘oI LT 1 J ()
J ISOLATION TRANSFORMER

Vee

MAIN SUPPLY

e

17 v
50-60 Hz

4
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"PUSH" TRANSISTOR
OUTPUT CURRENT

SR e

"PULL" TRANSISTOR
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oFfF |

1 STATE
"PUSH" "PULL"
ON N
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R
OFF *
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Fig. 115 - Block diagram of switching-reg-
ulator power supply, showing
voltage waveforms at various

points.
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Fig. 114 - Diagram of switching-regulator
power supply.

power supply, (2) the power-switching tran-
sistors, (3) the isolation transformer, (4) the
modulator circuits, (5) the power rectifiers,
and (6) the filter. The important parameters of
these elements are discussed below.

Main Power Supply

The main power supply provides the power
that ultimately becomes the output power. It
rectifies and filters the line voltage without use
of a 60-Hz transformer. For a switching-
regulator type of power supply, the main
supply may be designed for high ripple without

increased regulator losses (such as would
occur in a conventional series regulator).
Therefore, smaller capacitors and lower-cost
rectifiers can be used. Some resistance must be
added in series with the power line to prevent
damage to the rectifiers during turn-on. The
voltage delivered by the main power supply
varies with line-voltage and load variations.
The peak output voltage of the main supply at
the maximum line conditions (with transients)
determines both the collector-voltage rating
required for the power-switching transistors
and the turns ratio of the isolation transformer.
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Fig. 114 - Diagram of switching-regulator
power supply (cont'd).

Power-Switching Transistors

The performance capabilities of the power
supply are determined by the switching
transistors, because they are the parts least
able to withstand overloads such as those
caused by load faults or misuse. Therefore, the
switching transistors must have the following
characteristics (see Table VI for typical
examples). Listed in order of importance:

1. High forward-bias second-breakdown
capability. The transistor must carry high
currents at high voltages shown in the

switching load line of Fig. 116.

Ability to withstand the required collector

voltage specified in Table V while in the
cut-off condition. A leakage current
specification Icev establishes this capa-

bility.

. Short rise and fall times (t, and t;) for low

power dissipation in the transistors and
thus high efficiency of the power supply.

. Reasonably low Vce(sat) for low dissi-

pation and economical transistor heat

sinks.
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Fig. 116 - Typical load line for a switching
transistor in the pulse-width
modulated switching-regulator
type power supply of Fig. 114.
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Icer, forward-bias second-breakdown voltage,
and switching times (see Table VI). The
forward-current transfer ratio hee determines
the amount of drive current needed. The
collector-to-emitter saturation voltage Vce(sat)
is important because it determines part of the
power loss in the circuit and the dissipation of
the transistor during the ON period. The
amount of leakage current is important because
the transistor essentially conducts this amount
of current during the OFF period and thus
increases dissipation. If this leakage current is
large enough, the transistor can enter into a
condition of thermal runaway. Silicon tran-
sistors, with their inherently lower leakage-
current value, do not often exhibit this
problem.

The transistor safe-area rating determines
the maximum power that can be handled by
the transistor and by the supply. This para-
meter and its implications are explained in
detail in the section on Safe-Area Ratings.

Table V - Relationship Between Line Voltage and the Required Collector Voltage Rating
for the Switching Transistors

Rms Peak Nominal Safe (15% Added)
Line Line Collector Collector
Voltage Voltage Voltage Voltage Rating

v) (V) (V) (V)

90 127.3 254.5 292

95 134.3 268.7 309

100 141.4 282.8 325

105 1485 296.9 341 A

110 155.5 3111 357

115 162.6 325.2 374 Operating
120. 169.7 339.4 390 Range
125 176.7 353.5 406

130 183.8 367.6 422

135 190.0 381.8 439 Y
140 198.0 395.9 455

145 205.0 410.1 471

150 2121 424.2 487

5. Stable leakage current (Icev). The magni-
tude of the leakage is not important (even
20 milliamperes at 500 volts contributes
less than 5 watts to the average dissipation
per transistor), but it should be stable.

Transistor Parameters

The transistor parameters affecting the
performance of a switching regulator are the
current gain hee, the collector-to-emitter
saturation voltage Vce(sat), the leakage current

The switching times, t, (rise time) and t; (fall
time), are of prime consideration in selection
of a transistor to be used as the switch. For
good regulation over a wide range of input
voltage and output current, the duty cycle
must be variable from'at least 10 to 90 per cent
(i.c., the pulse width could be a minimum of
one-tenth of the period 1/10f). For low
switching losses, the rise and fall times should
each be less than 10 per cent of the minimum
pulse width.
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Table VI - Recommended Specifications for Switching Transistors

Parameter Measurement Conditions Value
For Transistors
General |Used in Design
Example
lcev Vce from Vce=450 \Y) 5 mA
Table V max.
VBE < Vssm VaE =15V
leso Ves = Vee'” Ves =6V 5 mA
max.
Isp lc = le(max.) Ic=4A (must pass
test)
Vce = Vcc VCE =200V
(max.)
t=50us t=100 us
Vce(sat) Ic = lc(max.) Ic=4 A <3V
lg as provided ls=08A
by driver cir-
cuit
Vee(sat) " " <2v?
t, Ic = le(max.) | conditions®® <1us
g1 and lg2 as
provided by
driver circuits
t " "’ <1us

“Vee is negative voltage source applied to the base.

| mportance depends upon drive-circuit design. For the design shown, Vee(sat) is not
critical.

@Because of the great variations in parameters and waveforms, some standard test
condition is used for control. The manufacturers standard conditions are usually
adequate control.

O
¥ —Lc fL
Switching Arrangement CR T
The transistor switching arrangement usually {a) a A%k

takes on one of two forms as illustrated in Fig.
117. If isolated supplies appear in the drive
circuits of Q1 and Q2, performance of thetwo
circuits is basically the same. However, if no
isolated supplies are used, then the circuit of
Fig. 117(b) has the disadvantage that the Vce -
of Q2 cannot be reduced below the Vge of Q2.
This condition results because the base of Q2
cannot be tied to a point more positive than
the plus voltage of the power supply.

The ‘circuit of Fig. 117(a) can avoid this
problem if the collector of the driver unit is
connected to the positive side of the supply.
The disadvantage is that current in the driver
does not flow through the load; the power

Fig. 117 - Basic transistor switching ar-
rangements: (a) filter elements
and load impedance in collector

associated with this current, therefore, is lost. circuit of switching transistor;
The circuit of Fig. 117(b) is usually preferred (b) filter elements and load
when the power that results from a high impedance in emitter circuit of

Vce(sat) can be tolerated. switching transistor.
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Fig. 118 - Waveform of emitter current in
power-switching transistor
showing effects of core size
and number of primary turns,
with regulation defeated (see
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note on Fig. 114).

Fig. 118 shows the emitter-current waveform
of a power-switching transistor, monitored at
point Y of Fig. 114 for different numbers of
primary turns. If the emitter current is
excessive, the circuit reduces the duty cycle to
protect the power-switching transistor. Fig.
119 shows the waveforms for unbalanced dc
drive. These unbalanced currents result from
unequal duty cycles, caused by oscillator
unbalance or by unbalance or faults in the
modulator. Because such unbalances occur in
normal operation, the protective circuits must
be included in the design.

CURRENT-LIMITING LEVEL

L

DIFFERENT DEGREES OF

UNBALANCE
Tg WAVEFORM AT

TEST POINT Y

must have a short rise time to provide fast
transistor turn-on and low dissipation. The
reverse drive must have short rise time and a
magnitude equal to or greater than the forward
base drive. ‘

The oscillator frequency should be stable to
minimize rectifier losses, and should be greater
than 20 kHz to eliminate sound. All of the
circuits should be insensitive to component-
value variations, component drift, and random
or stray interference. The circuits also sense
excessive emitter current in the power-switching
transistors, and compensate by adjustment of

CURRENT LIMITED BY Q3 OR Q4
TERMINATING THE "ON" STATE

.

UNEQUAL —/

PERIODS

Fig. 119 - Waveform of emitter current in
power-switching transistor
showing effect of unbalanced
direct current, with regulation
defeated and load current of 25

amperes.

Modulator Circuits

The modulator circuit (oscillator, drivers,
modulators, and latches), which is indicated
in the circuit diagram, delivers the base drive
to the power-switching transistors. The for-
ward drive must be sufficient to keep the
transistors saturated under all conditions, and

the duty cycle, as noted above.

These circuits eliminate common-mode
conduction in the power-switching transistors.
This conduction occurs in a driven inverter
when the transistor that has been “off” is
turned “on”; the other transistor continues to
conduct because of its storage time. For
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several microseconds both transistors conduct,
and the current is not limited by the collector
circuit. The transistor that has just been
switched on has high current and voltage
simultaneously, and therefore high dissipation
perhaps 50 per cent of the rated power-supply
output). This power dissipation is wasteful
and may even damage the transistor.

Power Rectifiers

Most of the losses in the power supply occur
in the power rectifiers. For example, in a 5-
volt, 50-ampere supply utilizing four IN3909
rectifier diodes, each of the diodes carries a
nominal peak current of 25 amperes at 50-per-
cent duty cycle. The forward power loss in the
rectifier can be calculated from the current
and voltage values. The voltage drop is not
specified for 25-ampere operation, but the
rectifier has a maximum voltage drop of 1.4
volts at a current of 30 amperes. Because this
30-ampere data is close to 25-ampere operation
(and unbalance could cause the current to
exceed 25 amperes), the maximum forward-
drop rectifier losses can be estimated from the
30-ampere specifications: 1 x 1.4 Vx 30 A x
4= 84 watts at maximum rated output.

Reverse recovery losses in the diodes add to
the total dissipation; these losses, which are
significant at 20 kHz, depend on the rectifiers
used, the leakage inductances in the wiring
and the isolation transformer, the transistor
switching times, and the operating frequency.
Because of the many variables (and unknowns)
involved, the rectifier losses should be deter-
mined by measurement of circuit efficiency or
heat-sink temperature. A total rectifier loss of
45 per cent of the rated output power of the
regulator is to be expected.

Isolation Transformer

The isolation transformer is a ferrite-core
transformer that operates at 20 kHz. Its
design formulas are the same as those for
conventional 60-Hz transformers, but the
results are significantly different. The number
of turns is never greater than 200, and may be
as low as one. These turns always fit in the
large “windows” in the ferrite core. Leakage
inductance is reduced in the primary turns by
sectioning the primary winding. Leakage in
the secondary is less important because the
secondary is loaded by a filter choke. The
copper losses can easily be made negligible,
and the copper wire costs are small. The size of
the transformer core is determined by the need
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to dissipate the heat generated in the core
material; the Indiana General Co.* recom-
mends that dissipation be kept below 0.25
W/in. The 20-kHz ferrite core is much smaller
than a 60-Hz core (3 in.2 vs. 140 in.%), and is
much lighter (1 1b. vs. 33 1bs.).

The design of a 20-kHz power transformer
involves three basic problems: core material
selection, windings to keep peak flux below
saturation, and compensation for unbalanced
direct currents.

If a core has too much loss, it will overheat.
If it has too many turns, the flux density will
be below saturation, but the copper losses will
be greater than necessary. The number of
turns is kept low to avoid unnecessary copper
losses, but must be great enough to keep the
peak flux in the core below saturation.

The core will saturate if its cross section is
too small, if there are not enough turns in the
primary winding, or if the primary direct
current is unbalanced. Core saturation causes
the power-switching transistors to draw ex-
cessive currents.

Filter Considerations

A fundamental part of every switching
regulator is the filter. Fig. 120 shows the
various types of filters that can be used.
Selection of the optimum filter for a power
supply is based on the load requirements of
the particular circuit and consideration of the
basic disadvantages of the various types of
filters.

(b)

Oo— T—-O
(c) T
O———-—LO

92Cs-23846

Fig. 120 - Typical filter circuits for use
between pass element and load
in a switching regulator: (a)
capacitive filter; (b) inductive
filter; (c) inductive-capacitive
filter.
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A capacitive filter, shownin Fig. 120(a), has
two primary disadvantages: (1) because large
peak currents exist, R must be made large
enough to limit peak transistor current to a
safe value; and (2) the resistance in this circuit
introduces loss.

*Indiana General Ferramic Components,
Indiana General Corp. Keasbey, N.J.

An inductive filter, shown in Fig. 120(b),
has three disadvantages: (1) The inductance
may produce a destructive voltage spike when
the transistor turns off. This problem, however,
can be solved effectively by the addition of a
commutating diode, as shown in Fig. 121.

92C5-25847

Fig. 121 - Use ofinductance and commu-
tating diode as filter network
between pass transistor and load
in switching voltage regulator.

This diode commutates the current flowing
through the inductor It when the transistor
switches off. (2) An abrupt change in the load
resistance Ry produces an abrupt change in
output voltage because the current through
the load I cannot change instantaneously. (3)
A third disadvantage of the inductive filter
becomes evident during light loads. The energy
stored in an inductor is given by

E=LI?

As a result, the capability of the inductor to
store energy varies with the square of the load
current. Under light load conditions, the
inductor must be much larger to provide a
relatively constant current flow when the
transistor is off than is required for a heavy
load.

Most of the problems associated with either
a capacitive filter or an inductive filter can be
solved by use of a combination of the two as
shown in Fig. 120(c). Because the energy
stored in an inductor varies directly as current
squared, whereas the energy output at constant
voltage varies directly with current, it is not
usually practical to design the inductor for
continuous current at low current outputs.

The addition of a capacitor eliminates the
need for a continuous flow of current through
the inductor. With the addition of a commu-
tating diode, this filter has the following
advantages: (1) no “lossy” elements are
required (2) The inductive element need not be
oversized for light loads because the capaci-
tance maintains the proper output voltage
Vout if the inductive current becomes discon-
tinuous. (3) High peak currents through the
transistor are eliminated by the use of the
inductive element.

In summary, the switching-regulator filter
can take on various forms depending upon the
load requirements. However, if a wide range
of voltage and current is required, an LC filter
is used in combination with a commutating
diode.

A practical rule of thumb is to design the
inductor to be large enough to dominate the
performance during maximum-load condi-
tions. The filter capacitor is chosen to be large
enough to dominate performance at mid-
range current values and the full range of
output voltages.

A primary advantage of the transistor
switching regulator is that the switching
frequency can be made considerably higher
than the line frequency. As a result, the filter
can be made relatively small and light in
weight.

The means by which the switching regulator
removes the line-frequency ripple component
isiltustrated in Fig. 122. The on time increases
under the valley points of the unregulated
supply and decreases under the peaks. The net
result is to remove the 60-Hz component of
ripple and introduce only ripple at the
switching frequency which is relatively high
frequency and easily filtered out.

The inductor carries a current equal to the
dc output. It can have small size and low

92CS5-25848

Fig. 122 - Effect of high-frequency switch-
ing of the switching regulator
on power-supply ripple compon-
ent.




resistance because it has a low inductance (3to
8 microhenries). The inductance value used is
a compromise between the need for a high
value to limit peak currents and thus permit
good transistor utilization, and the need for a
low value to permit fast response to sudden
current demands. The minimum value of
inductance is determined by the peak collector
current allowed, as follows:
_ tot(max) Eou
nrlc(peak) - Ilogd

where nr is the turns ratio of the isolation
transformer,

The filter capacitors for this application
must be selected for 20-kHz operation. Ceramic
and paper types are recommended, but
tantalum or high-quality aluminum electro-
lytics can be used for large values of capaci-
tance. The capacitance must be sufficient to
prevent the output voltage from decreasing
excessively when the load is suddenly increased
and the inductor supplies less than the load
current. The minimum capacitance is given by

Lioad[tais +2tort(max)]
in =
2(AV) allowed
where
L Iload
tais =
Vce(min)
—_ Vo - 1.0
nry

and tos(max) is 12.5 microseconds for this
design.

Fig. 123 shows how the inductor controls
the ratio of peak collector current to average
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SLOPE IS PROPORTIONAL TO OUTPUT
VOLTAGE Vo AND THEREFORE IS
CONSTANT.
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WAVEFORM WITH LESS U °“T:’UT CURRENT
¢ TIME

Fig. 123 - Waveforms for filter inductor
under steady-state operation at
60-per-cent duty cycle.

collector current in the power-switching
transistors under steady-state operation. Smaller
inductors cause higher peak currents, which
require larger transistors and result in poor
utilization of the transistor capabilities. The
minimum value of inductance is determined
by the peak collector current allowed, as
follows:

_ ton(max) Eout
min=~
nr le(peak) - lioad

where nr is the turns ratio of the isolation
transformer. However, as shown in Fig. 124,
the inductor also establishes the maximum
rate of rise of current to the capacitor, and
thus determines the ability of the power
supply to respond to sudden demands for load
current. For quick response, a low value of
inductance is desirable.
Power-Supply Performance

The power supply shown in Fig. 114 can
deliver a load curent of 50 amperes at 5 volts.

INPUT
VOLTAGE TO
FILTER AND
INDUCTOR

l—DUTY CYCLE BECOMES 100%

TIME

LOAD INCREASED AT WORST
POSSIBLE TIME

CURRENT
——

OUTPUT CURRENT

ALL SLOPES SAME
AS IN FIG. 123

TIME WHEN OUTPUT M
CAPACITOR 1S ————|
BISCHARGING

dis

Fig. 124 - Waveforms for filter inductor-
- under sudden increase of load

current.
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All of the pulse-width modulation circuits,
drivers, and latches are duplicated for each
power-switching transistor. This duplication
uses more than the minimum number of
components, but it provides wide design
margins and reliable operation.

Voltage regulation and overload regulation
are accomplished by reducing the duty cycle
of the power-switching transistors. The duty
cycle is reduced by triggering the latches on,
either from pulse transformers Ts and Ts to
regulate the output voltage, or from transistors
Qs and Q4 to prevent excessive emitter currents
in the power-switching transistors. The ex-
cessive currents could be caused by overloads
at the output or by transformer core saturation
resulting from unbalanced duty cycles.

Input-to-output isolation is maintained
through the main isolation transformer (Th),
the 60-Hz transformer (Tz), and the pulse
transformers (Ts and Ts). This circuit isolation
is indicated in Fig. 114.

This power supply is capable of operating
into any load impedance, including short
circuits, without damage. It can operate at
duty cycles from less than 10 per cent to 100
per cent. With a duty cycle of 100 per cent, the
supply operates as a straight inverter at the
full capacity of the transistors, transformers,
and rectifiers.

The base drive for the power-switching
transistors is direct-coupled, and is supplied
by an unregulated low-voltage power supply
that operates from a 60-Hz transformer. Direct
coupling of the base drive provides positive
control over transistor bias. The reverse base
drive is supplied by the two-transistor latch
circuits Qs and Qg or Q7 and Qg, or by the
oscillator transistors (Qq1 and Qy2) if the duty
cycle is 100 per cent. The reverse base voltage
is obtained from a 6-volt regulated supply.

The frequency is controlled by the astable
transistor oscillator that operates from 15-
volt and -6-volt regulated sources. A potentio-
meter for equalization of the duty cycle is
shown, but is not normally required. Transistor
Qs insures that the oscillator does not “hang
up.’9

Common-mode conduction is reduced by
cross-coupled diodes Dy and D,. These diodes
conduct when the Vce of the power-switching
transistor is less than 5 volts (breakdown of
the zener diode), and prevent conduction of
the opposite power-switching transistor. These
diodes are of critical importance because the
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storage time of the power-switching transistors
is several microseconds at light load conditions
(Is,> 0.5 amperes and 1c< 0.5 amperes).

A major consideration in the design of this
power supply is.the protection of the switching
transistors and the load circuit from damage
caused by transients or faults in the modulator.
The faults most likely to occur are lock-up in
the oscillator, transient turn-on of the latching
transistors caused by dv/dt at point X in Fig.
114, and magnetic pickup in the pulse trans-
formers. The circuit is designed so that any of
these faults will cause the power-switching
transistors to turn off; this design protects the
transistors and keeps the output voltage low.
The over-current protection circuit is made
independent of the proper functioning of the
output regulator or its associated circuits, and
is dc-coupled to minimize the possibility of
faiture. Finally, if the low-voltage supplies
fail, the output voltage merely falls to zero
without any harmful surges.

STEP-DOWN SWITCHING REGULATOR

A transistor switching regulator can be used
asa dcstep-down transformer. This circuitisa
very efficient means of obtaining a low dc
voltage directly from a high-voltage ac line
without the need for a step-down transformer.
Fig. 125 shows a typical step-down transistor
switching regulator. This regulator utilizes the
dc voltage obtained from a rectified 117-yolt
line to provide a constant 60-volt supply. Fig.
126 shows the performance characteristics for
this circuit.

20-KHZ SWITCHING-REGULATOR
CIRCUIT

The following paragraphs describe a 20-
kHz switching-regulator circuit that operates
from a 28-volt supply and has a regulated
output between 4 and 16 volts dc. The circuit
features overload protection which limits the
current to about 11 amperes.

The control element of the switching
regulator is a 2N6650, a p-n-p Darlington
power transistor used as a switch and driven
directly from a CA3085A integrated-circuit
positive voltage regulator shown in Fig. 127.
The regulator does not operate at a fixed clock
frequency, but is free running.

The regulator circuit is basically a step-
down switching regulator. When the pass
unit, Q3 (2N6650) is switched on, current is
charged into L1; when Q3 switches off, the
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Fig. 125 - Typical step-down transistor
switching regulator.
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Fig. 126 - Performance characteristics of
| step-down switching regulator
shown in Fig. 125.

current through L1 continues to flow by way
of the commutating diode, DI1.

The dc output voltage is determined by the
ratio of R10 to R11, just as in a linear series
regulator. Switching action is accomplished
by comparing a ripple voltage to a hysteresis
voltage. The circuit switches on and off,
triggered by the ripple of the output voltage.
The voltage at pin 6 of the CA3085A (Fig.
128) is determined by R10 and R11 of Fig.
127, and is proportional to the output voltage
plus the ripple voltage at point A, Va, fed in by
capacitor C5. This voltage is compared with
the voltage at pin 5. The voltage at pin 5
consists of the built-in reference voltage of the

CA3085A plus a variable component propor-
tional to the voltage at point, B, Vg, fed
through R8.

The impedance of C5 at the operating
frequency (10-kHz minimum) must be low
compared to the input impedance at pin 6. As
shown in Fig. 129, the Darlington, Q3, is
switched on when the output voltage becomes
too low, i.e., when the voltage at pin 6
becomes less than the voltage at pin 5; when
this condition is reversed Q3 is switched off.

Diodes D2 and D3 are added for the
protection of the very sensitive input at pin 6.
Resistors R7 and R12 and capacitor C3
control the drive current and improve the
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Fig. 127 - Theswitching-regulator circuit.
viN G-
\JNREGULATE Rs
NPUT 500
COMPENSATION
7) AND
EXTERNAL
INHIBIT
Q3
94 CYRRENT
BOOSTER
Rg
Q8 1.5k
(8)

ALL RESISTANCE VALUES
ARE IN OHMS

= INV.  CURRENT Rscuurrso
suBsTRaTe INPUT ~ LIMITING  OUTPU

SZCS-ISOSZ

Fig. 128 - The CA3085A.

switching performanceof the Darlington, Q3.

L2 and C7 provide additional filtering and
isolate point A from the load. Isolation is
necessary from loads, capacitive loads, for
example, which could drastically affect the

ripple voltage at point A. Therefore, at the
frequencies involved, L2 must have an im-
pedance which is high compared to R15. L2,
together with C7, serves also as a filter to
reduce the output ripple.
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Fig. 129 - Waveforms for normal operation
of the Darlington, Q3.

C10 is a small capacitor placed in parallel
with D1 to buffer the surge voltage at point B
when Q3 is switched on. C10 reduced the high-
frequency ringing (approximate 3 MHz) at
point A caused by L1 and its distributed
winding capacitance. The combination of C9
and R 14 speeds the switching of the CA3085A
without changing the hysteresis voltage, Vu.

Transistors Q1 and Q2 and their associated
circuitry provide overload protection. Nor-
mally, QI and Q2 are off, Cl is discharged,
and the voltage at point E, Vg, is zero. In case
of overload, the current through R4 produces
a voltage sufficient to turn QI on. As a result,
Q2 turns on, and CI1 charges mainly through
Q2 and RS. A voltage proportional to that at
point E is fed through diode D4 into pin 6 of
the CA3085A; this results in Q3 being turned
off, even while Cl1 is still charging. The voltage
drop across RS caused by this charging current
holds Q! on, however, until Cl is fully
charged. When C1 becomes fully charged, Q1
and Q2 are turned off, and Cl discharges
slowly through R1and R2. When Vg becomes
low enough, Q3 is switched on again. Since
the basic frequency-determining mechanism
of the switching regulator is not disturbed (an
overload or short circuit is separated or
insulated from the inner circuit by the im-
pedance of L2), a few cycles of normal
operation occur until the current through R4
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has built up again. Fig. 130 shows the voltage
at point E, Vg, the current through inductance
L1, L1, and the voltage at point B, Vg, under
overload conditions.

T
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\

T v T

0 0.
TIME ~ MILLISECONDS
92CS- 22292

T T

Fig. 130 - Circuit waveforms under over-
load conditions.

Performance

The regulator was designed mainly for use
in equipment requiring supply-voltages of 5
and 12 volts (computers, battery chargers,
etc.). With the values of R10 and R11 shown,
the voltage can be regulated between 4 and 16
volts. With other values of R10 and R11, the
output voltage can be varied over a wider
range, approximately 2 to 22 volts. The output
voltage varies less than 0.11 volt between 10
per cent and full load. After one hour of
operation, it dropped 30 millivolts.

The efficiency varies with output voltage as
shownin Fig. 131. At 5-volts output efficiency
is 66 to 72 per cent and at 12 volts output, 76 to
83 per cent between 20 per cent and full load.

As shown in Fig. 132, the operating
frequency varies from 12 to 28 kHz for
outputs between 5 and 12 volts; at outputs
above 30 watts the frequency is above the
audible range.

The circuit is relatively insensitive to input
voltage ripple. For an input voltage ripple of 4
volts (60-Hz bridge rectified), the output
ripple is 0.1-volt peak-to-peak (60 millivolts,
120 Hz, plus 40 millivolts, at approximately
20 kHz). Asshown in Fig. 133, the efficiency is
not affected by variations of the input voltage.
The frequency changes considerably and peaks
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when Vcc is approximately 2Vou.

At 25° Cambient, the operating temperature
of Q3and D1 was 78° C at maximum load; Q3
and D1 were mounted on a common heat sink
rated at 2.3°C/W. Under short-circuit oper-
ation, the diode, D1, reached 88° C, while Q3
ran cooler, 58° C. As mentioned earlier, under
short-circuit or overload conditions, the circuit
is self-protecting.

Fig. 134 shows efficiency and frequency
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versus output voltage; Fig. 135 shows the
regulation characteristic for a Vout of 12 volts.

The free-running switching regulator de-
scribed in the previous paragraphs provides a
simple circuit which combines good regulation
with high efficiency and relatively low output
ripple. The equations for designing the regu-
lator are straightforward, and the design
procedure, although approximate, works
exceedingly well.
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Fig. 134 - Efficiency and operating fre-
quency as a function of output

voltage.

15
»n
=
w 10
o
=z
<
[}
-
2
o
2]

S

[o] 5 10 15
VouT— VOLTS

92CSs-22293

Fig. 135 - Regulation characteristic for an
output voltage of 12 volts.
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Table VII - Comparison of Power Supplies
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Conventional Pulse-Width
Serles-Regulated | Modulated Units
Supply Regulator
Output Current 25 50 A
at 5 volts
Power Losses 300 100 w
(Max.)
Size 1600 470 in.®
Weight 50 10 Ib
Recovery Time 50 500 us
Regulation >0.25 0.5 %
(Half load to
full load)
Line Regulation >0.25 0.5 %

PULSE-WIDTH MODULATED
(SWITCHING-REGULATOR)
SUPPLIES

In a switching-regulator type of power
supply, the output voltage is regulated by a
technique referred to as “pulse-width modu-
lation™, in which pulses of variable duty cycle
are averaged with an inductor-capacitor filter.
Regulation is accomplished by the variation
of the duty cycle. The pulses constitute a two-
state signal (power on and power off) that is
supplied to the filter. However, to permit use
of a smaller isolation transformer, the “power-
on” state is operated in a push-pull mode that
is then rectified by full-wave power rectifiers.
The time ratios of the push, pull, and off
conditions are controlled by a modulator
circuit.

The on-state voltage is unregulated and is
always greater than the required output voltage
from the filter. It is supplied by a low-
impedance source that consists of a trans-
former with closely coupled windings, the
main supply, and a saturated transistor. The
on-state voltage is decreased to the specified
output value by an inductor that forms part of
the filter. Thus the filter, which converts the ac
signals to a dc output, is a “choke-input” type.

The switching-regulator supply operates at
a frequency above the audio range to permit
use of a small isolation transformer, and also
to prevent sound generation.

The pulse-width-modulated converter, see
chapter on Power Conversion, is finding
increasingly widespread use in high-current

low-voltage regulated power supplies. Such
supplies use switching regulators, rather than
the more common dissipating regulators, to
eliminate the need for a 60-Hz power trans-
former and heat sinks for the transistors. Asa
result, pulse-width-modulated (i.e., switching-
regulator) supplies offer the following im-
portant advantages over conventional power
supplies:

1. Smaller size - volume is reduced by a
factor of four. This size reduction does
not cause any cooling problems because
pulse-width-modulated supplies dissipate
very little power.

2. Higher efficiency - power dissipation in
the regulator is virtually eliminated; only
the power rectifiers require cooling. The
reduction in heat dissipation for a 250-
watt supply can be 200 to 300 watts,
which represents a substantial economic
saving.

3. Reduced weight - weight is reduced by a
factor of five. Portability is improved,
mounting is simpler, and chassis cost is
decreased.

Table VII compares the basic features of a
conventional (series-regulated) power supply
and a pulse-width-modulated (switching-regu-
lator) power supply.

A switching-regulator circuit using the
CA3085A is shown in Fig. 136. The values of
L and C (1.5 millihenries and 50 microfarads,
respectively) are commercially available com-
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ponents having values approximately equal to
the computed values in the previous design
example.
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Fig. 136 - Typical switching regulator cir-
cuit.
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Power Conversion

In'many applications, the optimum value of
voltage is not available from the primary
power source. In such instances, dc-to-dc
converters or dc-to-ac inverters may be used,
with or without regulation, to provide the
optimum voltage for a given circuit design.

An inverter is a power-conversion device
used to transform dc power to ac power. If the
ac output is rectified and filtered to provide dc
again, the over-all circuit is referred to as a
converter. The purpose of the converter is
then to change the magnitude of the available
dc voltage.

BASIC CIRCUIT ELEMENTS

Power-conversion circuits, both inverters
and converters, consist basically of some type
of “chopper”. Fig. 137(a) shows a simple
chopper circuit. In this circuit, a switch S is
connected between the load and a dc voltage
source E. If the switch is alternately closed and
opened, the output voltage across the load will
be as shown in Fig. 137(b). If the on-off
intervals are equal, the average voltage across
the load is equal to E/2. The average voltage
across the load can be varied by varying the
ratio of the on-to-off time of the switch, by
periodically varying the repetition rate, or by
a combination of these factors. If a filter is
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Fig. 137 - Simple chopper circuit and
output-voltage waveform.

added between the switch and the load, the
fluctuations in the output can be suppressed,
and the circuit becomes a true dc-to-dc
stepdown transformer (or converter).

In practice, the switch shown in Fig. 137
may be replaced by a power transistor, in
which case the switch is opened or closed by
application of the appropriate polarity signal
to the transistor base. The chopping or
switching function in the inverter circuit is
usually performed by high-speed transistors
connected in series with the primary winding
of the output transformer.

The design of the transformer is an im-
portant consideration because this component
determines the size and frequency of the
converter (or inverter), influences the amount
of regulation required after the conversion or
inversion is completed, and provides the trans-
formation ratio necessary to assure that the
desired value of output voltage is delivered to
the load circuit.

Inverters may be used to drive any equipment
which requires an ac supply, such as motors,
ac radios, television receivers, or fluorescent
lighting. In addition, an inverter can be used
to drive electromechanical transducers in
ultrasonic equipment, such as ultrasonic
cleaners and sonar detection devices. Similarly,
converters may be used to provide the
operating voltages for equipment that requires
a dc supply.

Transistor inverters can be made very light
in weight and small in size. They are also
highly efficient circuits and, unlike their
mechanical counterparts, have no moving
components.

TYPES OF INVERTERS
AND CONVERTERS

Several types of transistor circuits may be
used to convert a steady-state dc voltage into
either an ac voltage (inversion) or another dc




voltage (conversion). The simplest converter
circuit is the blocking-oscillator, or ringing-
choke, power converter which consists of one
transistor and one transformer. More complex
circuits use two transistors and one or two
transformers.

In the ringing-choke type of dc-to-dc
converter, a blocking oscillator (chopper
circuit) is transformer-coupled to a half-wave
rectifier type of output circuit. The rectifier
converts the pulsating oscillator output into a
fixed-value dc output voltage.

When the oscillator transistor conducts (as
a result of either a forward bias or external
drive), energy is transferred to the collector
inductance presented by the primary winding
of the transformer. The voltage induced across
the transformer is fed back (from a separate
feedback winding) to the transistor base
through a resistor. This voltage increases the
conduction of the transistor until it is driven
into saturation. A rectifier diode in series with
the secondary winding of the transformer is
oriented so that no power is delivered to the
load circuit during this portion of the oscillator
cycle.

Fig. 138(a) shows the basic configuration
for a practical ringing-choke converter, which
is basically a one-transistor, one-transformer
circuit. Fig. 138(b) shows the waveforms
obtained during an operating cycle.

During the “on” or conduction period of
the transistor (ton), energy is drawn from the
battery and stored in the inductance of the
transformer. When the transistor switches off,
this energy is delivered to the load. At thestart
of ton, the transistor is driven into saturation,
and a substantially constant voltage, waveform
A in Fig. 138(b), is impressed across the
primary by the battery. This primary voltage
produces a linearly increasing current in the
collector-primary circuit, waveform B. This
increasing current induces substantially con-
stant voltages in the base windings, shown by
waveform C, and in the secondary winding.

The resulting base current is substantially
constant and has a maximum value determined
by the base-winding voltage, the external base
resistance Rg, and the input conductance of
the transistor. Because the polarity of the
secondary voltage does not permit the rectifier
diode to conduct, the secondary is open-
circuited. Therefore, during the conduction
period of the transistor ton, the load is supplied
only by energy stored in the output capacitor
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Fig. 138 - Ringing-choke converter cir-
cuit: (a) Schematic diagram;
(b) Typical operating wave-
forms in a ringing-choke con-
verter-(A) primary voltage; (B)
primary current; (C)base-to-
emitter voltage; (D) secondary
current; (E) magnetic flux in
transformer core.

Cour.

The collector-primary current increases until
it reaches a maximum value Ip which is
determined by the maximum base current and
base voltage supplied to the transistor. At this
instant, the transistor starts to move out of its
saturated condition with the result that the
collector-primary current and the voltage
across the transformer windings rapidly de-
crease, and “switch-off” occurs.

After the transistor has switched off, the
circuit starts to “ring”, i.e., the energy stored
in the transformer inductance starts to dis-
charge into the stray capacitance of the circuit,
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with the result that the voltages across the
primary, base, and secondary windings reverse
polarity. These reverse voltages rapidly in-
crease until the voltage across the secondary
winding exceeds the voltage across the output
capacitor. At this instant the diode rectifier
starts to conduct and to transfer the energy
stored in the inductance of the transformer to
the output capacitor and load. Because the
output capacitor tends to hold the secondary
voltage substantially constant, the secondary
current decreases at a substantially constant
rate, as shown by waveform D in Fig. 138(b).
When this current reaches zero, the transistor
switches on again, and the cycle of operation
repeats.

The operating efficiency of the ringing-
chokeinverter is low, and the circuit, therefore,
is used primarily in low-power applications.
In addition, because power is delivered to the
output circuit for only a small fraction of the
oscillator cycle (i.e., when the transistor is not
conducting), the circuit has a relatively high
ripple factor which substantially increases
output filtering requirements. This converter,
however, provides definite advantages to the
system designer in terms of design simplicity
and compactness.

Transistor power inverter/converters are
generally required to drive either a resistive or
an inductive load. Each load affects the

transistor somewhat differently with respect
to over-all switching power losses. There are
essentially four clases of inverter/converter
circuits commonly used:

1. Forward inverter

2. Flyback inverter

3. Push-pull switching inverter

4. Half-bridge or full-bridge inverter
Flyback and push-pull inverters are discussed
below as illustrations of resistive and inductive
loading.

Flyback Inverter

Fig. 139(a) shows a typical flyback converter
circuit which uses a single transistor as the
switching device. The transistor is driven with
a positive rectangular input pulse of control-
lable width and constant period. In this circuit,
when the base control or drive pulse turns on
the transistor, a current Ip builds up in the
primary winding (which serves as a choke) of
transformer T1, as shown in Fig. 139(b). The
secondary winding of the transformer is phased
so that the diode D1 blocks the flow of
secondary current at this time. The primary or
collector current Ip rises linearly, provided the
winding series resistance is low, to a final
value determined by the primary winding L1,
the supply voltage Vce, and the turn-on
duration ton of the transistor. The transistor is
considered to be inductively loaded. Energy is

= Ro
| COLLECTOR y
te 1\t CURRENT P
|
[o] L -
betoN = t
VCE (max) Vg (max)
COLLECTOR y,
Vee VOLTAGE CcE
Veelsat)
0 t
iyl 'O_N) ty Vg (max)
Pd(sw) 3 Ip Vun( T 1+ Ton —VCE Toh)
(b) 92CS~28704R!

Fig. 139 - Flyback inverter circuit and

waveforms.




stored in the primary winding during the on-
time of the transistor. The maximum amount
of energy stored must be sufficient to support
the secondary load requirements. This energy
is released into the secondary side after the
transistor is turned off, and secondary current
flows through the diode DI into the filter
capacitor Co and the load. In this circuit,
however, the transistor is subjected to certain
electrical stresses during the switching process
which, if not clearly understood and controlled,
can result in serious device degradation or
failure.

Push-Pull Transformer-Coupled
Inverters and Converters

The push-pull switching inverter is probably
the most widely used type of power-conversion
circuit. For inverter applications, the circuit
provides a square-wave ac output. When the
inverter is used to provide dc-to-dc conversion,
the square-wave voltage is usually applied toa
full-wave bridge rectifier and filter. Fig. 140
shows the basic configuration for a push-pull
switching converter. The single saturable
transformer controls circuit switching and
provides the desired voltage transformation
for the square-wave output delivered to the
bridge rectifier. The rectifier and filter convert
the square-wave voltage into a smooth, fixed-
amplitude dc output voltage. _

When the voltage Ve is applied to the
converter circuit, current tends to flow through
both switching transistors Qq and Qa. It is very
unlikely, however, that a perfect balance can
be achieved between corresponding active and
passive components of the two transistor
sections; therefore, the initial flow of current
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through one of the transistors is slightly larger
than that through the other transistor. If
transistor Qi is assumed to conduct more
heavily initially, the rise in current through its
collector inductance causes a voltage to be
induced in the feedback windings of trans-
former Ty which supply the base drive to
transistors Q1 and Q. The base-drive voltages
are in the proper polarity to increase the
current through Qs and to decrease the current
through Q2. As aresult of regenerative action,
the conduction of Qs is rapidly increased, and
Q2 is quickly driven to cutoff.

The increased current through Qi causes
the core of the collector inductance to saturate.
The inductance no longer impedes the rise in
current, and the transistor current increases
sharply into the saturation region. For this
condition, the magnetic field about the collec-
tor inductance is constant, and no voltage is
induced in the feedback windings of trans-
former Ti. With the cutoff base voltage
removed, current is allowed to flow through
transistor Q2. The increase in current through
the collector inductance of this transistor
causes voltages to be induced in the feedback
windings in the polarity that increases the
current through Qz and decreases the current
through Qq. This effect is aided by the
collapsing magnetic field about the collector
inductance of Q1 that results from the decrease
in current through this transistor. The feedback
voltages produced by this collapsing field
quickly drive Q1 beyond cutoff and further
increase the conduction of Q2 until the core of
the collector inductance for this transistor
saturates to initiate a new cycle of operation.
The square wave of voltage produced by the
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Fig. 140 - Basic circuit configuration of
asingle-transformer push-pull
switching converter.
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switching action of transistors Q1 and Q2 is
coupled by transformer Ty to the bridge
rectifier and filter, which develop a smooth,
constant-amplitude dc voltage across the load
resistance Ry. The small ripple produced by
the square wave greatly simplifies filter
requirements.

Push-pull transformer-coupled converters
with full-wave rectification provide power to
the load continuously and are, therefore, well
suited for low-impedance, high-power appli-
cations. The push-pull configuration provides
high efficiency and good regulation. Indriven
inverters such as that shown in Fig. 141(a), the
output power transistor is switched by a
multivibrator drive which is usually controlled
by logic circuitry. Controlled-drive push-pull
inverters are useful for precision systems
requiring carefully controlled frequency or
pulse-width control. Careful control of the
input-drive pulse width, as in pulse-width-
modulated switching systems, eliminates
common-mode conduction between the tran-
sistors. Good load regulation can also be
achieved.

As the switching-drive circuit in Fig. 141(a)
alternately saturates and cuts off each tran-
sistor switch, an alternating voltage is gen-

" erated across the winding of transformer Tl

CONTROLLED
INPUT
DRIVE
; (a)
'c
o t
2Vee
Vee
| ‘)CE (sat)
t
(b) 92CS -28708R!

Fig. 141 - Driven inverter circuit and
waveforms.
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and delivered to the output circuit. A voltage
equal to the dc supply voltage Vcc less the
Vce(sat) of the conducting transistor is directly
impressed across one-half the primary winding
of T1. The voltage impressed across the non-
conducting transistor is approximately twice
the amplitude of Vcc. Although the voltages
across the primary and secondary windings
are always a square wave, no matter what load
is used, the current waveform in the primary is
not a square wave if other than a resistive load
is used.

Fig. 142 shows a four-transistor, single-
transformer bridge configuration that is often
used in inverter or converter applications. In
this type of circuit, the primary winding of the
output transformer is simpler and the break-
down-voltage requirements of the transistors
arereduced to one-half those of the transistors
in the push-pull converter shown in Fig. 140.
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OUTPUT

Fig. 142 - Basic circuit configuration of
a four-transistor, single-trans-
former bridge inverter.

Fig. 143 shows the schematic diagram for a
two-transistor, two-transformer converter. In
this circuit, a small saturable transformer
provides the base drive for the switching
transistors, and a nonsaturable output trans-
former provides the coupling and desired
voltage transformation of the output delivered
to the load circuit. With the exception that it
uses a separate saturable transformer, rather
than feedback windings on the output trans-
former, to provide base drive for the tran-
sistors, this converter is very similar in its
operation to the basic push-pull converter
shown in Fig. 140. The saturable-transformer
technique may also be applied in the design of
a bridge converter, as shown in Fig. 144.
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Fig. 143 - Basic circuit configuration of
a two-transformer push-pull
switching converter.
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Fig. 144 - Basic configuration of a four-
transistor bridge inverter that
uses a saturable output trans-

verter) circuits involves, essentially, selection
of the proper transistors and design of the
transformers to be used. The particular
requirements for the transistors and trans-
formers to be used are specified by the
individual circuit design. The following para-
graphs discuss the design of three basic inverter
circuits: the simple one-transistor, one-trans-
former (ringing-choke) type and two push-
pull switching converters (a two-transistor,
one-transformer type and a two-transistor,
two-transformer type). The operation of each
circuit is described. For design equations and
sample designs, refer to RCA Solid State
Power Circuits Handbook, SP-52 Series.

former. Two-Transistor, One-Transformer Converter
DESIGN OF PRACTICAL Fig. 145 shows a push-pull, transformer-
TRANSISTOR INVERTERS coupled, dc-to-dc converter that uses one
transformer and two transistors. Fig. 146

The design of practical inverter (or con- shows the waveforms obtained from this
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former

push-pull switching

converter.




Power Conversion

(8)

Ic
o—-————-- |
! ()
VBE —
O-—d-——=—=—= .,1 ________ L ——

—
-0:
-

mi—
2

}

]
———-
1
| |

92CS- 26182

Fig. 146 - Typical operating waveforms
for atwo-transistor, one-trans-
former switching converter: (A)
flux density in transformer
core; (B) collector voltage of
one transistor; (C) collector
current of one transistor; (D)
base voltage of one transistor,;
(E) primary current; (F)second-
ary current.

circuit during one complete operating cycle.

During a complete cycle, the flux density in
the transformer core varies between the
saturation value in one direction and the
saturation value in the opposite direction, as
shown by waveform A in Fig. 146. At the start
of the conduction period for one transistor,
the flux density in the core is at either its
maximum negative value (-Bsar) Or its maxi-
mum positive value (+Bsgat).

For example, transistor A switches “on” at
—Bsgat. During conduction of transistor A, the
flux density changes from its initial level of
-Bsat and becomes positive as energy is
simultaneously stored in the inductance of the
transformer and supplied to the load by the
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battery. When the flux density reaches +Bsat,
transistor A is switched off and transistor B is
switched on. The transformer assures that
energy is supplied to the load at a constant
rate during the entire period that transistor A
conducts. This energy-transformation cycle is
repeated when transistor B conducts.

Initially, sufficient bias is applied to saturate
transistor A. As a result, a substantially
constant voltage, waveform B in Fig. 146, is
impressed across the upper half of the primary
winding by the dc source Vin. This bias voltage
can be a temporary bias, a small fixed bias, or
even a small forward bias developed across
the bias winding as a result of leakage and
saturation current flowing in the transformer
primary. The constant primary voltage causes
a dc component and a linearly increasing
component of current, waveform C in Fig.
146, to flow through transistor A. As in the
ringing-choke converter, the linearly increasing
primary current induces substantially constant
voltages, waveform D in Fig. 146, in the base
winding and secondary winding. The induced
voltage in the base winding limits the maximum
value of the base current and, therefore, of the
collector current.

In the push-pull transformer-coupled con-
verter, the transition to switch-off is initiated
when the transformer begins to saturate. As
long as the transistor is not saturated, the
product of the transformer inductance and the
time rate of change of the collector current
remains constant. When the transformer core
saturates, however, the inductance decreases
rapidly toward zero, with the result that the
time rate of change of the collector current
increases towards infinity. When the collector
current reaches its maximum value, transistor
A moves out of saturation and the winding
voltages decrease and then reverse and thereby
cause transistor A to switch off. The reversal
of the winding voltages switches transistor B
on, and the switching operation is repeated.

One-Transistor, One-Transformer Converter

Fig. 147(a) shows the basic configuration
for a practical circuit of a ringing-choke
converter, which is basically a one-transistor,
one-transformer circuit. Fig. 147(b) shows the
waveforms obtained during an operating cycle.

During the “on” or conduction period of
the transistor (ton), energy is drawn from the
battery and stored in the inductance of the
transformer. When the transistor switches off,
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Fig. 147 - Ringing-choke converter cir-
cuit: (a) Schematic diagram;
(b) Typical operating wave-
forms in aringing-choke con-
verter-(A) primary voltage; (B)
primary current; (C) base-to-
emitter voltage; (D) secondary
current; (E) magnetic flux in
transformer core.

this energy is delivered to the load. At thestart
of ton, the transistor is driven into saturation,
and a substantially constant voltage, waveform
A in Fig. 147(b), is impressed across the
primary by the battery. This primary voltage
produces a linearly increasing current in the
collector-primary circuit, waveform B. This
increasing current induces substantially con-
stant voltages in the base windings, shown by
waveform C, and in the secondary winding.

The resulting base current is substantially
constantand has a maximum value determined
by the base-winding voltage, the external base
resistance Ra, and the input conductance of
the transistor. Because the polarity of the
secondary voltage does not permit the rectifier
diode to conduct, the secondary is open-
circuited. Therefore, during the conduction
period of the transistor ton, the load is supplied
only by energy stored in the output capacitor

ut.

The collector-primary current increases until
it reaches a maximum value Ip which is
determined by the maximum base current and
base voltage supplied to the transistor. At this

instant, the transistor starts to move out of its
saturated condition with the result that the
collector-primary current and the voltage
across the transformer windings rapidly de-
crease, and “switch-off” occurs.

After the transistor has switched off, the
circuit starts to “ring”, i.e., the energy stored
in the transformer inductance starts to dis-
charge into the stray capacitance of the circuit,
with the result that the voltages across the
primary, base, and secondary windings reverse
polarity. These reverse voltages rapidly in-
crease until the voltage across the secondary
winding exceeds the voltage across the output
capacitor. At this instant the diode rectifier
starts to conduct and to transfer the energy
stored in the inductance of the transformer to
the output capacitor and load. Because the
output capacitor tends to hold the secondary
voltage substantially constant, the secondary
current decreases at a substantially constant
rate, as shown by waveform D in Fig. 147(b).
When this current reaches zero the transistor
switches on again, and the cycle of operation
repeats.
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Two-Transistor, Two-Transformer Inverters

There are three basic disadvantages assoc-
iated with the two-transistor, one-transformer
inverter. First, the peak collector current is
independent of the load. This current, there-
fore, depends on the available base voltage,
the gain of the transistor, and the input
characteristic of the transistor. Second, be-
cause of the dependence of the peak current
on transistor characteristics, the circuit per-
formance depends on the particular transistor
used because there is a wide spread in transistor
characteristics. Third, the transformer, which
is relatively large must use expensive square-
loop material and must have a high value of
flux density at saturation. These disadvantages
can be overcome by the use of two transformers
in various circuit arrangements, such as that
shown in Fig. 148.
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Fig. 148 - Two-transistor, two-trans-
former push-pull switching
inverter.

In this type of circuit, a saturable base-drive
-transformer T4 controls the inverter switching
operation at base-circuit power levels. The
linearly operating output transformer transfers
the output power to the load. Because the
output transformer Tz is not allowed to
saturate, the peak collector current of each
transistor is determined principally by the
value of the load impedance. This feature
provides high circuit efficiency. The operation
of the inverter circuit is described as follows.

It is assumed that, because of a small
unbalance in the circuit, one of the transistors,
Qi for example, initially conducts more heavily
than the other. The resulting increase in the
voltage across the primary of output trans-
former T2 is applied to the primary of base-
drive transformer Ty in series with the feedback
resistor Rw. The secondary windings of
transformer Ty are arranged so that transistor
Q: is driven to saturation. As transformer T,
saturates, the rapidly increasing primary
current causes a greater voltage drop across
feedback resistor Re. This increased voltage
reduces the voltage applied to the primary of
transformer T,; thus, the drive input and
ultimately the collector current of transistor
Q are decreased.

In the circuit arrangement shown in Fig.
148, the base is driven hard compared to the
expected peak collector current (forced beta
of ten, for example). If the storage time of the
transistor used is much longer than one-tenth
of the total period of oscillation T, the
transistors begin to have an appreciable effect
on the frequency of operation. In Fig. 148, the
storage time could conceivably be quite long
because there is no turn-off bias (the drive
voltage only decreases to zero) for Qi until the
collector current of Qy begins to decrease.

Two methods of overcoming this problem
by decreasing the storage time are shown in
Fig. 149. In Fig. 149(a) a capacitor is placed in
parallel with each base resistor Re. When Vs is
positive, the capacitor charges with the polarity
shown. When V, decreases to zero, this
capacitor provides turn-off current for the
transistor. In Fig. 149(b), a feedback winding
from the output transformer is placed in series
with each base. The base-to-emitter voltage
Ve is then expressed as follows:

Vee= Vs - Vi - Vr

If Vs decreases to zero and the collector
current does not begin to decrease, then the
base-to-emitter voltage is expressed simply by

Vee = Vo - V1

A turn-off bias is thus provided to decrease
the collector current.

The energy stored in the output transformer
by its magnetizing current is sufficient to
assure a smooth changeover from one tran-
sistor to the other. The release of this stored
energy allows the inverter-circuit switching to
be accomplished without any possibility of a
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Fig. 149 - Two-transistor, two-trans-
former push-pull switching
inverters in which transistor-
storagetimes are reduced: (a)
Capacitor in parallel with each
base resistor assures sharp
turn-off of associated tran-
sistor; (b) Feedback winding
from output transformer in
series with base of each tran-
sistor assures sharp cutoff
characteristics.

“hang-up” in the crossover region during the
short period when neither transistor is con-
ducting,.

The operation of the high-speed converter
is relatively insensitive to small system varia-
tions that may cause slight overloading of the
circuit. Under such conditions, the base power
decreases; however, this loss is so small that it
does not noticeably affect circuit performance.
At the same time, the amount of energy stored
in the output transformer also increases.
Although this increase results in a greater

transient dissipation, the inverter switching is
still effected smoothly.

A practical design of the high-speed converter
should include some means of initially biasing
the transistors into conduction to assure that
the circuit will always start. Such starting
circuits, as described later, can be added
readily to the converter, and are much more
reliable than one which depends on circuit
imbalance to shock the converter into oscil-
lation.
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Four-Transistor Bridge Inverters

Fig. 150 shows a four-transistor, single-
transformer bridge configuration that is often
used in inverter or converter applications. In
this type of circuit, the primary winding of the
output transformer is simpler and the break-
down-voltage requirements of the transistors
are reduced to one-half those of the transistors
in the push-pull converter shown in Fig. 145.
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Fig. 150 - Basic circuit configuration of
afour-transistor, single-trans-
former bridge inverter.

The separate saturable-transformer tech-
nique may also be applied in the design of a
bridge converter, as shown in Fig. 151.
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Fig. 151 - Basic configuration of a four-
transistor bridge inverter that
uses a saturable output trans-
former.

Three-phase bridge inverters for induction
motors are usually used to convert dc, 60-Hz,
or 400-Hz input to a much higher frequency,
possibly as high as 10 kHz. Increasing
frequency reduces the motor size and increases
the horsepower-to-weight ratio, desirable
features in military, aviation, and portable
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industrial power-tool markets. Fig. 152 shows
a typical three-phase bridge circuit with base
driving signals and transformer primary
currents.
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Fig. 152 - Three-phase bridge inverter:
(a) circuit configuration; (b)
base driving signals; (c) trans-
former primary current switch-
ing.

DESIGN OF OFF-THE-LINE INVERTER
AND CONVERTER CIRCUITS

Power transistors have been used success-
fully in the past to generate and control large
amounts of ac or dc power at low frequencies
such as 60 and 400 cycles. At these low
frequencies, however, most power sources are
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bulky because large amounts of magnetic
materials are required in transformers and
inductors, particularly if kilowatts of power
output are required.

The current trend in power inverter/con-
verter designs is to use higher-frequency
switching techniques and direct operation
from the available utility lines (i.e., 110/220
V). The use of higher operating frequencies
reduces not only the magnetic materials
required but also the size of the filter capacitors.
Direct off-line operation and the use of power
transistors with high voltage breakdowns and
peak-current-handling capabilities, combined
with high-frequency switching techniques, have
resulted in a new generation of power sources
which are substantially smaller and have good
efficiency and reliability.

General Design Considerations

The designer of a power inverter/converter
usually must satisfy certain specification
requirements, such as ac or dc power output,
ac or dc input voltage, output frequency and
waveform (inverter), load characteristics (in-
cluding starting load, phase angle, duty cycle,
and desired regulation), efficiency, maximum
size and weight, minimum and maximum
operating temperature (or other environmental
requirements), and cost effectiveness.
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The circuit designer’s first task is to select a
switching transistor capable of performing the
intended function most economically and
efficiently. Information supplied by manu-
facturers is usually very general, and the
circuit engineer has the problem of relating
this information to his particular design
requirements. His selection of the switching
transistor may be further complicated by a
limited knowledge of the relative merits of
transistors as switching devices. The designer
may be inclined to select devices which are
compatible with his experience, although not
necessarily cost-effective. Selection of the
proper switching device can be simplified if
the relative merits of transistor switching
capabilities are better understood.

Selection of the Switching Device

The selection of a switching transistor
depends primarily on the power output level
required. Table VIII lists the characteristics of
the 2N6678 SwitchMax power transistor.

A switching device for off-line, high-fre-
quency, switch-mode inverter circuits must
possess the following characteristics:

(a) High-voltage breakdown capability to
withstand the maximum peak inverse
voltage and transient voltages encoun-
tered.

Table VIII - Device Characteristics

Transistor
Characteristic 2N6678
Max. Voltage Vceo=400 V
Peak Current Ic=15 A
Switching Characteristics - t=0.6 us
t=0.5 MS
Forward Voltage Vce(sat)=1V
Drop @ Ic=156 A

(b) High peak current capability to support
the output load current demand.

(c) Fastswitchingspeed characteristics (i.e.,
sufficiently low turn-on and turn-off
times) to minimize transient switching
power dissipation. '

Transistors are available which possess all of
these unique features. The RCA-2N6678
transistor is a representative device for high-
frequency power-switching applications.

Fig. 153 shows that the RCA-2N6678 can
provide peak collector currents of 15 amperes
with current gain of 8 up to approximately 22
kHz. The peak current of the transistor is
limited by both gain and dissipation at high
frequencies. Because the maximum Vcego of
the RCA-2N6678 is 400 volts, the transistor is
limited to 110-V, off-line application in both
single-ended (flyback) and push-pull circuits.
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Fig. 153 - Ic as a function of frequency in the push-pull arrangement.

230-WATT, 40-KHZ,
FORWARD CONVERTER

The performance of the 2N6673 SwitchMax
power transistor is demonstrated in the
following 230-watt, 15-volt, 15-ampere off-
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OFF-LINE line converter operating at 40 kHz from a

Vee

120-volt, 60-cycle line; a block diagram of the
circuit is shown in Fig. 154. The 2N6673 is
designed, characterized, and tested for the
parameters critical to this type of converter
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Fig. 154 - Block diagram of 230-watt single-ended converter.
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design which is capable of providing 230 watts
output, 15.5 amperes at 15 volts, from a low
line of 100 volts rms to a high line of 135 volts.
At high line, the power-switching device
dissipates only 17 watts (4 watts saturation
plus 13 watts switching). Table IX shows the
performance to be expected from this converter.
The primary purpose of this circuit is to
demonstrate switching-device/circuit-format
compatibility and capability and not to propose
the design of a converter complete to com-
mercial standards.

Table IX - Converter Performance

Regulation
Regulation is 0.2% from no load at Vhign
ine=135 V(rms) to 230-watt load at Viow
ine=100 V(rms).

Overall Efficiency
Overall efficiency, including blower and
auxiliary power is 70% at low line (100
V(rms)) to 67.24% at high line (135
V(rms)).

Efficiency of Converter System Alone
Efficiency of converter system alone is
78% or
234 watts out

299 watts in

Ripple
40-kHz ripple is 20 mV or better, Fig.
7(b), 60/120-Hz ripple is unmeasurable
at 50 mV/division, Fig. 7(d).

HF Switching Noise
HF switching noise is approximately 1.2
volts peak-to-peak, the exact value is
obscured by rfi received on load-box
leads and shielding problems in the
measurement.

Transient Response
Transient response at no load to full
load: Vap=2 volts maximum;90% recovery
in 5 milliseconds or less.

The advantages of the forward converter
design are its electrical simplicity and parts
economy. These advantages are manifest by:

1. The simple power transformer.

2. The single power-switching device re-
quired.

3. Single-ended operation which, with the
tertiary demagnetizing winding, avoids
the core saturation problems caused by
the unmatched switching characteristics
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or winding dissymmetries that occur in
some push-pull configurations.

4. The faster response to step changes in
load made possible by the availability of
higher than normal switching frequen-
cies.

The following considerations must be
observed to assure reliable forward-converter
operation; these considerations are given below
in the form of comparisons with a push-pull
type of converter.

1. The transformer core must have 1.5 to 2
times the cross section of a push-pull core
because of the unsymmetrical flux opera-
tion.

2. Because of the reduced duty factor allowed
for the forward converter (0.5 maximum),
the output choke must be correspondingly
large or the switching frequency must be
increased.

3. The power-switching devices and high-
frequency rectifiers must be able to handle
up to twice the peak current that devices
in a push-pull design of the same power
would be required to handle.

4. Because of the transformer and choke
considerations mentioned above, it is
desirable to increase the operating fre-
quency of the forward converter beyond
that which would be used with a push-pull
converter. This increase mandates pro-
portionately increased switching losses in
the power switch, thus requiring faster
switches or larger heat sinks and/ or more
sophisticated drive techniques. The
SwitchMax transistor has demonstrated
its special amenability to the higher
temperatures and enhanced base-drive
characteristics required for successful
performance in forward converter systems.

The design of the subject converter pro-
ceeded from the operational switching ratings
of the 2N6673 transistor:

1. Vce(sat)=2 V max.

Vee(sat)=1.6 V max.
@Ic=5A/Is=1 A
T=125°C

2. ts=4 ys max.
t-=0.8 us max.
@ Ic=5 A, Ies=Ig2=1 A
Vc..mp:450 V
Load=250Q + 170 uH
T=125°C

3. Veex(clamped)=450 V
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Within the constraints of the forward converter
configuration, an available conversion power
of 234 watts was determined based on the
application of these ratings in the following
relationship: :

Maximum Conversion Power=Vcc(low line)x
Ic(max) x D(max) x Efficiency

where Vec=130 V, Ic(max)=5 A, D(max)=
Maximum Duty Factor=0.4, and Efficiency=
90%.

D(max) was chosen as 0.4 rather than 0.5 to
allow for a 2.5 us dead-space guardband at 40
kHz. The 15-volt output voltage permits use
of the breadboarded circuit as a utility bench
supply so that experience with the circuit can
be gained.

The turn-off time losses in a switching
circuit are approximated by the following
relationships:

1. For the resistive load case:
tixIc(peak)x Vee(peak)xf

6
2. For the clamped inductive load case:
Pe(I)=tcxIc(peak)x Vce(peak)xfx0.4

Pe(R)=

Assuming an operating frequency f of 40
kHz and a worst-case junction temperature of
125° C, calculations based on data-sheet values
of te, tc and a high line Ve 0of 200 volts yields a
Pr(R) of 12 watts and a Pr(I) of 29 watts. Ifa
reasonable value of system thermal resistance,
junction-to-air, of 3.3°C/W is also assumed,
the maximum allowable ambient temperature
t(amb.), for the resistive condition is T(amb.)=
T;(max)-Ps(R) Rycsa=125-12x3.3=85.4°C.
For the inductive case the same initial ex-
pression would yield 125-29x3.3 fora T(amb.)
allowable of 29.3°C.

Of course, the high line Vcc and full load
will not exist for more than a few seconds, and
the steady-state P¢(I) at high line will be closer
to 26 watts. allowing a maximum ambient
temperature of 39°C.

Now that the forward converter design has
been shown to be thermally practical from the
device standpoint, storage time must be
considered. As indicated previously the tc
condition represents a worst-case data-bul-
letin limit obtained with a forced gain of 5
(Ic=5 A, Isi=Is2=1 A). Furthermore, this
condition implies a worst-case ts (storage
time) of 4 microseconds at 125°C. At {=40

kHz, the total allowable on time (tp) is only
12.5 microseconds, so that 4 microseconds of
ts would be intolerable. Therefore, either a
proportional drive or an antisaturation clamp
technique must be used to reduce the storage
time. The design under discussion employs an
antisaturation drive; a technique that reduces
ts to about 1 microsecond, a tolerable value.
An added benefit of this choice of anti-
saturation drive is an improved fall time, both
ty and tc being improved by a factor of 1.5to 2.
Reinforcement for the antisaturation drive
decision comes with the recognition that ts is
at its lengthiest for light loads at low line
voltage, and that base drive proportioning in
some form is essential to the existence of a

manageable storage time. '

Circuitry

The schematic diagram of the power output
circuit is shown in Fig. 155; discussion begins
with the output terminals.

As previously stated, the terminal voltage is
15 volts. The energy-storage/filter system is
conventional, except that the filter choke
value of approximately 120 microhenries is
greater than one might consider adequate for
this sort of circuit. It must be recognized that
in a half-wave circuit the maximum duty
factor, D, must not exceed 0.5. The secondary
voltage, Vs, must, therefore, be 2.2 to 4 times
the output voltage, whereas, in a full-wave
circuit, Vs would be 1.1 to approximately 2.2
times the output voltage.

During the on time, DT, the current, I¢, in
the energy-storage choke will consist of two
parts, the pedestal current, Iy, and the ramping
current, in, as shown in Fig. 156. During the
on time, DT, this current is supplied from the
rectifier and appears to the power switch as:

., Ns_.
(Ip*in) X-ﬁ=lc (collector current)
[

if primary magnetizing currents and losses are
neglected. in can be found from the basic

di
relationship E=LE; E=(Vs-Vo), di=in and

VO
dt=DT where D=—.
AR

The power output of the circuit and its
efficiency will be largely dependent on the
value of the ramp current, ir. Referred to the
primary side of the transformer, the peak
ramp current should be less than 1 ampere at
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Transformer Specifications

Core - Siemens N27 Material, Type ES5, Part No.
B66251-A0000-R027

Cross Section - 0.53 in?=354 mm?

Bwmax=2500 Gauss

=40 kHz

N, (Primary) - 28 turns No. 18

N2 (Demag.) - 28 turns No. 18 bifilar with N,

Na (Secondary) - 8 turns 1.375 inch by 0.010 inch

~ Custrap

L1=L2=82 mH, L3=500 uH, L, leakage (L2L3 short)=16
uH

92CL - 31239

Notes: Na wound closest to the core, no bobbin; N,

and Nz wound bifilar.

Energy Storage Choke

Core Material - Same as transformer

Air Gap Across E Core - 0.090 inch

Total Air Gap in Magnetic Path - 0.180 inch

Cross Section - 0.53 inch=354 mm?

Winding - 26 turns of No. 10 wire L @ 10 kHz, zero
bias=120 uH

Fig. 155 - Power-output circuit for 230- watt forward converter.

f
S etk S 3 0
T

92Cs-31242

Fig. 156 - Components of the current I,
in the energy-storage choke
during the on time.

high line voltage. The following equation
showsa relationship to determine the necessary
choke value.

(Veo(high line)x— = Voyx—- :
1 mne)xX—-— X—mee X e
e N, . Voc(high line) f
in

8 15
(200x—-15)x——x25
28 200
L= =79 uH

1.0

However, the condition under which cir-
culating current must be maintained with
minimum load must also be examined. The
choke value required is given by the equation:

1
VO(I—D)T

L= -
2 Io (min)
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Using a minimum load current of 0.5 amperes
and a DT of 0.25 (corresponding to a high line
voltage), a value for L of approximately 140
microhenries is determined. Therefore, a choke
with an L(min) of 140 microhenries at an Ioc
of 1 ampere or an L(min) of 80 microhenries at
an Ipc of 15 amperes is required.

The output capacitor value was not op-
timized; the key to capacitor choice is low
equivalent series impedance rather than abso-
lute capacitance. The rectifiers in Fig. 155 are
1N3910 fast-recovery DO-5 stud units.

The secondary of the transformer was strap
wound. While not necessary for the current
level indicated above, the strap provided a
neat, flat foundation on which to position the
bifilar primary and tertiary windings so that
the best coupling and lowest possible leakage
inductance could be realized.

Leakage inductance, L1 with secondary and
tertiary shorted, was measured at 16 micro-
henries. The energy stored in L1 at the end of
each on period cannot be commutated to the
secondary. It must, therefore, be dissipated as
heat either in the transistor (where it becomes
reverse-bias second-breakdown energy, Esp)

(a)

or in an auxiliary circuit called a “snubber”.

The snubber in this circuit consists of a
0.002 microfarad capacitor and a 50-ohm 5-
watt resistor connected across the 2N6673
switch. This circuit will hold the worst-case
collector spike voltage to less than 450 volts
and the turn-on current spikes to less than 6
amperes.

The base drive arrangements of the forward-
converter circuit are intended to provide |
ampere of available Is1 drive by way of the

M
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Fig. 157 - Base drive current applied to
antisaturation network (solid
line) and actual sy and lsz in
the 2N6673 base (dashed line).

Vce

(b)

Fig. 158 - Turn-off switching behavior:

(¢c) ) 92CS-31237

(a) Collector-voltage, collec- (b) Fall time of power-switch- (c) Fall time of power-switch-

torcurrent waveform at ing transistor at ing transistor at
ILoad=15.5 A, Vioas=15 V IL0ad=156.5 A, Vioada=15 V Ioad=3 A, Vicas=15V
Vine=120 V (rms) Vine=120 V (rms) Viine=120 V (rms)
Vce=100 V/div., Ic=2 A/div. Vce=360 V, Ic=5 A Vce=210 V, Ic=3 A peak

t (horizontal scale)=5 us/div. t(horizontal scale)=50ns/div. t(horizontal scale)=50ns/div.
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2N6702, a high-speed, 7-ampere, medium-
voltage switch. The combination of the D2201
fast-recovery clamp diode and the 1N5393
level-shift diodes cause the 2N6673 transistor
to operate approximately 2 volts out of
saturation, which greatly reduces the storage
time by shunting the excess base current into
the collector circuit as shown in Fig. 157. The
device is turned off by a -6-volt Vagz, further
assuring minimal switching-loss heat genera-
tion. Turn-off switch behavior is shown in
Fig. 158.

The designs of the +9-volt and -6-volt
auxiliary supplies are straightforward and
need no explanation.

Oscillator and Pulse-Width Modulator

The schematic diagram of the oscillator and
pulse-width modulator circuit is shown in Fig.
159. The foundation of the control system is
an oscillator/ pulse-width-modulator integrated
circuit. The oscillator-logic/ comparator system
powered by the +9 and -6-volt auxiliary
supplies operates conventionally. The current-
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limiter and shut-down facilities provided on
the chip are not used. The error amplifier
operating only as a voltage follower is driven
from the collector of the 2N6702 photocoupler,
which provides the phase inversion and dc
isolation from load-to-line.

Voltage Sensing—The CA723 integrated
circuit voltage regulator shown in Fig. 159
provides four functions of the voltage error-
sensing system:

1. Reference-voltage supply for error ampli-
fier

2. Error amplification (non-inverting)

3. LED drive to photocoupler

4. LED current limiting (with the addition
of one zener)

The output stage of the CA723 is arranged
as a current limiter to prevent over powering
of the LED in the photocoupler.

Because the power converter operates from
a 15-volt supply, the voltage reference, error
amplifier, and photocoupler can be self-
powered from the 15-volt output bus. With a

VOLTAGE
SENSE

92CL-31238

Fig. 159 - Schematic diagram of oscil-
lator and pulse-width modu-
lator circuit.
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lower-voltage supply, the necessary operating
voltage can be obtained with the aid of an
extra rectifier-capacitor combination, directly
from the secondary of the high-frequency
transformer.

Auxiliary Functions—In addition to the
following seven basic voltage-regulating func-
tions:

1. Reference-Voltage Source
Error Amplifier
Photocoupler Isolator
Voltage Follower
Ramp Generator
Comparator
Logic Output
the power converter also provides the fol-
lowing:

8. Minimum Duty Factor Control to assure

complete discharge of snubber network.

9. Maximum Duty Factor Control

10. “Soft-Start”and Low Line-Voltage Lock-
out

11. Pulse-by-Pulse Current Limiting
Functions 8 through 11 are discussed in more
detail below.
' Minimum Duty Factor—The minimum duty
factor, D(min) is established by the emitter
resistor in the 4N26 photocoupler; this resistor
clamps the minimum voltage to the pulse-
width modulator. For the snubber to operate
effectively, the time at each operating point
(switch on or switch off) must be sufficiently
long so that the capacitor reaches equilibrium,
Therefore, a minimum on time, DT, must be
established for each cycle of at least trse plus
five times the snubber RC product. In the
circuit being considered, RC=50 x 0.002 x
107°=0.1 us. Hence, a 1-microsecond minimum
on time is adequate. The emitter resistor
selected, 220 ohms, yields a minimum DT of
approximately 2.5 microseconds, which pro-
vides ample margin.

Maximum Duty Factor—The maximum
duty factor control must limit D(max) to less
than 0.5, allowing for delays and storage in the
remainder of the system, to assure that the
transformer is demagnetized during the off
time.

The maximum duty factor is set by adjusting
the tap on a 5-kilohm potentiometer so that
the maximum voltage that can appear at the
comparator rail (terminal 9 on the pulse-
width modulator) is limited. In the circuit
being discussed, the potentiometer is set for a
maximum on-pulse width of 10 microseconds

NowswN

at no load with sensing disconnected for 40-
kHz operation.

“Soft-Start” and Low Line-Voltage Lock-
out—Safe operation of pulse-width modulator
supplies requires that the drive circuits and
main load power be sequenced on and off in
the proper order as the power supply, con-
nected across the power mains, is turned on or
off. If this condition is not complied with,
severe stresses will be placed on the switching
transistor, and device failure may result. An
effective way to provide proper sequencing is
to use a “soft start” (defined in statement 2,
below), and a low-voltage lockout circuit. The
objectives of the lockout circuit are to:

1. Apply drive to the power devices only
after:

a. The oscillator is running at the proper
frequency, 40 kHz.

b. Voltages for the base drive system are
at full operating values.

c. The initial line-surge phase of the 60-
Hz rectifier filter is complete.

2. Apply base drive in a “soft-start” fashion;
i.e., start with minimum pulse width, but
full base current, then slowly increase the
pulse width to its full controlled value of
10 microseconds.

3. In the event of low line voltage, shut off
the base drive pulse before deterioration
of the base drive current occurs. Low base
current causes partial switching of the
power device and operation outside the
safe operating area.

4. Upon restoration of proper line voltage,
restore the supply to operation in the soft-
start mode.

Pulse-by-Pulse Current Limiting—Pulse-
by-pulse current limiting in the primary rather
than dc-load side-current limiting was chosen
as the limiting technique in the forward
converter circuit for several reasons.

1. Current surges into the output capacitors
at start-up are eliminated.

2. There is no problem with load-to-line
isolation.

3. Damage control is simplified. Shorted
rectifiers, shorted transformer or choke
turns, transformer saturation, and excess
load conditions can be sensed. The circuit
can operate in an impaired condition
without producing additional damage,
thus simplifying service procedures.

A 0.03-ohm resistor is in series with the
emitter of the 2N6673. The emitter-current
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sensing voltage produced is applied to terminal
3, the non-inverting input of the second half of
the CA3290 dual comparator. An adjustable
reference voltage is applied to terminal 2.
When the voltage at terminal 3 exceeds the
reference on terminal 2, the output at terminal
1 goes high and triggers the CD4001 flip-flop
which, in turn, crowbars the comparator rail
(terminal 9) of the pulse-width modulator IC,
and the drive pulse is terminated. At the start
of the next half cycle, the flip-flop is reset by
the clock pulse from terminal 3 of the pulse-
width-modulator IC.

Note that the snap action of the comparator
is assured by the positive feedback obtained
through the 51-kilohm resistor connected
between terminals 1 and 3 of the CA3290. This
feedback eliminates any ambiguities in sensing.

Summary

This converter could be redesigned to handle
400 watts or more by using a second output
unit (driver, output device and transformer)
operating from the now unused phase of the
SG1524 pulse-width modulator, or by substi-
tuting a 2N6675 in the output, making slight
changes in the base drive resistance and using
a larger output rectifier.

Again, as previously stated, this does not
describe a finished commercial item. Rather it
serves as a demonstration of switching-
device/circuit-format capability. Only the
full-time power-supply designer can envision
all of the environments and contingencies that
will be the ultimate determinants of the design
of a finished product.

—

110-VAC .
MAIN SUPPLY .

340-WATT, 20-KHZ FLYBACK
CONVERTER

The power-switching capability of the
RCA-2N6676 SwitchMax power transistor is
demonstrated in the following high-power
flyback converter. The circuit provides 340
watts of output power at 20 kHz when operated
from a 110-volt ac power line. The resultant
overall efficiency was determined to range
from 82 to 86 percent for inputs of 150 to 190
volts dc to the converter stage.

Converter Circuit Description

The converter circuit, shown in Fig. 160 in
block diagram form, is powered by a direct
input from a 110-volt ac power line; this input
is rectified by a full-wave bridge to provide a
dcoutput. This dc source, which is filtered by
a capacitor, serves as the power supply for the
RCA-2N6676 power switch. The circuit also
contains a driver stage which provides suf-
ficient gain to allow interfacing between
suitable low-power pulse-width-controlled
modulator logic circuitry and the input of the
high-level transistor switch. The reverse-bias
(~Ib2) current amplifier provides reverse-bias
current essential for rapid turn-off of the
power switch. Overvoltage and overcurrent
protection circuitry is also provided. The
driver stage, reverse-bias amplifier, and protec-
tion circuit are discussed in this section together
with the flyback output stage. The pulse-
width control function, indicated by dashed
lines in Fig. 160, is not discussed; adequate
material is available to show the implemen-
tation of necessary logic-function designs.
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Fig. 160 - Blockdiagram of the converter circuit.
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Output Stage

The flyback-type converter is generally not
considered a high-power generator for three
main reasons:

1. It requires approximately twice the peak

current of a square-wave type.

2. It requires a larger output transformer as
a result of the large magnitude of the dc
current flowing and the need for a large
air gap to avoid core saturation.

3. It requires, at low output voltage (5 to 12
volts), very large and expensive capacitors
to obtain good ripple-voltage reduction.

However, the flyback converter does have
several attractive features which make it worthy
of consideration for applications requiring a
high-power output:

1. Simplicity and low cost.

2. Provision for isolation of the secondary
load from the main-line input voltage.

3. Suitability for multiple output supplies.

4. Suitability for medium-to-high levels of
secondary voltages.

Fig. 161(a) shows a typical basic flyback-
converter circuit that uses a single transistor
as the switching device. The transistor is
driven with a positive rectangular input pulse
of controllable width and constant period. In
this circuit, when the base control or drive
pulse turns the transistor on, a current ()
builds up in the primary winding (which
serves as a choke) of transformer Ty, as shown
in Fig. 161(b). The secondary winding of the
transformer is phased so that diode D4 blocks
the flow of secondary current at this time. The
primary or collector current Ip rises linearly,
provided the winding series resistance is low,
to a final value determined by the primary
winding inductance, Lp, the supply voltage,
Vec, and the turn-on duration, ton, of the
transistor. The transistor is considered to be
inductively loaded. Energy is stored in the
primary winding during the on time of the
transistor; the maximum amount of energy
stored must be sufficient to support the
secondary load requirements. This energy is
released into the secondary side after the
transistor is turned off; the secondary current
flows through diode Dy into filter capacitor
Co and the load Ro.

In the practical flyback circuit shown in
Fig. 162, the output circuit employs an RCA-
2N6676 power transistor (Qu) as the power
switch. The 110-volt ac power-line voltage is
rectified and applied to the collector of the
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Fig. 161 - Basic flyback converter circuit
and primary circuit waveforms.

power transistor through the primary winding
of transformer T4. The primary inductance Lp
of the transformer is determined by the
maximum allowable peak collector current,
Ic(pk), the minimum dc input voltage (low ac
lihe voltage), and the maximum width of the
turn-on pulse at low line voltage. Generally
the secondary load requirements together
with the rectifier and transformer losses dictate
the final value of the peak collector current.
The peak collector current in the design
shown was determined by the following
conditions:

Operating Junction
Temperature (T)) 100°C
Operating Case Temperature (T¢) 50°C

Vee(sat) at Ti=100°C 2 Volts
Operating Frequency (f) 20 kHz
Duty Cycle 50%
Inductive Turn-Off Time (tc) 0.8 us
Maximum Collector

Voltage, Vce(sus) 450V
Thermal Resistance, fic 1°C/W
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Fig. 162 - Practical flyback converter circuit.

(SANDWICHED LAYERS | PRI./ 2 SEC./1PRI.)

50 IFLYBACK CONVERTER
|RCA 2N6676
T)*100°C; 8¢ = [*C/W, tc =0.8 us
DUTY CYCLE = 0.5
o |VCE (sat1 =2V AT 100°C
W VCE(max) =450V
w2 T 1
3 MAXIMUM LIMIT
| NN
Do ™ AEAN
] N A~
: 8 AN ‘\\ \D‘e
2 1]
& NC N
g ° 0N T
2 x N
e ASHEANL
= \{ N
] )
2 (M -Tc) /o N
S Ic(pk)" 1 j
o i { ton tc \ Vce(max)
i(=2n)y, 1+ J—I
x 2( T ) CE (loﬂ[ (m) Ve (sat) N
&
] L ;
] 10 100
FREQENCY — KILOHERTZ 02¢5-31010

Fig. 163 - Peak collector current of the RCA-2N6676 as a function of
frequency for three different case temperatures.
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Fig. 163 shows a plot of the peak collector
current of the RCA-2N6676 as a function of
frequency for three different case temperatures.
At a case temperature of 50°C, the peak
collector current must be limited to 12 amperes.
The flyback converter shown in Fig. 162 was
designed to operate with a 20-kHz pulse-
width modulated input drive signal and to
provide a dc output of 48 volts with more than
300 watts of continuous output power.

An equally important part of the flyback
converter is the output transformer, T1. The
switching converter works by cyclically storing
energy in the primary winding, Ly, and then
dumping this stored energy into the load,
which is connected to the secondary side of the
transformer. The design of the output trans-
former is important not only because it affects
the amount of output power and efficiency of
the converter, but also because it determines
the operating frequency range.

Switching Characteristics

The turn-on time of the RCA-2N6676
transistor for a given peak collector current is
a function of the duration of the base turn-on
drive current. Although the turn-off time is
related to the amplitude of the negative base-
current drive, particularly with regard to
storage-time reduction, the actual turn-off
time in the flyback circuit is determined by the
characteristics of the 2N6676 transistor and
the output transformer. However, the appli-
cation of sufficient reverse base current
minimizes the effects of the transistor turn-off
time on the overall turn-off characteristics of
the circuit. Fig. 164 shows the base current

o_
I(bose)
0.5 A/div

V(base) |
5 V/div

10 ps/div
92CS-30988

Fig. 164 - Base characteristics for the
RCA-2N6676 at Voc=+150 Viqc,
t=50 us, ton(collector)=25 us.

!

and voltage waveforms during maximum
output-load conditions. The base-current
turn-on pulse has a peak value of 0.75 amperes.
A peak reverse base current of | ampere is
obtained with a negative base-to-emitter
voltage of 12 volts. ;

The base-to-emitter junction can be operated
into the avalanche region during the reverse-
bias condition. The result is an enhancement
in turn-off time with no immediate observable
degradation in junction characteristics. This
result is attributed to the low level of reverse-
bias energy present during the reverse base
current conduction time, (approximately 1.5
microseconds); the reverse-bias energy in the
base-to-emitter junction is approximately 18
microjoules.

Performance

Typical collector current and voltage wave-
forms for the 2N6676 transistor are shown in
Fig. 165(a); transformer secondary current
and voltage waveforms at maximum output

I¢(PRIMARY)
5 A/div O-
Vg (PRIMARY)
100 V/div
o—
10 ps/div
(a) 92€S - 30991

I(SECONDARY)
10 A/div

V(SECONDARY)
50 V/div

10 pus/div
(b)  92¢s-30990

Fig. 165 - (a) Collector current and volt-
age (primary) for the RCA-
2N6676 and (b) transformer
secondary current and voltage
8! Vcc=150 Vdc, t=50”s, ton=25
HS, Vo=48 V¢, 10=7.2 A.
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o-P , 50 V/div

100 ns/div o

92CS-30994

Fig. 167 - Turn-offcharacteristics for the
RCA-2N6676 at Vcc=190 Vyc,
t=50 /JS, ton=19 ﬂS, VO=48 Vdc,
1o=7.2 A.

I()\p»;/dri’v )
: (a) -

92€S-30992

I (SECONDARY)

power are shown in Fig. 165(b). The maximum
output power of 345 watts was measured with
a dc input of 150 volts and a turn-on pulse
width of 25 microseconds at a frequency of 20
kHz.

Fig. 166 shows the performance of the flyback
circuit at high line voltage, a Vee of 190 volts.

V (SECONDARY)

10 s /div

92CS-30993
Fig. 166 - (a) Collectorcurrentand volt-
age for the RCA-2N6676, and
(b) transformer secondary cur-
rent and voltage at Vcc=190
Vae, t=50 us, ton=19 us, Vo=48

In order to limit the peak collector current to
10.8 amperes, the turn-on pulse width was
reduced to 19 microseconds. The peak sec-
ondary current and voltage waveforms shown
in Fig. 166 are identical to those shown in Fig.
165, indicating that this flyback converter

Vae, 1o=7.2 A. design provides constant output power.
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Fig. 168 - Overall efficiency ofthe RCA-
2N6676 flyback converter stage
(upper curve); efficiency with
reduction of turn-on pulse
width and increasing line volt-
age (lower curve).
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Fig. 167 shows the turn-off characteristics
of the 2N6676 transistor output stage at high
line voltage, 190 volts, and reduced turn-on
pulse width. The turn-off time interval,
approximately 400 nanoseconds, was also
reduced, indicating a reduction in turn-off
dissipation in the transistor. The upper curve
in Fig. 168 shows the overall efficiency of the
RCA-2N6676 flyback converter stage; the
efficiency ranges from 82 to 85.5 percent. The
reduction of the turn-on pulse width with
increasing line voltage results in high operating
efficiency, as shown in the lower curve of Fig.
168.

Driver Stage

The driver stage of the converter, Q3,
shown in Fig. 162, utilizes an RCA-2N5038 or
2N3878 transistor in an emitter-follower circuit
configuration. The driver stage is operated
from a separate 15-volt dc supply which is
obtained from a line to a low-voltage trans-
former. The driver stage provides sufficient
current gain to allow interfacing between
suitable low-power pulse-width-controlled
modulator logic circuitry and the input of the
high-level transistor power switch. The driver
stage serves as an impedance matching trans-
former as well as a current amplifier. In order
to provide 750 milliamperes of base drive to
the output power switch, the driver stage
requires approximately 30 milliamperes of
input base current.

Reverse-Bias Amplifier

The reverse-bias current, -Ip2, for power
switch Q4 is provided by a current amplifier
consisting of transistors Qi (RCA-2N5416)
and Q2 (RCA-2N6213). Because the reverse-
bias circuit is somewhat uncommon, its
operation is discussed in detail. The source of
energy used to turn off power switch Qq is
stored in capacitor Cz. During collector-
current turn-off, the voltage developed across
capacitor Cz is equal to the clamped flyback
voltage across Qu; this voltage is limited to 400
volts. The voltage at the diode (D4) end of C»
becomes a negative value equal to the peak
inverse or flyback voltage when the output
transistor Qg4 turns on. This negative voltage
cannot be used directly as a source for —Ip2
since the peak flyback voltage (which is
converted to zero volts at the D4 end of Ca)
occurs as I¢ just starts to fall. To be effective,
this negative voltage must be present during

the entire I fall time (as it would be ina purely
resistive circuit). Inductor L, is used in series
with Re, C2, and the -Ip2 switching transistors
Q1 and Q2 to maintain the required negative
potential.

The reverse-bias current switch Qi, Q2 is
turned on by the charge on C at theend of the
input, or oscillator, pulse, at which time the
voltage at C2is -400 volts. The functions of L,
are:

1. Toreducethesource voltage at Re during
conduction of -Ip2, thereby reducing
dissipation in Re.

2. To reduce the influence of the flyback
voltage, which would tend to nullify —In2
at this time since the voltage at Cz is zero.

3. To provide a ramping negative voltage
across Rg, which, in turn, creates an
increasing ~Ip2 during the fall time of the
collector current of Q4 (a condition that
tends to eliminate tailing). The end result
is an output device, Qu, that experiences
minimum dissipation because of a fast
turn-off time.

As an added benefit of this circuit, capacitor
C2 provides snubbing action. This benefit
occurs because the charge that is dissipated by
the reverse-bias current circuit must be replaced
by the sustaining voltage, Vce(sus), of the
output device, Q4. The reverse-bias current
drain represents the resistance part of the RC
network connected across the collector and
emitter of output transistor Q4. The network
acts as an inhibitor, at about 400 volts, on the
operating range of the inverter..

Protection Circuitry

The protection circuit for the converter
consists of transistors Qs and Qe and operates
under the following conditions: short circuit,
open circuit, 50-percent duty cycle exceeded,
and high line voltage. Open-circuit and high
line voltage conditions are detected simply by
monitoring the flyback peak voltage across
the output transistor, since both of these
conditions manifest themselves as an excessive
voltage across the device, a voltage that would
ultimately destroy the device. The clamping
action of Cz2is not a rigid clamping action and,
as a result, the peak Vcex varies somewhat
with line voltage and loading conditions. The
maximum safe Vcex was chosen as 400 volts.

The selection of Re and L1 determines both
the value of -Iv2 and the voltage level at which
C: effectively clamps. When the Vcex of the
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output device exceeds 400 volts, as it would
during high line-voltage or open-circuit condi-
tions, Qs turns on by conduction of the 400-
volt zener diode D+14. Since the voltage at the
diode end of C2 becomes negative when Qs
turns on, the level being determined by the
peak positive voltage across the output
transistor, Fig. 165, the zener diode will fire
the protection circuit on the next conduction
cycle after the peak voltage exceeds 400 volts.
Even during a sudden open-circuit condition,
this voltage cannot change instantaneously
(because of the presence of C2) and will take
several cycles to rise above 400 volts. When Qe
turns on, the base of Qs is effectively tied to
the line voltage through R4, while its emitter
is at —400 volts. This arrangement provides
about 40 milliamperes of base drive to Qs, and
turns it on. Part of the collector current of Qs
is fed back to Qs. This current maintains both
Qs and Qg in a latched-on condition until the
line voltage is switched off.

Short circuit and over-50-percent duty-
cycle conditions are detected by inserting a
small air-core transformer, T2, in series with
the primary winding of the output transformer.
Observation of the primary current waveform,
Fig. 165(a), shows that, under normal condi-
tions, the collector current of Q4 ramps up
gradually from a zero current level. Under
conditions of over S50-percent duty cycle,
abnormally high current demands, or a short
circuit, the waveform changes. All of the
above conditions cause the same change in
varying degrees, that is, a step up from the
zero current level before the ramp starts. This
step occurs, because, in all of the above
conditions, the secondary current continues
to flow even after the start of the next cycle.

The connection of the current-sensing
transformer to Qs provides for a starting pulse
to the Qs,Qe switch whenever there is an
appreciable step in current in the positive
direction. There is always a very large step in
the negative direction as a result of the fall
time of the collector current in the output
transistor, Qq. This negative step is bypassed
around Qg by Ds.

A 450-WATT, 40-KHZ, 240-VAC TO
5-VDC, FORWARD CONVERTER

The principles and virtues of the forward-
converter circuit are well known, and this type
of circuit has been advocated for some time.
Until recently, however, a main drawback to

its use in high-power and high-frequency
power supplies has been the lack of high-
voltage power transistors with fast enough
rise and fall times. Development of RCA’s
SwitchMax transistor family makes possible
the design of a single forward converter of 450
watts output that can operate from nominal
mains of 240 volts ac and a 40-kHz switching
frequency.

A block diagram of such a converter is
shown in Fig. 169.

Performance Considerations

Some of the advantages and disadvantages
of the forward-converter circuit are:

Advantages:

1. Superficially a simple circuit.

2. No transformer balance problem.

3. Problem of unequal storage time (ts)
eliminated.

4, “Switch-through” problem avoided,

Disadvantages:

1. Transistor repetitive peak voltages may
exceed 750 volts at high line, limiting
choice of devices having suitable switching
speeds.

2. Short duty factor (<.5) mandates a higher
value energy-storage choke than that
needed for a push-pull circuit.

3. Transformer requires a bifilar tertiary
winding for commutation of magnetizing
energy.

4. Primary leakage inductance of the trans-
former cannot be commutated so must be
snubbed.

5. Because a single forward converter is a
half-wave system, the peak current on the
transistor is twice what it would be in a
full-wave circuit of similar power.

6. Total duty factor (D) of power switch
must not exceed 50%.

Fundamental to all switching supplies is the
requirement of load-to-line isolation. The
method by which this isolation is accomplished
affects the subsequent design of the base drive
system and whether it will be transformer or
direct coupled.

The low saturation resistance of the type
2N6751 (Vce(sat) typically less than 0.5 V at
Ic=5 A, Is=1 A) permits the effective use of the
Baker (antisaturation) clamp technique to
reduce the storage time of the power switch. A
two-diode-drop level shift is sufficient to put
the transistor into the active region, thus
reducing the worst-case, high-temperature
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Fig. 169 - Blockdiagram ofthe converter.

storage time to less than 1.5 microseconds and
lowering the fall time to 50 to 70% of its
saturated switching-speed value.

Dead Time

Since the forward converter is a single-
ended design, the simultaneous conduction
problem that can occur with push-pull, half-
bridge or bridge circuit formats does not exist.
However, the total duty factor must not
exceed 50%. Violation of this constraint will
result in eventual transformer saturation and
system failure. The need for the provision ofa
brief and controlled storage time becomes
apparent. This storage time, together with a
setting of the maximum duty factor control on
the pulse-width modulator for D=0.4, provides
a worst-case on time, including a 1.5-micro-
second t,, of about 11.5 microseconds with a
1-microsecond safety margin.

Transformer Limitations

One of the limitations of the forward
converter is the portion of the on time (DT)
consumed by the current rise time in the
switching transistor and dominated by the
referred leakage inductance of the transformer
secondary. This limitation restricts the energy
per cycle that can be transferred to the load
side of the system at low line. The inductance

of concern is that measured across the primary
with the secondary shorted and the tertiary
winding open (L,). The power transfer is the
product of the energy per cycle (W) times
frequency (f).

DT
We = [ Vecic dt
[¢]

where:
1
D = duty factor, T = T
) -t
ic = Ic(max) (1 - € ——)
T

Le secondary leakage induc-

T = == tance referred to prima
R ‘5t Voo(low line)  To(max).

Combining the above yields:
Ptrangfor = f X Vcc(min)
-R t

DT] Le
x Ic(max) [ \l-e dt
[¢)

If DT > 37 (which it must be for efficient
operation) the equation integrates to Pians-
ter=1/ T X Vee(min) x Ie(max)

(OT- =)
X - — ).
Ro
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Inserting into the simplified equation the
values of Vec(low line)=240 volts
Ic(max)=5 A
Dx T=115us
R.=V¢/Ic=48 ohms
Le typical=40 uH

The value of Pyanster Wwould be:

Prranster=1/25x 240 x 5 x (11.5-
40/48)=512 watts

The value of L, in the final transformer design
was 16 microhenries. Reevaluating the equa-
tion with this value yields Pyanster=536 watts, a
substantial improvement. The reader can anti-
cipate the effect on power transfer of increasing
the operating frequency to 80 kHz, for example.

Snubbing and Turn-Off Dissipation

To restrain voltage overshoots on the power
switching device at turn-off, it is necessary to
add capacitance between the collector and
emitter to absorb the energy of the uncom-
mutated leakage inductance of the primary
(Lp1).

Current Limiting

To protect the power switching transistor
from the load faults that may occur at the
output of a power supply, collector current
limiting is essential. To be effective, the delay
time through the entire current control loop
must be minimal and the base drive must keep
its integrity to pulse widths narrower than
those necessary for normal voltage regulation.

Antisaturation clamping relieves the worst
part of the forward-loop delay problem by
holding the power-device storage time (ts) to
less than 1.5 microseconds.

Overcurrent may be sensed by using a
current-sensing toroid on the primary lead of
the power transformer. This technique has
several benefits:

1. Thetoroid is so located that it senses only
the referred secondary currents and ignores
the excess base-current contribution.

2. The comparator circuit is isolated from
the high voltages and high currents that
may occur with a power-switching failure.

As previously mentioned, the forward-
converter circuit places very high repetitive
peak voltages (in excess of 700 volts) on the
switching transistor, clamp diode, snubber,
capacitor, and transformer windings. Should
power requirements be such as to require the
paralleling of forward-converter circuits, a
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half-bridge circuit might be more economical
and produce lower stresses with a wider choice
of transistors.

900-WATT, OFF-THE-LINE,
HALF-BRIDGE CONVERTER

The performance of two RCA-2N6678
*SwitchMax’ high-speed power transistors (15
A, 450 V (Vcex)) -is demonstrated in the
following 900-watt, half-bridge converter.

The circuit switches at a 20-kilohertz rate
and with minimal alterations can operate
from either 120 or 240 volts. It was built using
conventional circuitry but in a non-compact
modular format so that it would be easily
accessible for instrumentation connections
and component or design alteration. The
power switches used are the RCA-2N6678
‘SwitchMax’ 15-ampere [Ice(sat)], 450-volt
(Vcex) high-speed transistors.

Because the purpose of this effort was not to
develop an optimum design but to permit
experimentation with and analysis of high-
speed transistor switching operation, a 10-
volt/ 100-ampere output capability was selected
rather than the more common 5-volt/200-
ampere range. This choice permitted the use
of simple magnetic components and fast-
recovery rectifiers, rather than Schottky
devices, without the hazard of rectifier damage
in the event of lost regulation. It also permitted
easier dummy-load manipulation.

The half-bridge circuit was chosen because
of the following advantages:

1. Requires a simple transformer primary

having a single winding.

2. System leakage inductance is commutable,
allowing minimum snubber design and
lower dissipation.

3. Adaptable to either 120- or 240-volt
operation.

4. Permits easy maintenance of B-H sym-
metry in transformer core without exotic
circuits or excessive air gaps.

5. Modulation and drive circuits are easily
protected from the consequences of a
power stage failure.

6. Needs only two 2N6678 ‘SwitchMax’
transistors for almost a kilowatt of output.

The disadvantages encountered with the
selection of the half-bridge circuit include:

1. Difficulties in- making voltage versus
current measurements because the primary
section has no identifiable ground plane.

2. Difficulty in providing solid turn-off drive
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power at short duty factors.

3. Tendency to cross-switch at high power
levels because of large displacement
currents in the device mica-heat sink
region and sharp L di/dt voltages.

These disadvantages, however, were found
to be manageable.

System Configuration

A block diagram of a half-bridge converter
is shown in Fig. 170. The system is made up of
three major building blocks:

I. Power Block. This block encompasses
the 60-Hz power rectifiers, filters, power
switching devices, commutating diodes
and snubbers, 20-kilohertz 8-to-1 step-
down transformer, rectifier, and filter
elements.

I1. Oscillator-Modulator Block. This block
comprises the oscillator for the pulse-
width modulator, modulator IC, soft-
start, low-line lock-out comparator,
pulse-by-pulse current limiter, and the
predriver IC’s.

II1. Base Driver Block. This block provides
on and off drive to the power switches.
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System Performance

The over-all performance of the 900-watt
half-bridge rectifier system is given in Table
X. Theline and load regulation figures though

Table X - Performance of 900-Watt
Converter System

Output Voltage (nominal)—Vo=10 volts
Output Current (nominal)—10=90 amperes

Line Regulation at Vo=10 V, 10=50 A,
Vune=120 rms:

-0.7% at Vune=105 V rms

+0.5% at Vune=135V rms

Load Regulation at Vo=10 V, 10=50 A,
Vune=110 V rms:

+1% at 10 A to -0.6% at 80 A

Current limit at 90 A

Hum (see Fig. 171) at 120 Hz=100 mV peak
to peak

Ripple (See Fig. 172) at 20 kHz=50 mV
peak to peak

RF Noise (see Fig. 172) at 5 MHz=0.5 V
eak to peak

Efficiency=69 to 73% (conventional watt-

meter readings)
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Fig. 170 - Block diagram of half-bridge
driven converter. Note the
three major sections: Power
Block, Oscillator-Modulator
Block, and Base Driver Block.
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satisfactory are not outstanding and could be
improved by a higher dc open-loop gain. Such
improvement, however, is not likely in the
present configuration.

The hum performance, less than 100 milli-
volts on a 10-volt output, is respectable (see
Fig. 171) and is comparable to the accepted
industry standard of 50 millivolts on a 5-volt
output. Some additional design effort on the
error amplifier and a less conservative roll-off
characteristic could bring about a two to one
improvement.

BN T = 90 A

t=5 ms/DIV.
V= 0.1V AC/DIV.

92Cs-31072

Fig. 171 - Hum performance of 900-watt
converter system.

As shown in Fig. 172, the ripple at 20
kilohertz is also low, less than 50 millivolts
peak to peak on a 10-volt output. High-
frequency ripple is almost entirely dependent
on the quality of the final filter capacitor (C13
in Fig. 173).

W I _=90A
t=10 ps/DIV.

92C€S-31073

Fig. 172 - Ripple performance of 900-
watt converter system. Note rf
noise during rectifier transi-
tions.

The elimination of rf noise presents a major
problem. The noise, see Fig. 172, is caused by
the transition of the high-current rectifiers
and is extremely difficult to filter or shield.
The appearance of this noise in a magnified
oscilloscope display is that of several different
high-frequency damped oscillations excited
by the same voltage or current shock. This
problem is further complicated by the con-
fusion of grounding systems between the
isotransformer, and associated instrument-
ation, as well as the radio-frequency inter-
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ference radiating from the long leads of the
breadboard system.

The efficiency of the supply, depending on
load and based on conventional wattmeter
readings, is 69 to 73 per cent. A 100-watt
discrepancy, however, was noted between the
wattmeter measurements and the total of the
subsystem calculated losses. A summary of
the calculated losses at the 900-watt level with
120-volt line is given in Table XI. The total
power loss is 251 watts and the calculated
efficiency, therefore, is a more reasonable 78
per cent. Determination of true efficiency
would require the use of a 300-volt dc supply
in place of the 60-Hz mains, rectifier, and ac
wattmeter.

Table XI - Power Losses Calculated by

V =0.1V AC/DIV.

Subsystem

Subsystem Power Loss (W)
Aucxiliary Supply Pass

Regulator 20
Base Driver System 25
Power Switches 50
Output Rectifier 100
High-Frequency

Transformer 10
60-Hz Rectifier 10
Snubbers 10
Output Chokes 6
60-Hz Bleeder Resistor 20

Total 251

Calculated

efficiency=251/(251+900)=78%

Power Block Operation Analysis

The schematic diagram and parts list for the
power-block portion of the 900-watt half-
wave bridge converter are given in Fig. 173.
For discussion purposes, this block is divided
into ten sections:
60-Hz Rectifier and Filter
High-Frequency Power Transformer
Coupling Capacitor
Commutating Diodes
Snubber Network
Power Switches
. Base-Input Networks
Output Rectifiers and LC Filter
Current-Sense Transformer
. Auxiliary Power Supply

A 60-Hz Rectifier and Filter. Thissection,
which could also operate on 50 Hz, is
conventional. It provides the option of switch-

HFFQWFpOW?
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C1,C2 =4500 pF, 250 V, electrolytic Ict =CA3085, voltage rectifier
(o=} =1100 uF, 25 V, electrolytic L1 =9 uH, 2 18-uH inductors in parallel
C4 =100 pF, ceramic Q11 =2N6649, p-n-p Darlington, TO-3
cs =2 uF, 25 V, electrolytic Q12,Q13 =2N6678, power transistor
(-} =10 uF, 25 V, electrolytic
c7 =0.05 uF, 100 V, ceramic or paper R1 =2.5 ohms (cold); 0.045 ohms (hot)
cs =4 capacitors in parallel, each 2 uF, Rodan surge guard SG-7
200V, paper R2 =°.12 ohms, 2 W
€9,C10 =3 capacitors in parallel, each 0.001 pF, R3 f‘o kilohms, potentiometer
600 V, Mylar or metal film R4 =820 ohms, 1/2W
C11,C12 =0.68 uF, 200 V, Mylar or metal film RS,R6  =3500 ohms, 10 W, wire wound
c13 =6 capacitors in parallel, each 1600 uF, R7,R8 =50 ohms, 12 W, made up of 6 300-ohm
50 V, low ESR slectrolytics (Sangamo 2-W resistors in parallel
301JP162 U0508B or equivalent) R9,R10 =4 ohms, 3 W, made up of 3 12-ohm
C14,C18 =0.01 4F, 1 kV, ceramic 1-W resistors in parallel
C17,C18 =0.005 [lF, 1 KV, ceramic R11,R12 =1.5 ohms, 10 W, non-inductive
= R13,R19 =10ohms, 2 W
C19,C20 =0.5 uF, 600 V, paper or Mylar R14.R15 =10 ohms, 1 W
D1,D2 R16 =1 ohm, 1/2W
D3,D4 =20 A/300 V, DOS rectifier, IN1195A R17,R18 =20 ohms, 1/2 W
or equivalent _
D5,D8 =6 A/50 V, DO4 rectifier, IN1341B LA =115V, 28V, 2 A, center tapped
or equivalent (Signal Transformer 241-7-28 or
D7,08 =18 A/800 V, fast-recovery rectifier, equivalent) .
D2412M or equ‘vﬂlent T4 =Cores — pﬂir IR8113 “E", Indiana
D9,010 =1 A, fast-recovery diode, 1N4833 or Secondarles — 4 each 3-1/2 tums’
equivalent of 0.020” x 0.75" copper strap
D11 Primary — wound on secondaries, 28
through turns 6 strands of #21 enameled wire
D18 =fast-recovery diode, 1N3910 or T5 =1000 turns #32 wire on a pair of linear
equivalent ! ferrite E cores about 3/8" x 3/8”; cross

section non-critical. See text.
F1,F2 =8 A/250 V fuse
Fig. 173 - Schematic diagram and parts

list for Power Block portion of
900-watt converter.
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ing from a bridge for 230-volt operation to a
doubler for 115-volt operation. The capacitors
and rectifiers are oversize to provide the
extended range of operating conditions desired
for this study. Minimal surge limiting is
provided by a surge-limiting resistor having a
negative temperature coefficient. A commercial
power supply would require a sturdier arrange-
ment plus an RFI filter.

B. High-Frequency Power Transformer.
The high-frequency power transformer T4
uses a pair of Indiana General IR8113 E cores.
The secondaries have four windings, each 3%
turns of copper strap 0.75 inch wide by 0.020
inch thick. The 314 turns allow the common
‘point for all windings to terminate on the
same side of the bobbin for ease of connection
to the negative bus. The primary is 28 turns of
6 strands of No. 21 enameled wire twisted two
turns per inch and wound on top of the
secondary. Three-mil Mylar drafting film
provides the interlayer insulation. Each sec-
ondary winding has a 0.01-uF/ 10-ohm damper
network across it at the rectifiers to reduce
self-resonance ringing. A five-mil insulated
copper-foil Faraday shield between the primary
and secondary windings is grounded to the
output common and chassis to reduce coupling
between windings. The double secondary made
of 0.75-inch strap was required by the core
dimension to provide the copper cross section
needed to keep I°R losses below nine watts.

C. Coupling Capacitor. The power trans-
former coupling capacitor C8 is designed to
preserve the B-H symmetry in the half-bridge
circuit. However closely components are
matched to preserve drive symmetry to the
switching transistors, differences in heat
sinking, the switching temperature coefficient,
transient load changes, or unsymmetrical
rectification can cause offset of the trans-
former-core B-H curve. As a result, the
transformer may draw abnormal current on
one half of its cycle and, in turn, charge the
coupling capacitor to a higher voltage than
normal. When the cycle reverses, the higher
capacitor voltage adds to the Vcc/2 being
applied to the other switch, thus providing
extra voltage across the transformer winding
in such a direction as to recenter the B-H
characteristic.

Selection of the proper value for this
capacitor requires some analysis. The lower
limit of the capacitor value can be determined
by recognizing a series resonant circuit formed
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by the capacitor and the referred value of the
filler choke L=(Np/Ns)® Lr. The resonant
frequency must be less than half of the
switching frequency and for charging to be
linear it should be less than one fourth of it.
The circuit of Fig. 173 uses a filter inductance
of 9 microhenries (two 18 microhenry chokes
in parallel) and a switching frequency of 20
kilohertz. Allowing for a high dc current and
temperature, the effective value of the induc-
tance is estimated as 6 microhenries. With this
value for Lr and a resonant frequency of 5
kilohertz, a value for the coupling capacitor C
can be determined as follows:
fo—t L = (Np/Ns)’ Le
S — = (Np/Ns
2w \/ LC

1
C 7 P (N NeF L
1
4 x25x 10°x 82 x6x 10°°
2.6 uF

This value of 2.6 uF is a reasonable one.

The charging voltages on the coupling
capacitor should be considered next. With an
average current of 10 amperes for 20 micro-
seconds, the-capacitor would charge to a value
given by:

C-=

I
V=—xdt
C

10x20 x 107®
26x107°
77 volts

This value of 77 volts is excessive and would
interfere with regulation at low line voltages.
A more reasonable value would be 30 volts or
10 per cent of the nominal Vce (20 per cent of
Vece/2). With this value for V

dt _10x20x 107°
dv 30
6.67 uF

Based on this calculation, a value of 8 uF was
selected for the coupling capacitor C8. Al-
though a voltage rating of 50 volts would be
adequate theoretically, 200-volt units were
used for safety purposes. To minimize heating,
four 2-uF 200-volt paper capacitors in parallel
were used. The effect of this capacitor is
illustrated in Fig. 174, which shows the droop
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I _=90A
1210 us/DIV.
Veg = 50 V/DIV.

92Cs-3107I

Fig. 174 - Waveform of transformer pri-
mary voltage. Note tilt in wave-
form caused by compensating
effect of coupling capacitor.

in transformer voltage at high ampere-second
products.

D. Commutating Diodes. The commuta-
ting diodes (D7 and D8) are standard, fast-
recovery, 12-ampere, 450-volt rectifiers
D2412M connected as close as possible to
their companion transistor switches (Q12 and
Q13). In a half-bridge circuit, the commutating
diodes do more than steer leakage inductance
energy back to the main supply. In the event of
a sudden off-load, or a backfeed, the drastic
increase in transformer flux can drive the
collector of the conducting transistor negative
with respect to its emitter, forcing the device
into “inverse conduction”. The commutating
diode then bypasses the switch until the
collector again goes positive, thus preventing
a high-stress situation.

E. Snubber Network. Thesnubber network
limits the Lydi/ dt voltage excursion produced
by the interruption of the current flow in the
transformer and absorbs the energy in the
leakage inductance. In contrast, the commut-
ating diode does not absorb the inductive

energy, but transfers it back to the main power
source. A feature of the half-bridge circuit is
that most of the leakage and wiring inductance
can be commutated. This feature allows the
use of smaller, lower-dissipation snubbers
than would be needed for forward or push-
pull inverters of comparable power. Instead of
absorbing the entire L,I;°/2 energy, the
snubber needs only enough capacitance to
hold the Vce down to its limit value until the
turn-on delay of the commutating diode is
overcome. This turn-on delay is in the order of
50 to 100 nanoseconds depending on the
diodes and wiring. The interplay between
snubbers and commutating diodes can be
clarified by a study of the simplified circuit of
Fig. 175 and the corresponding waveforms in
Fig. 176.

For additional information on Snubber
Network Systems Design, refer to RCA
Application Note AN-6743 “A 900-Watt Off-
the-Line Half-Bridge Converter.”

F. Power Switching. The power switching
devices, 2N6678, are from the RCA “Switch-
Max” power transistor family. They have
been specially designed for high inductive-
switching-locus capability (clamped Esp) up
to 450 volts at 15 amperes and with a load
inductance of 50 microhenries. They also
provide excellent switching-speed performance
at high temperature as well as at room ambient.
All devices in this family are tested for these
parameters at both 100°C and at 25°C. The
circuit designer, therefore, can safely use these
transistors to the full extent of their capabilities
with assurance that no critical limit will be
exceeded. As a result, maximum efficiency
and cost effectiveness can be achieved in
switching-circuit designs.
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Fig. 175 - Simplified diagram of snubber
network system.
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Fig. 176 - Waveforms in snubber net-
work.

G. Base-Input Network. The base-input
network conforms to standard practice with a
1.5-ohm current-limiting resistor and 0.68-uF
speed-up capacitor to sharpen the base-current
rise time and enhance the Ig2, Ves2 turn-off
drive. A 4-ohm resistor is connected from base
to emitter of each switching device to minimize
the cross-switching problem previously men-
tioned.

H. Output-Rectifiers and LC Filter. The
output rectifiers (D11-D18) are conventional
IN3910fast-recovery types wired and mounted
on heat sinks with their companion chokes.
The chokes use Indiana General SR15002-1-
245 pregapped E cores wound with 9 turns
each of 0.75-by-0.020-inch copper strap giving
a nominal inductance of 20 microhenries per
choke. The strap ends were left long to
facilitate low-ohmic connections to the recti-
fiers and filter capacitors. The double filter
chokes were used because the standard pre-
gapped cores available were rated at only 50
amperes at the inductance selected. The chokes
were designed for a minimum load current of
10 amperes.

The filter capacitor bank C13 consisted of
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six Sangamo 1600-pF/50-V tubular single-
ended electrolytics (Cat.#301JP162U050B).
This capacitor bank effectively keeps the 20-
kilohertz ripple to less than 50 millivolts at all
loads from 10 to 90 amperes. Calculations
show that a capacitance of only 8000 uF is
needed for good ripple control but a total of
9600 uF was used to be conservative. For
stability tests, an additional 30,000 uF of
capacitance was added to approximate worst-
case loading.

I. Current-Sensing Transformer. The cur-
rent-sensing transformer is placed on the
primary side of the power transformer so that
it will be responsive to core saturation as well
as provide fast response to load faults. The
secondary of the current-sensing transformer
(T5) is 1000 turns of No. 32 wire on a pair of
ferrite E cores having a 34” by 3%” center leg.
The primary is one turn of the wire to the
power transformer wrapped over the sec-
ondary. Terminated with 1100 ohms, TS
produces a faithful waveshape of about !
volt/ampere.

J. Auxiliary Power Supply. This supply
powers the pulse-width modulator and base
drive circuits. It is a basic transformer, rectifier,
series-pass regulator system. The only critical
component is the high-quality transformer
(T1) needed for the line-voltage range over
which the inverter must work, 95 to 135 volts
RMS. Economy transformers tend to overheat
at high line conditions and cause regulation
problems at low line.

Oscillator-Modulator Block
Operation Analysis

The circuit diagram of the complete Oscil-
lator-Modulator Block is given in Fig. 177.
This block uses the pulse-width modulator
integrated circuit type 1524 combining on one
chip a reference voltage source, a clock
oscillator and ramp generator, a toggling flip-
flop, separate A and B output buffers, an error
operational amplifier, and a comparator. The
shut-down clamp and the current-limit shut-
down portions are not used in this application.
Additional components provide the following:
functions.

1. Maximum Duty Factor Control—prevents
common-mode conduction.

. 2. Minimum Duty Factor Control—prevents
double pulsing in case of a sudden off-
load, line surge, or back feed, and assures
proper snubbing action.
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Fig. 177 - Schematic diagram of Oscil-
lator-Modulator Block.

3. Soft Start—with a fast reset, limits surge

currents.

Low-Line Lock-Out—truncates the duty

factor whenever the power line voltage

drops below 100 volts RMS and shuts
down the supply entirely at 85 volts.

. Pulse-by-Pulse Current Limiter—term-
inates the drive pulse in the event of
overload or core saturation.

Pulse-Width Modulator Circuit. The opera-

tion of the pulse-width modulator circuit is

conventional except for the following:
1. Because the current-limiting and shut-
down facilities are not used, terminals 4,
5, and 10 are tied to common pin 8.
2. To maintain a minimum duty factor, a
positive current is forced into the error

4.

amplifier-comparator control rail from
the voltage reference source through the
47-kilohm and 200-kilohm adjustable
resistor. This current prevents the high-
impedance error amplifier from driving
the control rail all the way to zero and
provides a minimum 2.5-microsecond
width for the adjustable pulse to assure
that if there is a sudden off-load, back
feed, or power-line surge, the switching
devices continue to alternate their switch-
ing action until the output voltage regulates
downward, thus preventing the problem
called “double pulsing.”

Soft-Start and Low-Voltage-Lock-Out Cir-

cuit. For the safe operation of the pulse-

width modulator supply-voltage circuits, the
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drive circuits and the main power load must
be sequenced on and off in the proper order as
the power supply is turned on or off across the
power mains. If not, severe stresses are placed
on the switching transistors and can lead to
device failure.

An effective way to provide these capabilities
is to use a “soft-start” circuit having a fast
reset and a low-voltage lockout provision.
“Soft start” refers to the application of the
base drive pulse to the switching transistors. It
starts with a minimum pulse width but with
full current and then slowly increases pulse
width to its full controlled value. Such a
circuit is shown in Fig. 178. This circuit

nv V REF

REG

nv v

? Rec

1008

IN9I4

1524

VREF INI94
1 kﬂ;%

Fig. 178 - Soft-startlow-voltage lock-out
circuit.

=10 uF

ERROR
COMMON
92Cs- 31077

assures that base-drive power is applied to the
power switches only after the auxiliary power
is up to its full regulated value (in this case 11
volts) and then, in a soft-start fashion, it
minimizes start-up current surges. Conversely
when power is removed from the system,
either accidentally, deliberately, or because of
brown-out conditions, the low-voltage lock-
out truncates the duty factor over the range of
100 to 75 volts without lowering the base-
drive current. Upon recovery of the main
voltage, the soft-start circuit again takes
control.

The soft-start low-voltage lock-out circuit
operates as follows.

1. Upon application of power, the voltage at
the 1l-volt auxiliary regulator output
increases and applies power to the 1524
pulse-width modulator circuit, producing
a reference voltage of 5.2 volts at its pin
16. (See Fig. 177). This reference voltage
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is applied through a IN914 coupling
diode to the negative input, pin 2, of the
CA3290 comparator and through a 250-
kilohm resistor to the 10-microfarad soft-
start capacitor. This capacitor is held low,
thus holding the control bus, pin 9 of the
1524, low also.

2. The regulator auxiliary supply voltage
connects through a voltage divider to the
positive input, pin 3, of the CA3290
comparator.

3. When the voltage on comparator pin 3
exceeds that on pin 2, the output, pin 1,
goes high and the 10-microfarad capacitor
charges through the 250-kilohm resistor
and allows the voltage on pin 9 of the
1524, to rise to that value called for by the
error amplifier or the maximum duty
factor control.

4. If the auxiliary voltage falls below its
limit, the comparator goes low, draining
the 10-microfarad capacitor and pulling
down the control bus voltage, truncating
the duty factor pulse, and finally shutting
off the drive voltage. This circuit also has
the effect of “degaussing” the power
transformer during system turn-off.

5. When the equipment is switched off under
normal conditions, the 100-ohm resistor
and the diode quickly discharge the
capacitor to reset it for the next turn-on.

Pulse-by-Pulse Current Limiter

The major hazards in the life of a power
converter are core saturation and overload,
both of which are heralded by excessive
collector currents. Because the user cannot be
expected to count every ampere of load on the
output terminals, a current sensor placed in

‘the primary side of the power transformer can

recognize core saturation as well as provide
fast response to load faults. Fig. 179 gives the
schematic for the current-sensing technique
used in this converter. The current-sensing
transformer (Ts) was described as part of the
Power Block. Its output waveform is shown in
Fig. 180.

Base-Driver Block Operation Analysis

The Base-Driver Block provides the on and
off drive to the power switches. It gets its input
from the Oscillator-Modulator Block. A
schematic of the drive system is given in Fig.
181. The pre-driver portion of the oscillator-
modulator block is a conventional circuit and
is also included in Fig. 181.
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Fig. 179 - Pulse-by-pulse current-limiter

circuit,

I _=50A
V= 5 V/DIV.

]t =10 pus/DIV.

92Cs- 31070

Fig. 180 - Waveform of current-sense
transformer output voltage.

PERFORMANCE CONSIDERATIONS
Feedback Loop

Rigorous design requires that open-loop
gain and phase-shift calculations be made to
ascertain that the open-loop gainis reduced to
unity (0 dB) before the 360-degree total phase
shift is reached. The total open-loop gain is
made up of five increments, as shown in Fig.
182. These increments are:

Gs = gain of the sensing circuit

Ga = gain of the error amplifier

Gp = gain of the pulse-width modulator
and the power switch combination

Gr = gain of the high-frequency power

transformer
Gr = gain of the filter network

The summing of Gs+Ga+Gp+Gr+Gr and their
related phase shifts shows the system to be
stable but not optimized for best hum sup-
pression.

The mechanics of phase-gain calculations

and the techniques of equipment measurements
are well-documented in the current literature.
Experience with this converter and similar
projects indicates that the best reasonable
calculations give only crude estimates and
actual measurements of operating gain and
the phase relations are essential for optimal
design.

Power Losses in Power-Switching Transistors

The most essential element of power loss is
the power dissipation during the fall time of
the driver pulse. This dissipation ranges from
(Vee(max) x I¢ x t¢ x F)/ 6 for the pure resistive
and oversnubbed case to Vce(max) x Ic(max)
X te x f x 0.4 for the clamped inductive case.
These dissipations span almost a three-to-one
range. In operating equipment, both equations
and anything in between are correct at one
time or another. The reason is that if a simple
RC snubber network is made from calculations
based on the previously discussed criteria, it
will be made for the highest collector current
for which the equipment is designed. For
lower currents, consequently, the equipment
is oversnubbed. In other words, a voltage-
current locus that is inductive at 13 or 15
amperes will be resistive at 3 to 4 amperes, if
snubbing is properly in place. This transition
from capacitive-to-resistive-to-inductive turn-
off locus with change in output load is shown
in Fig. 183.
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Fig. 181 - Schematic of Base-Driver
Block. Includes predriver stage
on pulse-width-modulator of
Oscillator-Modulator Block.
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Fig. 182 - Feedback componentsincon-
verter.




Power Conversion

133

sr  VUNE-120VAC

I — AMPERES

1 A el J
o 100 206 300 400
Vcg — VOLTS
92CS - 31082

Fig. 183 - Collectorcurrent-voltage switch-
ing locus with change in output
load.

Thermal Considerations

Because the converter was not intended as a
commercial design the heatsinking is far from
optimum. On each power transistor, a standard
1.8°C per watt heatsink is used to which its
companion commutating diode is also
mounted. At full load they reach a case
temperature of about 60 to 70°C. The base-
drive transistors are each mounted on small
heatsinks of about three square inches on their
circuit card. The eight output rectifiers are
mounted on two 1.8°C per watt heatsinks
(four on each) which get quite warm in
operation. No forced ventilation is used.

The snubber network resistors reach about
70°C in operation. This dissipation burden,
however, can be better distributed by partial
snubbing at the transformer instead of doing
the entire job at the transistor terminals. The
heatsinking of the snubber networks was
improved by soldering the leads of the six
parallel 2-watt resistors to punched 10-mil
copper straps connected at their tops to the
cathode of their respective commutating
diodes.

The auxiliary-supply pass transistor and
rectifier diodes mount on a fifth 1.8°C per
watt heat sink and are only comfortably
warm.

Overload and Short-Circuit Protection

~ Overload and short-circuit protection are
provided by the combined functions of soft
start, low-line lock-out, pulse-by-pulse current
limiting, and the capacitor-coupled trans-
former. With the system described, no failures
were experienced as the result of turn-on at

full load, stepped-load charge, load pull,
shorted filter chokes, or turn-off with full
load. A direct short was not tried.

1-KW, 20-KHZ, OFF-LINE
DRIVEN CONVERTER

Driven converters offer certain advantages
over free-running converter systems which
depend on the magnetic properties of a
transformer to control switching. The main
advantagesare: 1) stable operating frequency
independent of load (the degree of stability is
dependent on the clock circuit chosen); 2) a
simplified transformer design because feedback
windings are not required; and 3), lower cost
of the ferrite material employed (the cost of
linear ferrite cores is often less than half that
of square-loop cores of comparable size). One
major disadvantage of this converter-circuit
approach, however, is a tendency for common-
mode conduction. Common-mode conduction
refers to a mode of circuit operation during
which both devices of a push-pull pair conduct
simultaneously. During this period, the net
flux density within the transformer core is
virtually nulled out, presenting, for all practical
purposes, short-circuit load conditions to the
transistors. Although the high currents which
prevail during this mode tend to turn off the
transistor which has completed its normal
conduction period, the opposite device starting

_its on period experiences high voltage and

high current at the same time. This could lead
to second breakdown. Therefore, considerable
care must be taken when designing the drive
circuitry to prevent or at least minimize
common-mode conduction during light- or
no-load conditions.

The inverter employed for this application
uses a small high-frequency output transformer
to isolate the load from the ac line and from
the system ground of the converter itself.
Because of the high operating frequency of the
inverter, low ripple dc can be obtained by
using low-valued capacitor-filter components.
To achieve the same low level of ripple, a
linear power supply would require the use of a
regulator circuit and a series pass transistor
(or transistors) with high energy-handling
capability.

Since the transistors in an inverter are
operated in the switching mode, their required
energy-handling capability is considerably less
than those employed in a linear power supply
of comparable power output.
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The following paragraphs describe a 1-
kilowatt driven converter that operates from a
117-volt ac line. The converter is designed to
provide a dc output of 100 volts and deliver 1
kilowatt of continuous output power to the
load with an overall system efficiency exceeding
85 percent. This performance is achieved
through the use of type 40854 transistors
selected from the 2N6250 power-transistor
family.

The following discussion is limited to a
review of the design and construction of the
converter circuit only. In a complete system,
overload sensing and some form of latching
circuit must be added to protect the transistors
and other vital components from an overload
or short circuit at the output terminals.

CIRCUIT DESCRIPTION

The converter consists of four major sections
as illustrated by the block diagram shown in
Fig. 184, A complete schematic diagram of the
converter circuit is shown in Fig. 185. All
circuits are operated from a single high-
voltage source and are stable over ac line-
voltage variations between 105 and 130 volts.
The oscillator, buffer, and driver circuits
easily fit on a single 4%-inch by 5l-inch
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Fig. 184 - The fourmaiorconverfer
sections.

circuit board. Additional filtering of the supply
voltage for these stages keeps the ripple voltage
below 500 millivolts during normal load
conditions. Because all ¢ircuitry operates from
a high dc potential, and because the speed-up
capacitors employed in the base drive circuits
for wave shaping charge up to this potential,
diodes must be connected from base to ground
of every transistor (with the exception of
output transistors Qz and Qs) to clamp the
bases and prevent base-emitter junction break-
down during each transistor’s respective off
period. The effect of the clamping diode can
be seen in the bottom waveform of Fig. 186.
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Fig. 185 - Complete schematic diagram of the converter circuit.
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TOP:COLLECTOR

VOLTAGE OF @ (v-50V/DIV,
H-10u3/0IV), BOTTOM= BASE
VOLTAGE OF Qa{V-1V/DIV,
H-10 us/DIV)

Fig. 186 - The effect of the clamping
diodes and the wave shaping
resulting from the presence of
the buffer stage.

Oscillator

The clock signal is provided by a simple
two-transistor (Q1 and Qz) multivibrator. The
desired frequency of 20 kHz is stable to within
+ 2-percent drift with dc supply voltage
varying between 125 and 175 volts. Trimmer
resistors Rz and Rs are used to adjust the
oscillator frequency and duty cycle. Resistor
Rs is included to eliminate the need for
matching circuit components.

Buffer

A buffer stage (Qs, Q) between the oscillator
and driver circuits provides the isolation
required by the oscillator for stable operation
independent of the load. The wave shaping
resulting from this stage is evident in the
waveforms shown in Fig. 186. The top
waveform is the collector voltage of Q1 (or
Qz). The bottom waveform is the voltage
present at the base of the respective drive
transistor Qe (or Qs).

Driver

Common-mode conduction in the push-
pull driver stage is minimized by delaying the
base drive to transistors Qs and Qe. The
desired delay is obtained through the use of
cross-coupling diodes Ds and De. These diodes
prevent the base drive from reaching the non-
conducting driver while the other is still in the
conducting state. The base drive is held back
until the Vce of the conducting driver, during
its ‘transition to the off state, exceeds the
breakdown voltage of the zener diode (D7 or
Ds) connected to the base of the non-con-
ducting driver. This technique provides a
delay that varies proportionately with the
storage time of the devices in the sockets, and
thus eliminates the need for matching tran-
sistors.
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Output

The severity of common-mode conduction
in the output stage is several orders of
magnitude greater than that encountered in
the driver stage if no steps are taken to delay
the base drive. During the time when common-
modeconductionoccurs, thecurrent flowingthrough
each device is limited only by the transistor’s
gain and the impedance of the collector-
emitter circuit. As these currents and their
conduction times increase, the possibility of
the occurrence of secondary breakdown also
increases. Even if the safe-operating-area of
the transistors is not exceeded, the resulting
high volt-ampere pulses can substantially
increase the power dissipation and affect the
overall efficiency of the system.

The waveforms shown in Fig. 187 illustrate

PERIOD OF CONDUCTION
lo——— 25 us ———=
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Fig. 187 - Form of base currentto outpdt
transistors Q7 and Q8 without
delay circuit.

what the base current to output transistors Qz
and Qe would look like if no delay circuit were
employed. If this drawing represented the
actual operating condition of the output stage,
common-mode conduction would occur during
the storage time interval ts. The amount of
storage time is dependent on how hard the
transistor is driven into saturation. Fig. 188
shows the reverse base-current waveform of
one of the output devices under different load
conditions with constant forward base drive.
Comparison of the two waveforms shows
almost a two to one increase in storage time
when the converter is switched from a normal
load state (1 kilowatt output) to an unloaded
state.

A number of methods for obtaining the
proper variable delay are available to the
designer. The circuit approach shown in Fig.
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RESERSE BASE
CURRENT WAVEFORM OF Q7
TOP* WITH 1KW LOAD
BOTTOM: WITH NO LOAD
V-1 AMP/ DIV

H-0.5 us/DIV

Fig. 188 - Thereverse base-current wave-
form of one of the output
devices under different load
conditions with constant for-
ward base drive.

185 has been chosen because it is economical;
it requires a minimum of parts. The same
design philosophy used in the driver stage has
been applied to the output stage. Cross-
coupling diodes D13 and D14 are used to shunt
drive current through the conducting transistor
during the needed delay period. When the
conducting transistor turns off, its collector-
to-emitter voltage rises to twice the supply
voltage. As soon as this voltage increases
beyond the base threshold voltage, the con-
ducting shunt diode becomes back biased,
turns off, and permits current flow to the base
of the non-conducting output transistor. The
base threshold voltage is determined by the
series base diodes (D17, D1g), the transistor
base-emitter diode, and the voltage dropped
across the emitter resistor (Rys, R1e). The end
result is a base current pulse whose width
varies according to the delay dictated by the
load and the switching characteristics of the
output transistors being used. For any given
load and supply voltage, higher peak collector
currents are required to maintain a constant
average current if the forward drive portion of
the base pulse width becomes narrower.
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Therefore, it is highly desirable to keep the
needed delay to a minimum. Diodes D1s and
D1e¢ minimize delay by providing a low-
impedance base return to ground during the
reverse-bias portion of each cycle. This low-
impedance return reduces transistor-switching
storage time.

Although the emitter resistors account for
only a small part of the base threshold voltage
(voltage drop results from collector-to-emitter
leakage current), the degeneration they provide
contributes to the reliability of the output
stage by suppressing transient current spikes
and enhancing the thermal stability of the
device.

Transformer Design Considerations

A description of the transformers employed
in the converter is given in Table XI1. Because
of the high operating frequency, ferrite was
chosen as the core material for both trans-
formers to minimize core losses. Each trans-
former is designed for non-saturated operation
at core temperatures up to 100°C and supply
voltages as high as 185 volts. The primaries of
both transformers are bifilar wound to assure
symmetrical coupling to the secondaries. The
number of primary turns was determined
through the use of the following formula:

_ 2 Ve x 10°
4fAcB

where Ve is dc supply voltage, f is frequency,
Ac is core cross-sectional area, and B is flux
density.

Utilization of No. 12 wire (based on 800 to
1000 cir. mils/amp. rms) for the output
transformer was found to be impractical. Not
only was it extremely difficult to wind, but
several layers were required to obtain the

]

Table XII - Ferrite Transformer Description

Transformer Primary Secondary Remarks
300 turns C.T. 10 turns C.T. Ferroxcube pot
T, bifilar bifilar core, No. 36/22, 3B7
AWG No. 30 AWG No. 22
60 turns C.T. 20 turns Allen Bradley C
T2 bifilar bifilar core, (4 pieces)
AWG No. 18 AWG No. 16 No. U2625C133A,
WO-3, paralleled
sets of primary and
secondary windings
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needed number of turns called for in the
design. The parasitic winding capacitance and
leakage inductance resulting from this poor
physical design caused severe ringing and
large voltage turn-off spikes at the collectors
of Q7 and Qe. The ringing and voltage spikes
were reduced considerably by paralleling
duplicate pairs of the primary and the sec-
ondary windings from each set of C cores.
This arrangement permitted the use of smaller-
gauge wire to reduce the total number of
layers and to get the windings closer to the
core for better coupling. As a result, the
transformer efficiency was improved, and a
corresponding decrease in its operating temper-
ature was obtained.

Performance Characteristics

The output performance characteristics of
the converter are shown in Fig. 189. Fig.

99
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Fig. 189 - Output performance charac-
teristics of the converter: (a)
efficiency as a function of dc
output power at the nominal
ac line voltage; (b) dc output
power as a function of the ac
input line voltage.
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189(a) shows the converter efficiency versus
dc output power .at the nominal ac line
voltage. Fig. 189(b) shows the dc output
power as a function of the ac input line
voltage. The efficiency is computed by the use
of the following formula:

_ DC output power

n x 100% eff.

AC input power

The losses in efficiency are primarily at-
tributed to power consumption within the
semiconductor components. The bulk of this
dissipation is due to switching and saturation
voltage losses. Since saturated switching
techniques are employed, the dominant dis-
sipation factor results from the switching
losses. To optimize efficiency, the designer
should therefore select devices that offer the
best switching characteristics without sacri-
ficing so much safe-operating-area capability
that the system becomes unreliable. Because
this trade-off exists, the care that should be
exercised in device selection cannot be over-
emphasized.

Fig. 190 shows typical output collector

COLLECTOR VOLTAGE
V=100 V/ DIV
H-10 us/DIV

COLLECTOR CURRENT
V- 44701V
H-10us/01V

TRANSISTOR
LOAD LINE
V- 2A7DIV
H-50V/DIV

Fig. 190 - Typical output collector volt-
age, collector current, and
load-line waveforms for a 1-
kilowatt load at the nominal
ac line voltage.
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voltage, collector current, and load-line wave-
forms for a 1-kilowatt load at the nominal ac
line voltage. By using these waveforms together
with the published safe-operating-area curves
and temperature-derating curves found in the
transistor data sheet, the designer can determine
if the transistor will operate safely and reliably
in the circuit.

The bottom waveform in Fig. 191 shows a
magnified view of the intensified portion of
the fall-time region of the collector-voltage
waveform shown in Fig. 190. The inflection
seen in Fig. 191 results when simultaneous
conduction of both halves of the output-diode
bridge reflects an instantaneous short back to
the primary side of T2 and causes a momentary
collapse of the collector voltage. This condition
occurs during the diode reverse-recovery time
and persists until all stored charge is depleted
from the junction and the diode ceases
conduction. The condition becomes readily
apparent in a comparison of the two waveforms
in Fig. 191 where the top waveform is the
output diode current of one half of the bridge.

TOP: CURRENT
THROUGH DIODE D2
Gorimet et e
0T :
gF Qg (V-100V/DIV,H-0.5us/ DIV

Fig. 191 - Waveforms showing current
through diode D21 and col-
lector voitage of Q8.

Efficiency/Cost Considerations

Some improvement in converter efficiency
can be obtained by using two diodes instead of
four for full-wave rectification of the output.
This change can be readily accomplished by
doubling the present number of secondary
turns on Tz and including a center tap for the
ground return point. The elimination of a
diode drop in the system described previously
would represent a saving of 10 to 15 watts of
power dissipation when the converter is
delivering 1000 watts into a 10-ohm load.
Since the forward diode voltage increases with
current, the power dissipated by the rectifiers
increases as the load-current demand increases.
Although the number of secondary turns is
doubled, dissipation within the transformer
remains essentially unchanged because each
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half of the secondary conducts for only 50
percent of the time. The size constraints
imposed on a system may make it impossible
for a designer to use this approach even
though it could offer increased reliability and,
possibly, lower system cost. Implementation
of this change in the present design would
require the use of a larger core and a redesign
of the transformer.

Another point to be considered when
attempting to optimize efficiency is wire lead
length. Because the residual inductance of the
leads has an adverse effect on transistor
switching speeds, lead lengths should be kept
as short as possible. The turn-on times of
transistors Q7 and Qs were improved by
approximately 0.3 microsecond when the
converter breadboard circuit was reassembled
into the final form.

2-KILOWATT STEPPED
SINE-WAVE INVERTER

The following pages describe the use of the
2N 5578 power transistor in a 2-kilowatt, 60-
Hz, 117-volt, stepped sine-wave inverter.
Additional information is provided to permit
conversion of the inverter to 50-Hz, 220-volt
operation.

General Circuit Description and Operation

The inverter is frequency regulated, has a
peak and average power capability equivalent
to a 117-volt rms sine wave, operates from a
24-to0-28-volt dc power source, and yields a
maximum efficiency of 87 percent. The 2N5578
employed in the inverter is a high-current
transistor that is ideally suited to switch up to
60 amperes in a common-emitter inverter
configuration. In the following application
3.5 kilowatts of peak power are converted
from a 24-to-28-volt dc bus at a frequency of
180 Hz.

The classical method for obtaining a 60-Hz,
117-volt power source from a dc busis to use a
single 60-Hz square-wave inverter. The dis-
advantages of this method are the large size
and considerable weight of the resultant system
and the fact that the waveform factor of a
square wave does not have the same peak-to-
rms voltage ratio as that of a conventional sine
wave, a condition required for proper opera-
tion of various equipment and appliances. All
of these disadvantages are overcome with the
stepped approach.
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The basic operation of the inverter can be
described with the aid of the simplified circuit
schematic diagram shown in Fig. 192. Power
is taken from a dc supply and inverted into an
ac-power square wave by a high-power
transistor inverter employing six 2N5578 power
transistors. The inverter operates at a frequency
of 180 Hz while the output is stepped into a
60-Hz signal. The secondary winding of the
inverter transformer is composed of two series-
connected windings with different turns ratios,
and two SCR’s (silicon controlled rectifiers)
attached in a bidirectional conduction con-
figuration to the ends of each winding. The
other side of each SCR is connected in
common with one side of the load, Ry, while
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the opposite side of Ry is returned to the off-
center tap of the secondary winding.

With the inverter in operation, the switching
of the SCR’s causes a stepped sine wave with
the peak-to-average power ratio of a 117-volt
ac rms sine wave to appear across Ri.
Waveform A of Fig. 192 exists across the
secondary winding while waveform B is present
across Ri. )

Circuit Description

As shown in the block diagram of Fig. 193,
the inverter comprises six functions:

1. Low-Power Voltage Regulator: Provides
a constant voltage of 10 volts to the low-
power circuits for supply voltage variations
from 24 to 28 volts dc.
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Fig. 192 - Basic circuit schematic dia-
gram.
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Fig. 193 - Block diagram of a 3.9-kilo-
watt-peak, 60-Hz, synthesized
sine-wave inverter.
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. 360-Hz Timing Oscillator: Determines

the timing reference for the sync divider
and drive circuits.

. Sync Divider: Divides the 360-Hz time-

reference signal by two and six to create a
180-Hz drive signal and a 60-Hz SCR
gating signal and synchronizes the 60-Hz
gating signal with the 180-Hz drive signal.
180-Hz Driver: Amplifies the drive current
so that it will be capable of meeting the
drive requirements of the power-inverter
stage.

Power Inverter: Delivers a maximum of
150 amperes into a pair of bifilar-wound
primary windings alternately at a rate of
180-Hz. This circuit is composed of a 2-
kilowatt power transformer and six 2N5578
power transistors.

Output-Voltage Synthesizer: Amplifies the
SCR gating signals and drives the SCR’s
at a 60-Hz rate to simulate the average

power and peak voltage of a 117-volt sine
wave.

Detailed Circuit Operation

A detailed schematic diagram of the inverter
is shown in Fig. 194. When power is applied to
the circuit, the low-power regulator section
starts to regulate its output to 10 volts. As the
voltage builds up, the 360-Hz reference
oscillator begins to generate timing pulses that
are fed into the CMOS CD4017AE integrated-
circuit ring counter. Seven outputs of the
CDA4017AE are utilized: six for a dividing
function and one for reset. Eight diodes are
used in the divider circuit to create two
frequencies: 180 Hz and 60 Hz. This type of
circuit is employed because of its simplicity
and its ability to assure synchronization of the
180-Hz inverter drive signal with the 60-Hz
SCR gating signals. Synchronization plays an
important part in the voltage synthesizer
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circuit in the simulation of the sine wave
voltage across the load.

The 180-Hz and 60-Hz signals are fed into
the CMOS CD4013AE dual-data flip-flop.
The dual-data flip-flop provides two 60-Hz
square-wave signals which are 180 degrees out
of phase and which drive the push-pull SCR
gating inverter. The other output of the dual-
data flip-flop also has two 180-Hz square-
wave signals which are 180° out of phase and
drive the push-pull inverter drive circuit. The
inverter drive circuit supplies 1.5 amperes of
base drive to the 2N3772 power transistors in
the power inverter.

Each 2N 3772 transistor drives three matched
2N5578’ in parallel. The 2N5578’s operate the
inverter output transformer Tz in push-pull at
180 Hz. As the transformer is switched, the
primary current can reach 150 amperes,
depending on the load demand. One secondary
winding of the transformer is connected to the
other in series, as shown in Fig. 194. One
winding produces 164 volts while the other
produces 84 volts, as shown in Fig. 195.

Fig. 195 illustrates the voltage phase rela-
tionship between the primary and secondary
windings of the inverter power transformer Tz
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Fig. 195 - Synchronized voltage wave-
forms of T2 and stepped output.

and shows the phasing between the secondary
voltages and the 60-Hz synthesized sine-wave
output voltage.

The voltage synthesizing circuit is a bi-
directional full-wave-rectifier bridge circuit in
which the SCR’s are triggered alternately at 60
Hz to produce a positive or negative voltage
swing across the load, Re. The positive side of
the stepped sine wave is produced when SCR’s
2 and 3 are triggered together; the negative
side is produced when SCR’s 1 and 4 are
triggered, see Fig. 194.

Circuit Design Considerations

The design of a high-power inverter of the
type under discussion is based upon the
voltage and power capabilities of the dc
source. The 2N 5578 was selected on the basis
of its high-current switching capability. Careful
attention must be given to the published
maximum electrical characteristics for each
power-transistor type: the maximum allowable
case temperature, Vce(sat), Heg, Ic, and Vee.
In addition, the minimum load resistance
allowed must be determined so that the
maximum power limitations of the transistors
are not exceeded.

The following procedure is used to determine
the required secondary voltage levels for the
power transformer. These voltage levels are
calculated to simulate the peak voltage and
average power of a 117-volt rms sine wave in
the output of the inverter circuit.

Step 1. Transistor Voltage Limit
The first step in calculating the safe limit of
voltage stress for the 2N3772 and 2N5578 is
to establish a typical source that is readily
available, such as a battery source of 24 to
28 volts. This source is then used to subject
the switching devices to a theoretical
maximum of 56 volts, two times the high-
line supply voltage resulting from auto
transformer action. If a 50-percent margin
is allowed for inductive spikes, the Vcex
voltage rating of 90 volts is not exceeded.

Step 2 Peak Output Voltage (maximum)
The peak-voltage value (125 volts ac) of a
high-line sine wave is next calculated
because that is the voltage value at which
maximum power must be switched by the
power transistors.
Peak-Voltage Value=(Effective Value) x

(1.419)

or (125) x (1.414)=177 volts peak
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Step 3. Inverter Qutput Power (maximum)
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minimum of three voltage pulses are added

The maximum power that can be handled
by the power inverter is now determined by
multiplying the maximum collector current
(Ic) of 150 amperes (50 amperes per 2N5578)
by the supply voltage (Vcc) of 28 volts
minus the switch voltage drop (Vce(sat)) of
2 volts.

Max. W=I¢ max. x [Vcc-Vee(sat)]

or (28-2) x 150 = 3,900 watts

The power transformer is a non-saturating,
driven type that has an estimated efficiency
of approximately 96 percent. For practical
purposes, the remainder of the calculations
can be rounded out to X3 percent.

Step 4. Minimum Load Resistance

When the maximum power and peak voltage
have been determined, the worst-case load
resistance Ry can be calculated:

Min. Load _ (Max. Peak Output Voltage)®

Resistance (Max. Inverter Output Power)
2

177
or R.=E?/P=
3900

= 8 ohms

Step S. Output Power

The average power that a 117-volt rms sine
wave delivers into an 8-ohm load resistance
can now be determined.

(117 V rms)?

Average Power =
R

117)2
or 5 = 1,700 watts

Step 6. Peak Output Voltage (nominal)
At a nominal input voltage of 26 volts
minus 2 volts for Vcg(sat), a nominal
voltage of 24 volts appears across one-half
of the primary winding of the power
transformer. When this voltage is present,
asecondary voltage value must be available
that will yield a peak-voltage value for a
synthesized sine wave equivalent to that of
a 117-volt rms sine wave. The calculation
of the peak synthesized sine wave voltage is
accomplished as described in Step 2, except
that the calculation makes use of the
nominal 117-volt rms value.
Peak Voltage Value=(Effective Value) x
(1.414)
or (117) x (1.414)=164 volts peak

Step 7. Step Voltage
In synthesizing a 117-volt rms sine wave for
peak voltage and equivalent power, a

consecutively every 60 degrees to produce
180 degrees of a 60-Hz stepped sine wave.
The values of the two voltage pulses A and
C indicated in Fig. 196 are equal and, at
this point in the calculations, unknown.
Pulse B, which is the peak voltage for the
stepped sine wave, is known, and is equal to
164 volts. The voltage values for pulses A
and C can be determined since A, Band C
are the same width and must be related asa
square function to provide the same peak-
to-average power ratio as a sine wave.

A2 2 2
Then — + — + — = 1172

, 2A% + 164 2
and since A=C, _T_ = 117
A=C=84 voilts

Fig. 196 illustrates only the positive side of
the stepped sine wave. The negative side is
of equal amplitude but negative in direction.

B 164 VOLTS
—
84 VfLTS A c

0° 60° 120° 180°
VOLTAGE PULSE ACCUMULATION
92¢5-27170

Fig. 196 - Voltage-pulse accumulation.

Step 8. Stepped Wave Power
A check on the previous calculations can be
made now that the step voltage levels are
known.

(Pulses A+C)? . (Pulse B)?

Average Min. R, Min. R,
Power

_ 3
or
2x(84)2+ (164)2
Average 8 8
Power = ————— = 1,700 W

The information obtained in the check
procedure indicates that the peak voltage and
power of the sine wave synthesized in the
inverter is equivalent to a 117-volt ac sine
wave. However, although the peak voltage
and power are equivalent, the total harmonic
distortion for this type of stepped sine wave is
approximately 24 percent. To obtain a sine
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Table XIII - Transformer Design Data*
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180-Hz or 150-Hz Drive Transformer (T,)

Core Material

=EI 75 grain-oriented silicon steel

Core Size =square stack
Primary =68 turns, bifilar wound, No. 23 Ga wire @ 10 V
Secondary =41 turns, bifilar wound, No. 21 Gawire @6 V.

180-Hz Power Transformer (T,

Core Material
‘Core Size
Primary

=225 grain-oriented silicon steel

=2.25 inch x 4.5 inch stack

=5 turns, bifilar wound, .032" thick x 3" wide, Cu @ 24 V
No. 1 Secondary =34 turns, No. 14 Ga wire @ 164 V

No. 2 Secondary =17.5 turns, No. 10 Ga wire @ 84 V

150-Hz Power Transformer (T>)

Core Material
Core Size
Primary

=EI 225 grain-oriented silicon steel

=2.25 inch x 4.5 inch stack

=6 turns, bifilar wound, .032" thick x 3" wide, Cu @ 24 V
No. 1 Secondary =78 turns, No. 14 Ga wire @ 311V

No. 2 Secondary =39 turns, No. 14 Ga wire @ 156 V

_ 60-Hz or 50-Hz ating Transformer (Ts)
Core Material =EI 625 grain-oriented silicon steel
Core Size =gquare stack
Primary =180 turns, bifilar wound, No. 28 Ga wire @ 10 V
Secondary =108 turns, 4 separate windings, No. 31 Ga wire @ 6 V each

*This table inc|udé§'transformer design data for 60-Hz/117-V and 50-Hz/220-V operation.

wave with a lower distortion content, more
than three voltage pulses per polarity change
must be provided.

When the two secondary voltage levels have
been determined, the inverter power trans-
former and drive and SCR gating transformers
can be designed according to standard trans-
former design procedures. The data needed to
design the transformers used in the subject
inverter is shown in Table XIIIL

Two additional factors which must be
considered when designing this inverter are
the drive current and drive voltage needed for
the Darlington-connected configuration. As
illustrated in the detailed schematic diagram
of Fig. 194, the three 2N5578’s are driven by a
2N3772 transistor. A minimum gain of 10 was
selected for the 2N3772 transistor and the
2N5578. The total forced gain condition of
the Darlington configuration is, then, 100.
For 150 amperes of collector current, a base
drive current of 1.5 amperes is needed. The
typical worst-case Vee for this Darlington
configuration is approximately 3 volts. The
drive transformer was designed to supply 6
volts of drive for the input. Therefore, a 2-
ohm, 3-watt resistor is used in series with the
base of each 2N3772 to provide base-current
limiting of 1.5 amperes.

Current Sharing—Current sharing of the
2N5578' is achieved by Vge matching as
opposed to the less efficient emitter-ballast
resistor method. The matching procedure
involved the selection of three transistors with
Vee’s within 100 millivolts at 50 amperes.
Tests indicate that this margin can spread to
about 200 millivolts at a case temperature of
75°C. Since the Vge will be exactly the same
when the circuit is in operation, the 200-
millivolt spread must be related to a collector-
current spread. The data-sheet transfer charac-
teristic of Fig. 197(a) indicates a collector-
current variation of about 4 amperes. This
means that a worst-case match at 150 amperes
can yield collector currents of 52, 50, and 48
amperes. Therefore, the value of maximum
collector current should be increased by 4
percent in the calculations for power dissi-
pation for each device.

Power Dissipation in the 2N5578—The
calculated value of power dissipation is used
to determine an adequate heat-sink size for a
100°C maximum case temperature. The
junction temperature, which is of main concern,
is limited to 175°C for the 2N5578. If an
efficiency of 85 percent is achieved at 2
kilowatts, a maximum dissipation of 50 watts
per transistor could be expected. The maxi-




144 Power Transistor Applications Manual
COLLECTOR-TO-EMITTER VOLTS (Vpg)*4 DC BETA (hFE) =10
100a - I - ——
6 e —— 60
M =
~ 2 -~
g 10 /, S SOH 5 S
— (A ~ 7
o LA @ A
w E:__o iw w Tiite T
x a0 « & 40 P
¥ W & oo
2 2 3 ff 0
3 ] [ lqo < 35 L1y
[ o "3 « <<}
c 3 T w0 x 30 -
o & T ta © b4 o
- 4 13 s 17} 0‘-
(53 o w s w
Iy £t o P 3 20 A
j N ] 5.0 5‘ 1
o o4 o< o
O sl t 3 N
a1 1o 10
1
2 t
oo ] 1
o 05 15 2 25 3 35 4 a5 & 0 0.5 [ .5 3
BASE-TO~EMITTER VOLTS (Vgg) COLLECTOR-TO-EMITTER SATURATION VOLTS [V (san)]

92CS-15070R!

Fig. 197(a) - Typical transfer characteristics
for type 2N5578.

mum junction temperature is then:
TFTe*+Rguc Pa=100+0.5x50=125° C. This value
is acceptable.

Actual dissipation can be calculated with
the aid of the primary current waveform of
Fig. 195. The dissipation of each transistor
during pulses A and C is:

Pg=Vce(sat) x Ic =045 Vx 17 A

= 7.65 watts
However, the dissipation during pulse B is

much higher since the current and saturation
voltage are greater: .

92CS-15062R!

Fig.197(b) - Typical saturation voltage char-
acteristics for type 2N5578.

Paipears = 2.0 V x 52 A = 104 watts.

The saturation voltages are determined
from the characteristic curve, which is shown
in Fig. 197(b). The average power dissipation
in each transistor is:

Paavg) = 15 X 7.65 + 1/6 x (104-7.65)

= 20 watts and
Tj(-vg) =100+0.5 x 20 = 110°C.

Clearly, the peak junction temperature during
pulse B must be determined to assure that the
175° C temperature is not exceeded. The width
of pulse B is %4 x 1/180 Hz=2.8 milliseconds
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Fig.197(c) - Collector-to-emitter volitage as
a function of collector current.
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and, from the maximum operating area qf T00] SOURCE VOLTAGE =28 v DC
Fig. 197(c), the transient thermal resistance is R
approximately:  s0 ]
Rax(TR) = 225°C _ 150 g |
buc 50Ax30V 1500 0.1°C/watt é 60
z
The peak junction temperature at the end of 5
pulse B is then: & 40
Tipeak) = Tiiavg) + Paipeats X Rguc(TR) &
=110+ 104 x 0.1 = 120.4°C &,
>
Since the load is primarily resistive, switching ER
losses can be calculated in the traditional way:
o . . 1 0. 2 14 16 |8 2
Pew(off) = 52Ax28 Vx 5 us x 180 Hz o2 %3TPS‘$ POWBER—IKILOWATTS
SW - 92C5-27171
6
ig. - Inverter efficiency as afunction
- 022 W Fig. 198 efficiency

It is assumed that losses for turn-on power
and “shoot-through” (both sides on mom-
entarily) are of the same magnitude; the resuit
is a total switching loss of 1 watt.

Heat Sink

Since the total average power dissipation is
now known, the minimum heat sink size can
be determined from:

Te-Ta
Pq

Assuming Ta max.=60°C and three devices
per heat sink:

100-60
3x21
A 0.5°C/watt heat sink was selected.

Tc=T.+P¢xROHs or ROHS=

Rgus= = 0.64°C/watt

Performance

A curve of efficiency as a function of output
power is shown in Fig. 198. The curve indicates
that the high efficiency of a switching inverter
can be realized with a simulated sine wave
output. The low distortion (less than 1 percent)
of a class B amplifier, which is normally used
to produce a sine wave, has been sacrificed for
efficiency. Ideally, a class B amplifier exhibits
a peak efficiency of 78.5 percent, but this
efficiency is never realized, and values of 40 to
50 percent are typical. In contrast, the stepped
sine wave inverter discussed in the preceding
paragraphs exceeds 75 percent efficiency above
500 watts, has an 80 percent efficiency between
650 and 2000 watts, and a peak efficiency of 87
percent at 1300 watts.

The high efficiency contributes to the low

of output power.

case temperature of the power transistors,
approximately 60°C during operation.

Fig. 199, a regulation curve for the inverter,
indicates a load regulation of about 7 percent.
This value corresponds to an output resistance
of 0.45 ohm up to 1500 watts output; resistance
increases to 1 ohm at 2 kilowatts.

125]  SOURCE VOLTAGE =28 V DC
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Fig. 199 - Output-voltage regulation as
a function of output power.

The efficiency stated above and the power
curves shown were generated with a resistive
load. Tests with inductive loads indicated that
phase shifts up to 60° are allowable before
malfunction (common-mode conduction)
occurs. Such malfunction results in circuit-
breaker trip-out without noticeable damage
to the supply.
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Fig. 200 - Resonant sine-wave inverter
circuit.

20-AMPERE SINE-WAVE-INVERTER
Circuit Description

Single-Transistor Inverter—Fig. 200(a)
shows the circuit diagram of the single
Darlington-transistor sine-wave inverter. The
circuit consists of a 28-volt dc power supply, a
two-stage power amplifier, a charging choke
(Lo) and a series-resonant load circuit, which
is formed by capacitor Cy and transformer Tj.
(Transformer and charging choke data are
given on succeeding pages of this section.) The
power amplifier utilizes a type 2N5320 tran-
sistor as the current source for base drive of
the output transistor. The output stage utilizes
the type 2N6284 (n-p-n) power Darlington
transistor as the power switch; this switch is
connected in shunt with the output-load circuit.
The series-resonant output-load circuit is
formed by capacitor Cs, the primary leakage
inductance of T4, and the transformed value
of the secondary-load resistance. The sec-
ondary-load circuit consists of a full-wave
bridge rectifier, which uses four RCA D2412M
diodes, and an output filter capacitor Co,
paralleled with load resistor Ro.

Fig. 200(b) illustrates the basic form of the
series-resonant circuit as viewed from the
collector-emitter terminals of the 2N6284
transistor; Fig. 201 shows typical circuit
waveforms. The operation of the circuit is as
follows. Initially, capacitor C; is charged to a
voltage equal to the dcinput voltage, Vcc. The
base of the type 2N 5320 transistor is driven by
a square-wave pulse whose width is 10
microseconds and whose repetition rate is 30
microseconds. In the type of inverter under
discussion, the pulse width is maintained
constant during operation; the pulse repetition
rate is usually varied, however, to achieve
good load regulation. Although the power-
Darlington transistor has high gain, a driver
stage using the 2N5320 transistor was employed
to assure minimum loading on the IC logic
circuitry that provides the input-drive signal.

The inverter is turned on by a 10-volt, 10-
microsecond pulse, as shown in Fig. 201(b),
and both the 2N5320 and 2N6284 transistors
are driven into voltage saturation. During this
interval, the 2N 6284 transistor acts as a closed
switch, essentially shorting capacitor Cy to
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1
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b)

92Cs-3598%

Fig. 201 - Inverter turn-on waveforms:
(a) Collector current lc=5
A/div.; (b) Input base drive
voltage Vs=5 V/div. (t=5

us/div.)

ground. Capacitor C, discharges its energy
through inductor L and resistor Ry. The
series combination of Cy, Ly, and Ry forms a
series resonant circuit whose natural resonant
frequency is approximately 50 kHz. A sinu-
soidal load current (Ic(pk)) having a maximum
amplitude of 25 amperes flows in the output
circuit, as shown in Fig. 201(b). The internal
diode, D4, of the power-Darlington transistor
assures closure of the collector-emitter circuit
and provides a path for any reverse-current
conduction. The extent to which reverse current
will flow through the diode depends upon the
circuit loading and the repetition rate of the
driving signal. In the implementation of the
circuit of Fig. 200, the loading and repetition
rate were adjusted to achieve maximum output
power with good efficiency; this adjustment
minimizes reverse-current flow.

Figs. 202(a) and 202(b) show the relationship
between the collector current and the collector-
emitter voltage of the Darlington power
transistor. At the end of the 10-microsecond
input-pulse interval, the drive signal is turned
off for 20 microseconds. Since both the
transistor and diode are then non-conducting,
the combination approximates an open switch.
Output capacitor C; is recharged by the dc
input voltage, Vcc, through choke Lo. The
resultant voltage across the transistor increases
in magnitude to a peak value substantially
greater than Vcc, as shown in Fig. 202(b).
Because collector-current conduction is de-

layed until after complete collector-voltage
saturation, and because the collector voltage
is reapplied at the time of zero collector-
current conduction, no significant transition
losses occur. The main power losses occur
during the on-state conduction period, and
are contributed to by the associated circuit
losses in the output transformer and rectifier
diodes. No reverse-bias base current drive is
required during turn-off.

Py

92C8-35986

Fig. 202 - Relationship between collector
current and collector-emitter
voltage of Darlington power
transistor: (a) Collector current
lc=5 A/div.; (b) collector-to-
emitter voltage Vce=20 V/div.
(t=5 us/div.)
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H
92CS~ 35987
Fig. 203 - DC output-voltage waveform
(t=5 ps/div.).

Fig. 203 shows the waveform of the dc formance data is presented in Table X1V. Fig.
output voltage of the circuit of Fig. 200. The 204 shows the performance of the circuit with
level of output is 48 volts across a 12-ohm load changing load. The repetition rate may be
resistor for a dc output power of 192 watts. adjusted, as shown in Fig. 204, to provide a
DC input power is 218.4 watts, so that circuit constant output voltage of 48 volts.

efficiency is 87 percent. Overall circuit per-
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Fig. 204 - Performance of the sine-wave
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Table XIV - Typical Performance Data

Characteristic Value _Units
DC Supply Voltage (Vs) 28 \
DC Input Current (loc) 8 A
Peak Collector Current (lpx) 25 A
DC Output Voltage (Vo) 48 \
DC Output Load (Ro) 12 9]
DC Output Power (Po) 192 W
DC Input Power (Ps) 218.4 w
Efficiency (np) 87 %
Output Resonant Freq. (To) 50 kHz
Input Pulse Width (Tp) 10 us
Pulse Repetition Rate T(rep.) 30 HS

Transformer and Charging-Choke Data

Transformer T,

Primary Inductance (Lp) 110 uH

Number Turns (Np) 24T

Wire Size: 56/30 Litz
(Twisted Pair)

Secondary Inductance (Ls) 375 uH

Number Turns (Ns) 43

Wire Size: 56/30 Litz
(Twisted Pair) ,

Core: . Indiana General
1R8207

Air Gap 30 mils

Note: 2 Np wound on separate coil form
%2 Np wound on same form with Ns

Charging Choke

Inductance (Lo) 250 uH

Number Turns (N) 36T

Wire Size: 56/30 Litz
(Twisted Pair)

Core: Indiana General
1R8207

Air Gap: 30 mils

149
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Overload Protection

Semiconductors are used today in many
applications in power and control circuits.
Their great advantage is in their capability to
handle considerable power within a very small
size. Unfortunately, because of their small
mass, they are less able to withstand high-
current overloads and overvoltages. Currents
of many thousands of amperes may be caused
by electrical faults (e.g., short circuits) in the
circuit. The following pages describe the
possibilities of protecting a semiconductor by
fusing—when and how a fuse can be used and
how much protection is afforded. Cases for
which fuse protection is not possible, or for
which only partial protection is feasible, are
also discussed. Fuse selection methods are
described.

FUSE BASICS

A fuse is a component that protects the
semiconductor devices in a circuit against a
failure of one or more of them as a result of a
current overload. The fuse is connected in
series with either the device to be protected or
the load to be controlled.

The protection requirements of a fuse can
be summarized as follows:

A fuse must withstand the normal
steady-state current, and interrupt overload
current safely without permanently changing
semiconductor performance.

Therefore, a fuse must limit the amount
of current allowed to pass through the semi-
conductor, limit the thermal energy to
which a device is subjected (I°t), and not
produce an arc voltage greater than the
semiconductor rating.

The protection can be either complete or for
short-circuit only. In the first case, the fuse
capability must be less than that of the
semiconductor it is to protect over the overload
time range. This type of protection is illustrated
in Fig. 205.
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Fig. 205 - Complete protection of semicon-
ductor by fuse.

The second case is the most common: a
circuit breaker provides protection during
long-duration overload, and the fuse works
only for short-duration overloads. This type
of protection is shown in Fig. 206. The
following pages examine only the second type
of protection.

e

FUSE CURVE

CURRENT

SEMICONDUCTOR
CURVE

TIME
92CS-284141

Fig. 206 - Semiconductor protected by
fuse for short-circuit only.
Definitions

As shown in Fig. 207, a cartridge fuse
consists of the fusing element (generally pure
silver), the filling material, the body, and the
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terminals. Fig. 208 shows how the fuse is
connected into the circuit; Fig. 209 shows the
condition of the waveforms when a fuse

interrupts an overload current.
~TERMINAL

BODY

FUSING ELEMENT

%] FILLING MATERIAL

Fig. 207 - Cartridge fuse parts.
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Fig. 208 - A fused circuit.
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Fig. 209 - Current waveform for unfused
circuit.

The shape of the current waveform depends
on the time at which the overload occurs.
Assume first that the overload occurs at the
time that the switch (Fig. 208) is closed. If the

switch is closed at to, the time of maximum
supply voltage, the current waveform will be
symmetrical, Fig. 209. If the switch is closed at
another time, particularly at t’o, the current
waveform will be asymmetrical. This asym-
metry is caused by the load parameter, cos¢
(generally, during fuse manufacture, cos¢ is
chosen at 0.1). When an overload current is
interrupted by a fuse, the short-circuit current
shape is triangular, as shown in Fig. 210. Of
course, this shape is fixed by the properties of
the fuse.
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Fig. 210 - Voltage and current waveforms
during action of a fuse.

Fuse Terminology

Voltage Rating, Vn:
Sinusoidal or continuous voltage value for
which the cartridge fuse is built.

Current Rating, In:
Current from which characteristics are
drawn. The fuse can withstand this current
without damage.

Expected Current, Ip:

AC: Effective value of the ac current
component.

DC: Continuous-current component
value. This current would flow in
the circuit if the cartridge fuse
impedance were negligible.

Melting Time, Tp:
Time from the moment of overload until
the fuse is melted. (Fig. 210)
Arcing Time, Ta™
Duration of arc. (Fig. 210)
Clearing Time, Te:
Tp + Ta (Fig. 210)
Peak Current, Im:
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Maximum instantaneous current value
reached in the grotected circuit. (Fig. 210)
Melting Energy, It

Te
f i2dt
o
Arcing Energy, It:
Te
2dt
Tp
Clearing Energy, I’t:
Tc Tp TA
f 2dt= [ #dt+ [ i2dt
o o Tp
Arc Voltage:

Maximum voltage across the cartridge fuse
during its working time. '
Working Voltage:
Effective voltage value across the fuse after
the current stops. It is less than or equal to
the maximum rated voltage, V.
Breaking Capacity: '
Maximum current that can be passed by
the fuse.

Fuse Characteristics

The following fuse characteristics typically
supplied by the manufacturer are shown in
Fig. 211.

Time/current characteristics

Maximum value of total operating energy
Actual total operating time

Voltage drop

Arc voltage

Cutoff characteristics

Anexample of how these characteristics are
used is given below.

Fuse Position

There is no well-established theoretical
method for determining the correct location
of a fuse in a circuit; only practical examples
can be given: rectifier circuits, inverters,
dimmers—all in the small- or medium-power
range. More detailed methods concerning the
protection of high-power circuits through the
use of several semiconductors in parallel can
be found in the literature. Three types of
protection are discussed in the following
paragraphs:

- External
- Internal
- Total

Power Transistor Applications Manual

Fig. 212 summarizes these types of protection.
When only external protection is required, the
fuse is connected at the output of the circuit,
just before the load. When internal or total
protection is required, fuses are placed either
at the circuit input or internal to it.

INPUT

: FUSE OFusE
POWER ——\o-— S
f——a\o—» N\
SUPPLY CIRCUIT LoAD
92Cs-28430

Fig. 212 - Fuse placement.

EXTERNAL PROTECTION

The characteristic curve of the protection
system must cover the same time range as the
device curve. When the circuit is protected by
a fuse only, fuse and device curves cover the
same time range, Fig. 205. When a circuit is
protected by a circuit breaker and a fuse witha
short time characteristic, the current-time
capacity of the fuse must be less than that of
the semiconductor, Fig. 206.

INTERNAL PROTECTION
Bridge Rectifier

When internal protection is to be provided,
the fuses can be connected in series with the
semiconductors or the phase lines. For ex-
ample, Fig. 213 illustrates the case of the
protection of a Greatz bridge. The in-line fuse
rating is equal to the fuse rating in the bridge
multiplied by Fig. 214 gives voltages
and currents at different locations of several
rectifier bridges. This information aids in
calculating fuse ratings.

F4 FS Fé

A 4

92Cs - 28405

Fig. 213 - Three-phase-bridge fuse pro-
tection.
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Fig. 211 - Fuse characteristics typically
supplied by the manufacturer.

In inverter circuits, it is recommended that
the fuse be placed in series with each device.

Fuse Choice

Fuse choice consists of four steps:
- Type of fuse

The type of fuse, slow or fast, depends on
the type of semiconductor to be protected; a

- Working voltage
- Fuse rating
- Fuse arc voltage :
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Fig. 214 - Voltages and currents atvarious
locations of several rectifier

bridges.

fuse must operate before semiconductor
degradations occur.

The working voltage of the fuse must be in
. agreement with the supply voltage. Often, to
decrease fuse energy dissipation, a higher
working voltage than needed is chosen.

The current rating of a fuse must be at least
the value of the rms current flowing through
the device. But most of the time that value is
not large enough and, occasionally, some
fuses may fail under the normal steady-state
conditions for the device being protected. The
fuse manufacturers specify a correction factor,
F, which allows the user to calculate the fuse
rating as follows:

Fuse Rating=F * Iams
The factor F depends on the following
parameters:
- Permanent current: AC current with
T < 100 milliseconds
DC current without interruption
or with interruption limited to
within 10 milliseconds
- Temperature
- Forced cooling
- Effect of the current variation on
the fuse life

- Current waveshape
- Random current overload expected

The fuse arc voltage is an important
parameter; the speed of the fuse and the arc
voltage are interdependent. The faster the
fuse, the higher the arc voltage. Because this
arc voltage is applied between the semicon-
ductor main terminals, it should be smaller
than the maximum voltage rating of the
semiconductor. The extent to which the arc
voltage limits the use of fuses in semiconductor
protection is covered in the following para-
graphs.

Fig. 215 describes the arc voltage as a
function of rms supply voltage. The arc voltage
is never more than 2.2 Vn, the sinusoidal or
continuous voltage value for which the fuse is
designed. In the worst case then, one must
select a fuse so that 2.2 Vy does not exceed the
maximum rated voltage of the device to be
protected.

For additional information on Fuses, refer
to RCA Application Note, AN-6452, “A New
Practical Fuse-Thyristor Coordination
Method.”
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Overload Protection
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Fig. 215 - Arcvoltage as a function of Vams

supply curve.
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Audio Power Amplifiers

The quality of an audio power amplifier is
measured by its ability to provide high-fidelity
reproduction of audio program material over
the full range of audible frequencies. The
amplifier is required to increase the power
level of the input to a satisfactory output level
with little distortion, and the sensitivity of its
response to the input signals must remain
essentially constant throughout the audio-
frequency spectrum. Moreover, the input-
impedance characteristics of the amplifier
must be such that the unit does not load
excessively and thus adversely affect the
characteristics of the input-signal source.

Silicon power transistors offer many’

advantages when used in the power-output
and driver stages of high-power audio ampli-
fiers. These devices may be used, either as
discrete components or as building-block
elements in power hybrid circuits, over a wide
range of ambient temperatures to develop up
to hundreds of watts of audio-frequency power
to drive a loudspeaker system. The following
paragraphs describe the basic factors that
must be considered and the important concepts
and techniques employed in the design of
transistor audio power amplifiers.

CLASSES OF OPERATION

A circuit designer may select any one of
three classes of operation for transistors used
in linear-amplifier applications. This selection
is made on the basis of a combination of such
factors as required power output, dissipation
capability, efficiency, gain, and distortion
characteristics.

The three basic classes of operation (class
A, class B, and class C) for linear transistor
amplifiers are defined by the operating point
of the transistor. In class A operation, the
active element conducts for the entire input
cycle. In class B operation, the active element
conducts for 180 degrees of an input cycle and
is cut off during the remainder of the time. In

class C operation, the active element conducts
for some amount less than 180 degrees of an
input cycle. The following paragraphs discuss
the distinguishing features of class A and class
B operation. In general, because of the high
harmonic distortion introduced as a result of
the short conduction angle, class C operation
is used primarily in rf-amplifier applications
in which it is practical to use tuned output
circuits to eliminate the harmonic components.
For this reason, class C operation is not
discussed further.

Class A Operation

Class A amplifiers are used for linear service
at low power levels. When power amplifiers
are used in this class of operation, the amplifier
output is usually transformer-coupled to the
load circuit, as shown in Fig. 216. At low
power levels, the class A amplifier can also be
coupled to the load by resistor, capacitor, or
direct coupling techniques.
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Fig.216 - Basic class A, transformer-
coupled ampilifier.

There is some distortion in a class A stage
because of the nonlinearity of the active device
and circuit components. The maximum
efficiency of a class A amplifier is 50 per cent;
in practice, however, this efficiency is not
realized. The class A transistor amplifier is
usually biased so that the quiescent collector
current is midway between the maximum and
minimum values of the output-current swing.
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Collector current, therefore, flows at all times
and imposes a constant drain on the power
supply. The consistent drain is a distinct
disadvantage when higher power levels are
required or operation from a battery is desired.

Class B Operation

Class B power amplifiers are usually used in
pairs in a push-pull circuit because conduction
is not maintained over the complete cycle. A
circuit of this type is shown in Fig. 217. If
conduction in each device occurs during

Eout

92C5-258%56

Fig.217 - Basic class B, push-pull trans-
former-coupled amplifier.

approximately 180 degrees of a cycle and the
driving wave is split in phase, the class B stage
can be used as a linear power amplifier. The
maximum efficiency of the class B stage at full
power output is 78.5 per cent when two
transistors are used. In a class B amplifier, the
maximum power dissipation is 0.203 times the
maximum power output and occurs at 42 per
cent of the maximum output.

Transistors are not usually used in true class
B operation because of an inherent nonlinear-
ity, called cross-over distortion, that produces
a high degree of distortion at low power levels.
The distortion results from the nonlinearities
in the transistor characteristics at very low
current levels. For this reason, most power
stages operate in a biased condition somewhat
between class A and class B.

This intermediate class is defined as class
AB. Class AB transistor amplifiers operate
with a small forward bias on the transistor to
minimize the nonlinearity. The quiescent
current level, however, is still low enough so
that class AB amplifiers provide good effic-
iency. This advantage makes class AB ampli-
fiers an almost universal choice for high-
power linear amplification, especially in
battery-operated equipment.
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DRIVE REQUIREMENTS

In class A amplifiers, the output stage is
usually connected in a common-emitter con-
figuration. The relatively low input impedance
that generally characterizes this type of
configuration may result in a severe mismatch
with the output impedance of the driver
transistor. Usually, at low power levels, RC
coupling is used and the loss is accepted. It
may be advantageous in some circuits, how-
ever, to use an emitter-follower between the
driver and the output stage to obtain an
improved impedance match.

Class AB amplifiers have many types of
output connections. One form is the trans-
former-coupled output stage illustrated in
Fig. 218. Again, the common-emitter circuit is

92CS-25896

Fig.218 - Basic class AB, push-pull, trans-
former-coupled amplifier.

usually employed because it provides the
highest power gain. The load circuit is never
matched to the output impedance of the
transistor, but rather is fixed by the available
voltage swing and the required power output.
The transformer is designed to reflect the
proper impedance to the output transistors so
that the desired power output can be achieved
with a specific supply voltage.

The use of transformer coupling from the
driver to the input of the power transistor
assures that the phase split required for push-
pull operation of the output stages and any
necessary impedance transformation can be
readily achieved. Output transformer coupling
provides an easy method for matching several
values of load impedance, including those
encountered in sound-distribution systems.
For paging service, servo motor drive, or
other applications requiring a limited band-
width, the transformer-coupled output stage
is very useful. However, there are disadvantages
to the use of transformer coupling. One
disadvantage is the phase shift encountered at
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low- and high-frequency extremes, which may
lead to unstable operation. In addition, the
output transistors must be capable of handling
twice the supply voltage because of the
transformer requirements.

Another type of transistor output circuit is
the series-connected output stage. With this
type of circuit, the transistors are connected in
series across the supply and the load circuit is
coupled to the midpoint through a capacitor.
There must be a 180-degree phase shift between
the driving signals for the upper and lower
transistors. A transformer can be used in this
application provided that the secondary
consists of two separate windings, as shown in
Fig. 219. Other forms of phase splitting can be
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Fig.219 - Class AB, push-pull amplifier with
series output connection.
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used; all have problems such as insufficient
swing or poor impedance matching. Capacitor
output coupling also has disadvantages. A
low-frequency phase shift is usually associated
with the capacitor, and it is difficult to obtain
a capacitor that is large enough to produce an
acceptable low-frequency output. These dis-
advantages can be alleviated by use of a split
supply and by connection of the load between
the transistor midpoint and the supply mid-

SINGLE SUPPLY VOLTAGE
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point with the return path through the power-
supply capacitors. The power-supply capa-
citors must be large enough to prevent excessive
ripple.

Complementary amplifiers are produced
when p-n-p and n-p-n transistors are used in
series. A capacitor can be used to couple the
amplifier output when a single supply is used,
or direct coupling can be employed when a
split power supply is used, as shown in Fig.
220. Because no phase inversion is needed in
the driving circuit for this output configuration,
there are definite advantages in the simplicity
of the design. One disadvantage of this type of
amplifier is that the driver must be a class A
stage which may have a high dissipation. This
dissipation can be reduced, however, by use of
a Darlington compound connection for the
output stage. This compound connection
reduces the driving-stage requirement. A
method of overcoming this disadvantage
completely is to use a quasi-complementary
configuration. In this configuration, the output
transistors are a pair of p-n-p or n-p-n
transistors driven by a complementary pair.
In this manner the n-p-n/ p-n-p drivers provide
the necessary phase inversion. The driving
transistors are connected directly to the bases
of the output transistors, as illustrated in Fig.
221.

Adequate drive may be a problem with the
transistor pair shown in the upper part of the
quasi-complementary amplifier unless suitable
techniques are used to assure that this pair
saturates. Care must also be taken when split
supplies are used to assure that any ripple on
the lower supply is not introduced into the
predriving stages by this technique. The
advantage of a split supply is that it makes
possible direct connection to the load and thus

SPLIT SUPPLY VOLTAGE
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Fig.220 - Circuit arrangements for operation of complementary output stages (a) from
single dc supply; (b) from symmetrical dual (positive and negative) supplies.
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Fig.221 - Compound output stage in which output transistors are driven by cor_npleme'ntary
driver transistors: (a) over-all circuit; (b) upper transistor pair; (c) lower

transistor pair.

improves low-frequency response.

To this point, phase inversion has been
mentioned but not discussed. Phase inversion
may be accomplished in many ways. The
simplest electronic phase inverter is the single-
stage configuration. This configuration can be
used at low power levels or with high-gain
devices when the limited drive capability is not
a drawback. At higher power levels, some
impedance transformation and gain may be
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required to supply the drive needed. There are
several complex phase-splitting circuits; a few
of them are shown in Fig. 222.

EFFECT OF OPERATING CONDITIONS
ON CIRCUIT DESIGN

Some additional design problems involve
the consideration of thermal stability, high
line voltage, line-voltage transients, excessive
drive, ambient temperature, load impedance,
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Fig.222 - Basic phase-inverter circuits: (a) single-stage phase-splitter type; (b) two-stage
emitter-coupled type; (c) two-stage low-impedance type; (d) two-stage similar-

amplifier type.
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and other factors that may subject the
transistors to abnormal high-stress conditions.
A prime consideration is the maximum power
dissipation at high supply voltage. Thermal
stability is another problem that is often
difficult to control. The problem is complex
because the base-to-emitter voltage Vee of a
transistor decreases with an increase in junction
temperature at a constant level of collector
current. Therefore, if the Vgg of the transistor
is held constant, the collector current I¢
increases as the junction temperature rises.
This process is regenerative because the
dissipation increases with an increase in the
value of I¢. One solution is to place a resistor
in series with the emitter lead. This approach
is not the best solution to the problem,
however, because the use of the resistor
increases circuit losses. A decrease in the loss
may be obtained if the resistor is bypassed.
Another approach is to use a thermistor or
similar device which, when properly connected,
reduces the base drive at high temperatures.
This approach improves the stability without
increasing the circuit loss.

The collector-to-base leakage current Icso
can also be a problem because a fraction of
this current is multiplied by the transistor hye
and appears as a component of the collector-
to-emitter current. In general, the value of
Iceo is in the order of microamperes in silicon
devices and milliamperes in germanium de-
vices. This leakage current is composed of two
components. One component is caused by
surface leakage and is unpredictable in its
variations with temperature. It increases with
voltage and may even decrease with increasing
temperature. The other component is a
function of the device material and geometry.
This component approximately doubles with
every 7° C temperature rise in silicon devices,
and approximately doubles for every 10°C
temperature increase in germanium devices.
This component may also be voltage-depend-
ent.

The total leakage is of interest to the circuit
designer because it can be the mechanism for
thermal-runaway problems. An increase in
this leakage increases the total base current
and thus causes an increase in collector current
and dissipation. The increase in collector
current and dissipation causes a rise in
temperature which may produce a regenerative
cycle that leads to thermal runaway. If an
external resistor is connected between the
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base and emitter, some of this leakage current
is shunted from the base, and the thermal-
stability problem is reduced.

Another potential source of trouble in
amplifiers is the feedback loop. Feedback is
used to reduce distortion and extend the
frequency range of the amplifier. The feedback
loop usually encloses several if not all of the
amplifier stages and can cause several pro-
blems. When transformer coupling is used,
phase shifts may occur at the high- or low-
frequency extremes; a positive voltage may
then be fed back and cause oscillation. High-
signal-level transients may cause the value of
the transformer inductances and other com-
ponents to change and become unstable so
that they initiate oscillation. A similar con-
dition can occur at low frequencies when
capacitor-coupled transformerless designs are
used.

Excessive drive levels at high frequencies
can cause dissipation problems. An excessive
drive level forces the output stages to saturate
before the peak of the input signal is reached.
This additional drive lengthens the storage
time which, at high frequencies, may approach
the period of the drive signal. Under this
condition, two results occur: First, feedback
does not increase after the point where the
output stage saturates. This condition permits
the drive signal to increase. Second, one
transistor may not turn off until the second
has been turned on. In series-type output
stages, the second transistor is turned on with
the full supply voltage present. This condition
can lead to forward-bias second-breakdown
problems.

Another potential source of difficulty with
amplifiers occurs when the output is open- or
short-circuited. Transformer-coupled output
stages are particularly susceptible to opera-
tional problems with no load. Without a load,
the transistors operate into a purely inductive
load line and the probability of reverse-bias
second breakdown must be considered. In
series-type output stages, the major problem
arises under short-circuit load conditions. As
a result of the short circuit, feedback is
removed and an open-loop gain condition
exists together with the excessive-drive-condi-
tion problems previously mentioned. It is
advisable to use some form of fast-acting
overload protection for the power transistor;
a fuse is usually not fast enough in this
application.
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Some frequency exists at which the gain of
any transistor begins to decrease. This decrease
in gain can be corrected over the required
frequency range by use of feedback or a
higher-frequency device. Roll-off of the fre-
quency response of the preamplifier stages at
some point prior to the limiting value of the
frequency characteristics of the transistor is
necessary. This technique assures that the
drive is limited to a safe value by the input
stage so that even the drivers are not affected
by the high dissipation mentioned previously.

Several other factors that should be con-
sidered in the design of amplifiers for audio-
frequency service include the frequency re-
sponse desired, gain, optimum load, noise,
and power output needed.

BASIC CIRCUIT CONFIGURATIONS

The selection of the basic circuit configur-
ation for an audio power amplifier is dictated
by the particular requirements of the intended
application. The selection of the basic circuit
configuration that provides the desired per-
formance most efficiently and economically is
based primarily upon the following factors:
power output to be supplied, required sensi-
tivity and frequency-response characteristics,
maximum allowable distortion, and capabili-
ties of available devices.

Class A Transformer-Coupled Amplifiers

Fig. 223 shows a three-stage class A
transformer-coupled audio amplifier that uses
dc feedback (coupled by Ry, R2, R3, Ry, and
C,) from the emitter of the output transistor
to the base of the input transistor to obtain a
stable operating point. An output capability
of 5 watts with a total harmonic distortion of 3
per cent is typical for this type of circuit. In
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Fig.223 - Three-stage transformer-
coupled, class A amplifier.
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general, this output level is the upper limit for
class A amplifiers because the power dissipated
by the output transistor in such circuits is
more than twice the output power. For this
reason, it is economically impractical to use
class A audio amplifiers to develop higher
levels of output power. A circuit such as the
one shown in Fig. 223 usually requires no
over-all feedback unless extremely low dis-
tortion is required. Local feedback in each
stage is adequate; amplifiers of this type,
therefore, are usually very stable.

Class AB Push-Pull
Transformer-Coupled Amplifiers

At power-output levels above 5 watts, the
operating efficiency of the circuit becomes an
important factor in the design of audio power
amplifiers. The circuit designer may then
consider a class AB push-pull amplifier for use
as the audio-output stage.

Fig. 224 shows a class AB push-pull
transformer-coupled audio-output stage. Re-
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Fig.224 - Class AB, push-pull, transformer-
coupled audio output stage.

sistors R1, R2, and Rj form a voltage divider
that provides the small amount of transistor
forward bias required for class AB operation.
The transformer type of output coupling used
in the circuit isadvantageous in that a suitable
output transformer can be selected to match
the audio system to any desired load im-
pedance. This feature assures maximum
transfer of the audio-output power to theload
circuit, which is especially important in
sound-distribution systems that use high-im-
pedance transmission lines to reduce losses. A
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major disadvantage of transformer output
coupling is that it tends to limit the amplifier
frequency response, particularly at the low-
frequency end. Variations in transformer
impedance with frequency may produce
significant phase shifts in the signal at both
frequency extremes of the amplifier response.
Such phase shifts are potential causes of
amplifier instability if they occur within the
feedback loop. Open-circuit stability is always
a problem in designs that use output trans-
formers because the gain increases sharply
when the load is removed. If too much over-all
feedback is employed, the amplifier may
oscillate. The local feedback caused by the
bias arrangement of Rz and Rs helps to
eliminate this-problem.

Push-pull output stages, which use identical
output transistors, require some form of phase
inversion in the driver stage. In the circuit
shown in Fig. 224, a center-tapped driver
transformer is used for this purpose. The
requirements of this transformer depend upon
the power levels involved, the bandwidth
required, and the distortion that can be
tolerated. This transformer also introduces
phase-shift problems that tend to cause
instabilities in the circuit when high levels of
feedback are employed. Phase-shift problems
are substantially reduced when the output
stage is designed to operate at low drive
requirements. The reduced drive requirements
can be achieved by use of the Darlington
circuit shown in Fig. 225. Resistors Ry and Rz
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Fig.225 - Class AB, push-pull, transformer-
coupled audio output stage in
which Darlington pairs are used
to reduce drive requirements of
output transistors.

shunt the leakage of the driver and also permit
the output transistors to turn off more rapidly.
Impedance levels between the class A driver
and the output stage can be easily matched by
the use of an appropriate transformer turns
ratio.

Analternative method of phase inversion is
to use a transistor in a phase-splitter circuit,
such as those shown in Fig. 222 and described
later in the discussion on Phase Inverters.
Unlike the center-tapped transformer method,
impedance matching may be a problem because
the collector of the driver, which has a relatively
high impedance, operates into the low input
impedance of the output stage. One solution is
to reduce the output impedance of the driver
stage by the use of smaller resistors. The
resultant increase in collector current, however,
also increases the dissipation. Moreover, very
large coupling capacitors are necessary for the
achievement of good low-frequency perform-
ance. The nonlinear impedance exhibited by
the input of the output transistor causes a dc
voltage to be produced across the capacitor
under high signal levels. An alternate solution
is to use a Darlington pair to increase the
input impedance of the output stage.

Class AB Series-Output Amplifiers

For applications in which low distortion
and wide frequency response are major
requirements, a transformerless approach is
usually employed in the design of audio power
amplifiers. With this approach, the common
type of circuit configuration used is the series-
output amplifier.

The class-AB-operated n-p-n transistors
used in the series-output circuits shown in Fig.
226 require some form of phase inversion of
the drive signal for push-pull operation. A
common approach is to use a driver trans-
former that has split secondary windings, as
shown in Fig. 227. The split secondary windings
are required because of the mode in which
each of the series output transistors operates.

If ground were used as the drive reference
for both secondary windings of the circuit
shown in Fig. 227, transistor Qi would operate
as an emitter-follower and would provide gain
of somewhat less than unity. Transistor Qgz,
however, is connected in a common-emitter
configuration which can provide substantial
voltage gain. For equal output-voltage swings
in both directions, the drive input to transistor
Q. is applied directly across the base and
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Fig.226 - Circuit arrangements for oper-
ation of series output circuit from
(a) a single dc supply and (b)
symmetrical dual supplies.

emitter terminals. Transistor Q. is then
effectively operated in a common-emitter
configuration (although there is no phase
reversal from input to output) and has a
voltage gain equal to that of transistor Q..
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Fig.227 - Circuitusing a driver transformer
that has split secondary windings
to provide phase inversion for

push-pull operation of a series-
output circuit.

The disadvantages of a driver transformer
discussed previously also apply to the circuit
shown in Fig. 227. In addition, coupling
through interwinding capacitances can ad-
versely affect the performance of the circuit.
Such coupling is particularly serious because
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at both ends of the upper secondary (terminals
1 and 2) the ac voltage with respect to ground
is approximately equal to the output voltage.
During signal conditions, when output tran-
sistor Q, is turned on, this coupling provides
an unwanted drive to Qi. The forward
transistor bias required to maintain class AB
circuit operation is provided by the resistive
voltage divider R4, Rz, Ra, and Rs. These
resistors also assure that the output point
between the two transistors (point A) is
maintained at one-half the dc supply voltage
‘,cc.

As in the case of the transformer-coupled
output, phase inversion can be accomplished
by use of an additional transistor. Fig. 228
shows a circuit in which the transistor phase
inverter is used, together with a Darlington
output stage to minimize loading on the phase
inverter. It should be noted that capacitor C
provides a drive reference back to the emitter
of the upper output transistor. In effect, this
arrangement duplicates the drive conditions
of the split-winding transformer approach. A
disadvantage of this circuit is the high-quiescent
dissipation of the phase inverter Qi which is
necessary to obtain adequate drive at full
power output.

92¢s-25888

Fig.228 - Push-pull series-outputamplifier
in which driver and output tran-
sistors are connected as Darling-
ton pairs and drive-signal phase
inversion is provided by phase-
splitter stage Q.

An unbypassed emitter resistor R is necessary
because a signal is derived from this point to
drive the lower output transistor. When
transistor Qy is driven into saturation, the
minimum collector-to-ground voltage that
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can be obtained is limited primarily by the
peak emitter voltage under these conditions.
To obtain the necessary voltage swing at this
collector (a voltage swing that is also approxi-
mately equal to the output voltage swing), it is
necessary to use a quiescent collector-to-
emitter voltage higher than that required ina
stage that uses a bypassed emitter resistor.

Complementary-Symmetry Amplifiers

When a complementary pair of output
transistors (n-p-n and p-n-p) is used, it is
possible to design a series-output type of
audio power amplifier which does not require
push-pull drive. Because phase inversion is
unnecessary with this type of configuration,
the drive circuit for the amplifier is simplified
substantially. Fig. 229 shows a basic com-
plementary type of series-output circuit to-
gether with a simple class A driver stage. The
voltage drop across resistor R provides the
small amount of forward bias required for
class AB operation of the complementary pair
of output transistors.
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Fig.229 - Basic complementary type of
Zeiries-output circuit with class A
river.

In practice, a diode is employed in place of
resistor R. The purpose of the diode is to
maintain the quiescent current at a reasonable
value with variations in junction temperatures.
It is usually thermally connected to one of the
output transistors and tracks with the Vge of
the output transistors.
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The complementary circuit is by far the
most thermally stable output circuit. It places
the output transistorsina Vces mode because
both transistors are operated with a low
impedance bstween base and emitter. There-
fore, the Iceo leakage is the only component of
concern in the stability criteria. At power-
output levels from 3 to 20 watts, a com-
plementary-symmetry amplifier offers advan-
tages in terms of circuit simplicity. At higher
power levels, however, the class A driver
transistor is required to dissipate considerable
heat, the quiescent power-supply current drain
becomes significant, and excessively large
filter capacitorsare required to maintaina low
hum level. This dissipation can be reduced,
however, by use of a Darlington compound
connection for the output stage. This com-
pound connection reduces the driving-stage
requirement.

There are two basic methods of overcoming
this disadvantage entirely. The first is to use a
quasi-complementary configuration; the se-
cond is to employ the compound true com-
plementary-symmetry amplifier circuit shown
in Fig. 230. Both methods replace the class A
driver with a complementary driver stage. The
circuit of Fig. 230 also employs a comple-
mentary grounded-base predriver stage which
reduces static current drain even further. With
this circuit it is practical to obtain power levels
of over 100 watts with paralleled output
transistors. For higher power levels, the quasi-
complementary circuit is generally used be-
cause of the unavailability of higher power
complementary devices.

Quasi-Complementary-Symmetry Amplifiers

In the quasi-complementary amplifier shown
in Fig. 231, the driver transistors provide the
necessary phase inversion. A simple but
descriptive way to analyze the operation of a
quasi-complementary amplifier is to consider
the result of connecting a p-n-p transistor toa
high-power n-p-n output transistor, as shown
in Fig. 232. The collector current of the p-n-p
transistor becomes the base current of the n-p-
n transistor. The n-p-n transistor, which is
operated as an emitter-follower, provides
additional current gain without inversion. If
the emitter of the n-p-n transistor is considered
as the “effective” collector of the composite
circuit, it becomes apparent that the circuit is
equivalent to a high-gain, high-power p-n-p
transistor.




165

k2

92C$-25890

Fig.231 - Basic quasi-complementary type
of series-output circuit.

The output characteristics of the p-n-p
circuit shown in Fig. 232 and of a high-gain,
high-power n-p-n circuit formed by the
connection of the same type of n-p-n output
transistor and an n-p-n driver transistor in a
Darlington configuration, such as shown in
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Fig.230 - Basic complementary type of
series-output circuit with comple-
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Fig.232 - Connection of p-n-p driver tran-
sistor to n-p-n output transistor.

Fig. 233, are compared in Fig. 234.

The saturation characteristics of the over-
all circuit in both cases are the combination of
the base-to-emitter voltage Ve of the output
transistor and the collector saturation voltage
of the driver transistor. Moreover, in both
cases the current gain is the product of the
individual betas of the transistors used. A
quasi-complementary amplifier, therefore, is
effectively the same as a simple complementary
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Fig.233 - Darlington connection of n-p-n
driver transistor to n-p-n output

transistor.
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Fig.234 - Output characteristics for (a)
p-n-p/n-p-n driver-output tran-
sistor pair shown in Fig. 232 and
for (b) Darlington pair of n-p-n
transistors shown in Fig. 233.

output circuit such as that shown in Fig. 229,
and is formed by the use of high-gain, high-
power n-p-n and p-n-p equivalent transistors.
In both cases, the resistor R between the
emitter and base of the output transistor
places thedevicein a Vcer mode. This mode is
not as stable as that of the complementary
amplifier, but present no problem for silicon
transistors.
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A typical quasi-complementary amplifier is
shown in Fig. 235. Capacitor C performs two
functions essential to the successful operation
of the circuit. First, it acts as a bypass to
decouple any power-supply ripple from the
driver and predriver stages. Second, it is
connected as a “boot-strap™ capacitor to
provide the drive necessary to pull the upper
Darlington pair of transistors into saturation.
This latter function results from the fact that
the stored voltage of the capacitor, with
reference to the output point A, provides a
higher voltage than the normal collector-
supply voltage to drive transistor Q2. This
higher voltage is necessary during the signal
conditions that exist when the upper transistors
are being turned on because the emitter voltage
of transistor Q2 then approaches the normal
supply voltage. Anincrease inthe base voltage
to a point above this level is required to drive
the transistor into saturation. Resistor R,
provides the necessary dc feedback to maintain
point A at approximately one-half the nominal
supply voltage. Over-all ac feedback from
output to input is coupled by resistor Rz to
reduce distortion and to improve low-fre-
quency performance.
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Fig.235 - Quasi-complementary audio
power amplifier that operates
from a single dc supply.

Series-output circuits can be employed with
separate positive and negative supplies; no
series output capacitor is then required. The
elimination of this capacitor may result in an
economic advantage, even though an addi-
tional power supply is used, because of the size
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of the series output capacitor necessary in the
single-supply case to obtain good low-fre-
quency performance (e.g., a 2000-microfarad
capacitor is required to provide a 3-dB point
at 20 Hz for a 4-ohm load impedance). Split
supplies, however, pose certain problems which
do not exist in the single-supply case. The
output of the amplifier must be maintained at
zero potential under quiescent conditions for
all environmental conditions and device
parameter variations. Also, the input ground
reference can no longer be at the same point as
that indicated in Fig. 235, because this point is
at the negative supply potential in a split-
supply system.

If the ground-point reference for the input
signal were a common point between the split
supplies, any ripple present on the negative
supply would effectively drive the amplifier
through transistor Q, with the result that this
stage would operate as a common-base
amplifier with its base grounded through the
effective impedance of the input signal source.
To avoid this condition, the amplifier must
include an additional p-n-p transistor as shown
in Fig. 236. This transistor (Qse) reduces the
drive effects of the negative supply ripple
because of the high collector impedance (1
megohm or more) that it presents to the base
of transistor Qi, and effectively isolates the
input source impedance from transistor Q1. In

+VCC

&7

o

AA
VWV

~Vee
92CS-25895

Fig.236 - Quasi-complementary audio
power amplifier that operates
from symmetrical dual dc power
supplies. The p-n-p transistor
input stage is required to prevent
ripple component from driving
amplifier.

practice, transistor Qi may be replaced by a
Darlington pair to reduce the loading effects
on the p-n-p predriver.

Negative dc feedback is applied from the
output to the input stage by R4, R2,and C1 so
that the output is maintained at about zero
potential. Actually, the output is maintained
at approximately the forward-biased base-
emitter voltage of transistor Qs, which may be
objectionable in a few cases, but which can be
eliminated by a method discussed later.
Capacitor C, effectively bypasses the negative
dc feedback at all signal frequencies. Resistor
Rs provides ac feedback to reduce distortion
in the amplifier.

True Complementary Symmetry Amplifiers

The true complementary symmetry amplifier
shown in Fig. 237 has better thermal stability
than other dc-coupled circuits, because tran-
sistors Q2 and QS5 are driven from the same
low-impedance source. Forward bias for both
transistors is provided by Q3, and is adjustable.
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Fig.237 - True-complementary-symmetry
amplifier.

Conjugate Complementary-Symmetry
Amplifiers

Fig. 238 compares a transformer-coupled
class AB amplifier to a conjugate comple-
mentary amplifier. The elimination of the
transformer in the conjugate complementary
amplifier, in the quasi-complementary ampli-
fier and the true complementary amplifier
shown in Fig. 237 permits a lighter-weight,
less costly construction and eliminates the
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(b)
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Fig.238 - (a) Conjugate-complementary-
symmetry and (b) transformer-
coupled amplifiers.

phase shifts and stability problems normally
associated with transformers. The mainadvan-
tage of a transformer-coupled circuit is easier
matching of transistor volt-ampere capability
to various load impedances.

Bridge Amplifiers

Fig. 239 shows the block diagram of an
audio-amplifier configuration that, for a given
dc supply voltage, transistor voltage-break-
down capability, and load, can provide four
times the power output obtainable from a
conventional push-pull audio-output stage.
Alternatively, given power-output and load
requirements may be achieved from this circuit

B+
n-p-n n-p-h
out ouT
LOAD
p-n-p p-n-p I f\
U DRIVER ouT l ouT DRIVER }——

92Cs-31388

Fig.239 - Bloqk diagram of bridge type of
audio-amplifier circuit.

configuration with half the supply voltage and
transistor voltage-breakdown capabilities re-
quired of conventional circuits. This perform-
ance s possible because the load can swing the
full supply voltage on each half-cycle. The
load is direct-coupled between the center
point of two series-connected push-pull stages.
This bridge type of arrangement eliminates
the need for expensive coupling capacitors or
transformers. These features are very attractive
in applications for which the supply voltage is
fixed, such as automotive or aircraft supplies.

The bridge-amplifier configuration consists

. essentially of two complementary-symmetry

amplifiers with the load direct-coupled between
the two center points. Each amplifier section
is driven by a class A driver stage that uses a
transistor Darlington pair. The amplifiers
must be driven 180 degrees out of phase. This
dual-phase drive is provided by a differential-
amplifier type of input stage, which also
provides the advantage of a high input
impedance.

Fig. 240 shows the basic configuration of an
experimental breadboard circuit designed to
evaluate the bridge-amplifier approach to
audio-amplifier design. The major difference
between this type of circuit and the conven-
tional complementary-symmetry circuit, be-
sides the increased output power, is the higher
current requirements of the class A driver
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Fig.240 - Basic circuit configuration for a
bridge type of audio amplifier.

stages. This current is twice the value normally
required because the peak value of the output
current is doubled. The feedback network
from each complementary-symmetry output
section back to the base of the corresponding
class A driver stage, which establishes the
center-point voltage in the output stage, also
provides a minimum of 22 dB of ac feedback.

One problem encountered in the bridge
amplifier is the achievement of a zero center-
point (offset) voltage. The load circuit conducts
a direct current proportional to the difference
(offset) between the voltages at the two output
stages. The dc dissipation in the load circuit is,
of course, proportional to the square of the
offset voltage. In this breadboard circuit, two
potentiometers are used to balance the center-
point voltage of the two output-stage sections.

The differential-amplifier input stage oper-
ates at tei. times the required value of peak
input current to assure linear operation.
Balanced feedback is taken from each side of

the load and coupled back to the separate
bases of the differential-amplifier transistors.
Fig. 241 shows curves of total harmonic
distortion as a function of power output for
operation of the bridge amplifier with 0 dB, 20
dB, and 28 dB of balanced feedback. Figs. 242
and 243 show total harmonic distortion and
relative response as functions of frequency for
the bridge amplifier operated with 20 dB of
balanced feedback.

Phase Inverters

Phase inversion may be accomplished in
many ways. The simplest electronic phase
inverter is the single-stage configuration. This
configuration can be used at low power levels
or with high-gain devices when the limited
drive capability is not a drawback. At higher
power levels, some impedance transformation
and gain may be required to supply the drive
needed. There are several complex phase-
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N

Fig.241 - Total harmonic distortion (at 1
kHz) of the bridge audio amplifier
as a function of power output for
different values of balanced loop
feedback. (Distortion perform-
ance is comparable to that of a
single-ended amplifier that pro-
vides one-quarter of the power
output for the same dc supply
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Fig.242 - Total harmonic distortion of the
bridge audio amplifier as a func-

FREQUENCY—Hz

92CS-36368

tion of frequency.

? 2
5
2
e
8 0 f—’
w //
z -l N
=
o -2
'3

3% 10z 2+ 6605 2 4 68108

FREQUENCY— Hz
92CS- 36367

Fig.243 - Relative response of the bridge

splitting circuits; a few of them are shown in

Fig. 244,

audio amplifier.
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Fig.244 - Basic phase-inverter circuits: (a)
single-stage phase-splitter type;
(b) two-stage emitter-coupled
type; (c) two-stage low-imped-
ance type; (d) two-stage similar-
amplifier type.
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POWER OUTPUT IN CLASS B
AUDIO AMPLIFIERS

For all cases of practical interest, the power
output (Po) of an audio amplifier is given by
the following equation:

Po = I(rms) x E(rms) = (IpEp)/ 2
= (I,°Ru)/2 = Ep?/2RL

where I and Ep are the peak load current and
voltage, respectively, and Ry is the load
impedance presented to the transistor. Fig.
245 shows the relationship among these various
factors in graphic form. Obviously, the peak
load current is the peak transistor current, and
the transistor breakdown-voltage rating must
be at least twice the peak load voltage. The
vertical lines that denote 4-ohm, 8-ohm, and
16-ohm resistances are particularly useful for
transformerless designs in which the transistor
operates directly into the loudspeaker.

Rating Methods
The Institute of High Fidelity (IHF) and the

Electronic Industries Association (EIA) have
attempted to standardize power-output ratings
to establish a common reference of comparison
and to provide a solid definition of the
capabilities of audio power amplifiers. Ob-
viously, an audio power amplifier using an
unregulated supply can deliver more output
power under transient conditions than under
steady-state conditions. The rating methods
which have been standardized for this type of
operation are the IHF Dynamic Output Rating
(IHF-A-201) and the EIA Music Power Rating
(EIA RS-234-A).

Both of these measurement methods allow
the use of regulated supply voltage to simulate
transient conditions. Because the regulated
supply has no source impedance or ripple, the
results do not completely represent the tran-
sient conditions, as will be explained later.

Measurement Techniques

The EIA standard is used primarily by
manufacturers of packaged equipment, such
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Fig.245 - Peak transistor currents and load
voltages for various output
powers and load resistances.
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as portable phonographs, packaged stereo hi-
ficonsoles, and packaged home-entertainment
consoles. The EIA music power output is
defined as the power obtained at a total
harmonic distortion of 5 per cent or less,
measured after the “sudden application of a
signal during a time interval so short that
supply voltages have not changed from their
no-signal values.” The supply 'voltages are
bypassed voltages. These definitions mean
that the internal supply may be replaced with
a regulated supply equal in voltage to the no-

_signal voltage of the internal supply. For a
stereo amplifier, the music power rating is the
sum of both channels, or twice the single-
channel rating.

The IHF standard provides two methods to
measure dynamic output. One is the constant-
supply method. This method assumes that
under music conditions the amplifier supply
voltages undergo only insignificant changes.
Unlike the EIA method, this measurement is
made at a reference distortion. The constant-
supply method is used by most high-fidelity
component manufacturers. The reference
distortion chosen is normally less than one per
cent, or considerably lower than the EIA
value of 5 per cent used by packaged-equipment
manufacturers.

A second IHF method is called the “transient
distortion” test. This method requires a
complex setup including a low-distortion
modulator with a prescribed output rise time
and other equipment. The modulator output
is required to have a rise time of 10 to 20
milliseconds to simulate the envelope rise time
of music and speech. This measurement is
made using the internal supply of the amplifier
and, consequently, includes distortion caused
by voltage decay, power-supply transients,
and ripple. This method tends to be more
realistic, and to yield lower power-output
ratings than the constant-supply method.
Actually, both IHF methods should be used,
and the lowest power rating obtained at
reference distortion with both channels opera-
ting, both in and out of phase, should be used
as the power rating. (There is some question
concerning unanimity among high-fidelity
manufacturers on actually performing both
IHF tests.)

Because music is not a continuous sine
wave, and has average power levels much
below peak power levels, it would appear that
the music power or dynamic power ratings are

Power Transistor Applications Manual

true indications of a power amplifier’s ability
to reproduce music program material. The
problem is that all three methods described
have a common flaw. Even the transient-
distortion method fails to account for the
ability of the audio amplifier to reproduce
power peaks while it is already delivering
some average power. The amplifier is almost
never delivering zero output when it is called
on to deliver a transient. For every transient
that occurs after an extremely quiet passage or
zerosignal, there are hundreds that are imposed
on top of some low but non-zero average
power level.

This condition can best be clarified by
consideration of the power supply. Many
amplifiers have regulated supplies for the
front-end or low-level stages, but almost none
provides a regulated supply for the power-
output stages because regulation requires extra
transistors or other devices; it becomes costly,
especially at high power levels. The power
supply for the output stages of power amplifiers
is commonly a nonregulated rectifier supply
having a capacitive input filter. The output
voltage of such a supply is a function of the
output current and, consequently, of the power
output of the amplifier.

Effect of Power-Supply Regulation

Power-supply regulation is dependent on
the amount of effective internal series resistance
present in the power supply. The effective
series resistance includes such things as the dc
resistance of the transformer windings, the
amount and type of iron used in the trans-
former, the amount of surge resistance present,
the resistance of the rectifiers, and the amount
of filtering. The internal series resistance
causes the supply voltage to drop as current is
drawn from the supply

Fig. 246 shows a typical regulation curve
forarectifier power supply that has a capacitive
input filter.The voltage is a linear function of
the average supply current over most of the
useful range of the supply. However, a rapid
change in slope occurs in the regions of both
very small and very large currents. In class B
amplifiers, the no-signal supply current norm-
ally occurs beyond the low-current knee, and
the current required for the amplifier at the
clipping level occurs before the high-current
knee. The slope between these points is nearly
linear and may be used as an approximation
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Fig.246 - Regulation curve for capacitive
rectifier power supply.

of the equivalent series resistance of the
supply.

The amount of power lost depends on the
quality of the power supply used in the
amplifier. Accordingly, rating amplifier power
output with a superb external power supply
(that is, not using the built-in amplifier power
supply) provides false music power outputs.
Under actual usage, the output is lower.

It should be emphasized that, while there is
a discrepancy between the actual power
measured under the EIA Music Power or the
IHF Dynamic Power methods, these methods
are not without merit. The IHF dynamic
power rating, in conjunction with the con-
tinuous power rating, produces an excellent
indication of how the amplifier will perform.
The EIA music power rating, which is
measured at a total harmonic distortion of 5
per cent with a regulated power supply,
provides a less adequate indication of amplifier
performance because there is no indication of
how the amplifier power-supply voltage reacts
to power output.

Some important factors considered by
packaged-equipment manufacturers, the pri-
mary users of the EIA music power ratings,
are mostly economic in nature and affect
many aspects of the amplifier performance.
Because there is no continuous power output
rating required, two amplifiers may receive
the same EIA music power rating but have
different continuous power ratings. The ratio
of music power to continuous power is, of
course, a function of the regulation and
effective series resistance of the supply.

One reason for the difference between ratings
used by the console or the packaged-equipment
manufacturer and those used by the hi-fi

component manufacturer is that the latter
does not always know just what will be
required of the amplifier. The console manu-
facturer always designs an amplifier as part of
a system, and consequently knows the speaker
impedances and the power required for
adequate sound output. The console manu-
facturer may use high-efficiency speakers
requiring only a fraction of the power needed
to drive many component-type acoustic-sus-
pension systems. The difference may be such
that the console may produce the same sound
pressure level with an amplifier having one-
tenth of the power output. High ratios of
music-power to continuous-power capability
are common in these consoles. A typical ratio
of IHF music power to continuous power may
be 1.2 to 1 incomponent amplifiers, whereas a
typical ratio of EIA music power to continous
power in a console system may be 2 to 1.
Console manufacturers use the E1A music
power rating to economic advantage as a
result of the reduced regulation requirement
of the power supply. A high ratio of music
power to continuous power means higher
effective series resistance in the power supply.
This resistance, in turn, means less continuous
dissipation on the output transistors, smaller
heat sinks, and a lower-cost power supply.

Ratio of Music Power to Continuous Power

Some advantages of high values of the ratio
Rs/RL and correspondingly high ratios of
music power output to transistor dissipation
are as follows:

1. Reduced heat sink or transistor cost:
Because the volt-ampere capacity of the
transistor is determined by the music
power output, it is not likely that reduced
thermal-resistance requirements will
produce significant cost reductions.
Alternatively, the heat-sink requirements
may be reduced.

2. Reduced power supply costs: Trans-
former and/ or filter-capacitor specifica-
tions may be relaxed.

3. Reduced speaker cost: Continuous
power-handling capability may be re-
laxed.

These cost reductions may be passed along

to the consumer in the form of more music
power per dollar.
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The question arises as to how high the ratio
Rs/Ry and the corresponding ratio of music
power output to continuous power output
may be before the capability of the amplifier
to reproduce program material is impaired.

The objective is to provide the listener with
a close approximation of an original live
performance. Achievement of this objective
requires the subjective equivalents of sound
pressure levels that approach those of a concert
hall. Although the peak sound pressure level
of a live performance is about 100 dB, the
average listener prefers to operate an audio
system at a peak sound pressure level of about
80 dB. The amplifier, however, should also
accommodate listeners who desire higher-
than-average levels, perhaps to peaks of 100
dB.

A sound pressure level of 100 dB corresponds
to about 0.4 watt of acoustic power for an
average room of about 3,000 cubic feet.

If speaker efficiencies are considered to be
in the order of 1 per cent, a stereophonic
amplifier must be capable of delivering about
20 watts per channel. Higher power outputs
are required, for lower-efficiency speakers.
The peak-to-average level for most program
material is between 20 and 23 dB. A system
capable of providing a continuous level of 77
dB and peaks of 100 dB would satisfy the
power requirements of nearly all listeners. For
this performance to be attained, the power-
supply voltage cannot drop below the voltage
required for 100 dB of acoustic power while
delivering the average current required for 77
dB. Moreover, because sustained passages
that are as much as 10 dB above the average
may occur, the power-supply voltage cannot
drop below the value required for 100 dB of
acoustic power while delivering 87 dB of
acoustic power (87 dB of acoustic power
corresponds to about 1 watt per channel).
This performance means that for 8-ohm loads,
with output-circuit losses neglected, the
power-supply voltage must not decrease to a
value less than 36 volts, while delivering the
average current required for | watt per channel
(0.225 ampere dc).

It should be noted that the power-output
capability for peaks while the amplifier is
delivering a total of 2 watts is not the music
power rating of the amplifier because the
power-supply voltage is below its no-signal
value by an amount depending on its effective
series resistance.
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THERMAL-STABILITY
REQUIREMENTS

One serious problem that confronts the
design engineer is the achievement of a circuit
which is thermally stable at all temperatures
to which the amplifier might be exposed. As
previously discussed, thermal runaway may
be a problem because the Vee of all transistors
decreases at low current. It should be noted,
however, that at high current levels the base-
to-emitter voltage of silicon transistors in-
creases with a rise in junction temperature.
This characteristic is the result of the increase
in the base resistance that is produced by the
rise in temperature. The increase in base
resistance helps to stabilize the transistor
against thermal runaway. In high-power
amplifiers, the emitter resistors employed
usually have a value of about 1 ohm or less.
The size of the capacitor required to bypass
the emitter adequately at all frequencies of
interest makes this approach economically
impractical. A more practical solution is to
increase the value of the emitter resistor and
shunt it with a diode. With this technique,
sufficient degeneration is provided to improve
the circuit stability; at low currents, however,
the maximum voltage drop across the emitter
resistor is limited to the forward voltage drop
of the diode.

The quasi-complementary amplifier shown
in Fig. 247 incorporates the stabilization
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Fig.247 - Quasi-complementary amplifier
that incorporates two stabilization
networks.




Audio Power Amplifiers

techniques described. A resistor-diode network
is used in the emitter of transistor Qs, and
another such network is used in the collector
of transistor Qs, with the emitter of transistor
Qa returned to the collector of transistor Qs.
Previous discussion regarding the p-n-p driver
and n-p-n output combination (Q4 and Qs)
showed that the collector of the output device
becomes the “effective” emitter of the high-
gain, high-power p-n-p equivalent, and vice
‘versa, For maximum operating-point stability,
therefore, the diode-resistor network should
be in the “effective” emitter of the p-n-p
equivalent. Quasi-complementary circuits em-
ploying the stabilization resistor in the emitter
of the lower output transistor do not improve
the operating-point stability of the over-all
circuit.

The circuit shown in Fig. 247 is biased for
class AB operation by the voltage obtained
from the forward drop of two diodes, CR1 and
CRa, plus the voltage drop across potentio-
meter R, which affords a means for a slight
adjustment in the value of the quiescent
current. The current necessary to provide this
voltage reference is the collector current of
driver transistor Qi. The diodes may be
thermally connected to the heat sink of the
output transistors so that thermal feedback is
provided for further improvement of thermal
stability. Because the forward voltage of the
reference diodes decreases with increasing
temperature, these diodes compensate for the
decreasing Vge of the output transistors by
reducing the external bias applied. In this
way, the quiescent current of the output stage
can be held relatively constant over a wide
range of operating temperatures.

"EFFECTS OF
LARGE PHASE SHIFTS

The amplifier frequency-response charac-
teristic is an important factor with respect to
the ability of the amplifier to withstand
unusually severe electrical stress conditions.
For example, under certain conditions of
input-signal amplitude and frequency; the
amplifier may break into high-frequency
oscillations which can lead to destruction of
the output transistors, the drivers, or both.
This problem becomes quite acute in trans-
former-coupled amplifiers because the charac-
teristics of transformers depart from the ideal
at both low and high frequencies. The departure
occurs at low frequencies because the inductive
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reactance of the transformer decreases, and at
high frequencies because the effects of leakage
inductance and transformer winding capaci-
tance become appreciable. At both frequency
extremes, the effect is to introduce a phase
shift between input and output voltage.
Negative feedback is used almost universaily
in audio amplifiers; the voltage coupled back
to the input through the feedback loop may
cause the amplifier to be potentially unstable
at some frequencies, especially if the additional
phase shift is sufficient to make the feedback
positive. Similar effects can occur in trans-
formerless amplifiers because reactive elements
(such as coupling and bypass capacitors,
transistor junction capacitance, stray wiring
capacitance, and inductance of the loudspeaker
voice coil) are always present. The values of
some of the reactive elements (e.g., transistor
junction capacitance and transformer induc-*
tance as the core nears saturation) are functions
of the signal level; coupling through wiring
capacitance and unavoidable ground loops
may also vary with thesignal level. As a result,
an amplifier that is stable under normal
listening levels may break into oscillations
when subjected to high-level signal transients.
A large phase shift is not only a potential
cause of amplifier instability, but also results
inadditional transistor power dissipation and
increases the susceptibility of the transistor to
forward-bias second-breakdown failures. The
effects of large-signal phase shifts at low
frequencies are illustrated in Fig. 248, which
shows the load-line characteristics of a tran-
sistorin a class AB push-pull circuit for signal
frequencies of 1000 Hz and 10 Hz. The phase
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Fig.248 - Effect of large signal phase shift
on the load-line characteristics
of atransistor at low frequencies.
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shift is caused primarily by the output
capacitor. In both cases, the amplifier is
driven very strongly into saturation by a 5-
volt input signal. The increased dissipation at
10 Hz, compared to that obtained at 1000 Hz,
results from simultaneous high-current high-
voltage operation. The transistor is required
to handle safely a current of 0.75 ampere at a
collector voltage of 40 volts for an equivalent
pulse duration of about 10 milliseconds; it
must be free from second-breakdown failures
under these conditions.

EFFECT OF
EXCESSIVE DRIVE

Simultaneous high-current high-voltage
operation may also occur in class B amplifiers
at high frequencies when the amplifier is
overdriven to the point that the output signals
are clipped. For example, if the input signal
applied to the series-output push-pull circuit
shown in Fig. 249(a) is large enough to drive
the transistors into both saturation and cutoff,
transistor A is driven into saturation, and
transistor B is cut off during a portion of the
input cycle. Fig. 249(b) shows the collector-
current waveform for transistor A under these
conditions.
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Fig.249 - (a) class B series-output stage,
(b) collector-current waveform
under overdrive (clipping) condi-
tions.

During the interval of time from tz to ta,
transistor A operates in the saturation region
and the output voltage is clipped. The effective
negative feedback is then reduced because the
output voltage does not follow the sinusoidal
input signal. Transistor A, therefore, is driven
even further into saturation by the unattenu-
ated input signal. When transistor B starts to
conduct, transistor A cannot be turned off
immediately because the excessive drive results
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inalargestorage time. Asa result, transistor B
is required to support almost the full supply
voltage (less only the saturation voltage of
transistor A and the voltage drop across the
emitter resistors, if used) as its current is
increased by the drive signal. For this condition
to occur, a large input signal is required at a
frequency high enough so that the storage
time is greater than one-quarter cycle.
Because of the charging current through the
output coupling capacitor, transistor A in Fig.
249(a) is also subject to forward-bias second-
breakdown failure if the dc supply voltage and
alarge input signal are applied simultaneously.
All of these conditions point to the need for
a good “safe area” of operation. Fig. 250
shows the safe area for the RCA-2N3055. In
all cases, the load lines fall within the area
guaranteed safe for this transistor.

CASE TEMPERATURE =25°C
(CURVES MUST BE DERATED
LINEARLY WITH INCREASE IN
TEMPERATURE.)
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Fig.250 - Safe-area-of-operation rating
chartforthe RCA-2N3055 homo-
t_axial-base transistor.

Short-Circuit Protection

Another important consideration in the
design of high-power audio amplifiers is the
ability of the circuit to withstand short-circuit
conditions. As previously discussed, overdrive
conditions may result in disastrously high
currents and excessive dissipation in both
driver and output stages. Obviously, some
form of short-circuit protection is necessary.
One such technique is shown in Fig. 251. A
current-sampling resistor R is placed in the
ground leg of the load. If any condition
(including a short) exists such that higher-
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92C$-25912RI

Fig.251 - Push-pull power amplifier with
short-circuit protection.

than-normal load current flows, diodes CR
and CR2z conduct on alternate half-cycles and
thus provide a high negative feedback which
effectively reduces the drive of the amplifiers.
This feedback should not exceed the stability
margin of the amplifier. This technique in no
way affects the normal operation of the
amplifier.

A second approach to current limijting is
illustrated by the circuit shown in Fig. 252. In
this circuit, a diode biasing network is used to
establish a fixed current limit on the driver
and output transistors. Under sustained short-
circuit conditions, however, the output tran-
sistors are required to support this current

limit and one-half the dc supply voltage.
The circuit shown in Fig. 253 illustrates a
dissipation-limiting technique that provides
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Fig.253 - Quasi-complementary audio out-
put in which diode-resistor
biasing network is used to prevent
complementary transistors Q
and Qz from being forward-biased
by the output voltage swing.
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Fig.252 - 25-watt (rms) quasi-comple-
mentary audio amplifier using
current-limiting diodes (Ds and

Da).
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positive protection under all loading condi-
tions. The limiting action of this circuit is
shown in Fig. 254. This safe-area limiting
technique permits use of low-dissipation driver
and output transistors and of smaller heat
sinks in the output stages. The use of smaller
heat sinks is possible because the worst-case
dissipation is normal 4-ohm operation instead
of short-circuit conditions. With this technique,
highly inductive or capacitive loads are no
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92CS-36363

Fig.254 - Load lines for the circuit of Fig.
253. Load lines showing effect of
the inclusion of high-resistance
diode-resistor network in the
forward-biasing path of Q. are
shown dotted.
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longer a problem, and thermal cut-outs are
unnecessary. In addition, the technique is
inexpensive.

Yee MULTIPLIER BIASING CIRCUIT
FOR POWER AMPLIFIER
OUTPUT STAGES

The following paragraphs describe a biasing
circuit for the output stage of a power amplifier.
The biasing circuit is called a Vag multiplier;
its purpose is to provide proper bias for the
output transistors of the amplifier under all
operating conditions. The amount of forward
bias provided determines the quiescent opera-
ting point of the output stage. The criteria for
determining the proper quiescent collector
current of the output transistors are the
output-signal distortion level to be achieved
and the need to minimize quiescent current
because of dissipation in the output transistors.
Fig. 255 shows the circuit of a typical comple-
mentary output stage for an audio amplifier.
In this circuit, transistor Q3 serves as the
biasing element for transistors Q4 and Q5.

Since all transistors are temperature sensi-
tive, the bias circuit should change bias voltage
in such a manner that the quiescent collector
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Fig.255 - Complemehtary output stage for
an audio amplifier.
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current of the output transistors remains
constant. Typical temperature dependence of
a silicon power transistor is shown in Fig. 256.
The figure shows that the bias voltage must
decrease approximately 2 mV/°C if the
collector current is to be constant. Failure to
provide thermal compensation will result in a
current change of:

Alc
AT

A further examination of Fig. 256 shows that
an error of 20 millivolts (3 per cent) in the bias
voltage will result in a change in the collector
current by a factor of 2.

Transistor Q3 in Fig. 255 varies the biasing
voltage for the output transistors so that
quiescent current does not change with
temperature change. This constant-current
condition is achieved by mounting Q3, Q4,
and Q5 on the same heat sink so that a change
in the junction temperature of the output
transistors will change the heat-sink tempera-
ture proportionally and, therefore, the junction.
temperature of Q3. If, for example, tempera-
ture increases, the collector current of Q3
would tend to increase, but constant-current
source Q6 keeps the collector current of Q3
constant. Under this condition, the Vge of Q3

will decrease and Vyias Will decrease propor-
tionally. The net result will be the stabilization
of the quiescent collector current of Q4 and

Qs.

= 10%/°C

AUDIO AMPLIFIER CIRCUITS USING
ALL DISCRETE DEVICES

A broad selection of power levels can be
obtained from amplifiers using only discrete
solid state devices. The following chart lists
the type of circuit configuration and recom-
mended output devices for power output
levels ranging from 3 to 300 watts. A circuit
diagram and performance data are shown for
representative amplifiers. For information on
the other audio amplifier circuits listed in the
chart, refer to RCA “Audio Amplifier Manual,”
APA-551 and the individual data sheets for

the output devices.

25-Watt True-Complementary-Symmetry
Audio Amplifier with Darlington
Output Transistors

Fig. 257 shows a complementary amplifier
rated at 25 watts output with an 8-ohm load,
using Darlington transistors in the output
stage. The amplifier also will supply 25 watts
output with a 4-ohm load and 14-watts with a
16-ohm load. Thermal stability is provided by
mounting the biasing transistor on the output
heat-sink. Dissipation-limiting overload pro-
tection is incorporated in this circuit. A 70°C
thermal cut-out should be used in the primary
of the power supply.

Typical performance data are shown in
Table XVI. Fig. 258 shows distortion as a
function of power output.
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Fig.256 - Temperature dependence of a
silicon power transistor.




180

Table XV - Selection Chart for Discrete Preamplifier
Power Output Stage Amplifiers

Power Transistor Applications Manual

[ Power [Load | Supply Type of Circuit Output Transistors
Output| Res. | Voitage NPN
W) () V)
32 8 20 True-Comp. RCP703A RCP702A
1 4
612 8 36 True-Comp. RCA1C10 RCA1C11
.5 16
45 4 RCA1C05 RCA1CQ6 |
25 8 52 True-Comp. BD243A or BD244A or
_ ~ RCA1C05 RCA1C06
1616 RCA1 | RCA1C06 |
25 4 40 2N6387 or 2N6667 or
_ - _ BDX33A BDX34A |
25 | 8 | 62 True-Comp. Darlington 2N6388 or 2N6668 or
_ BDX33B DX
14 16 52 2N6388 or 2N6668 or
_ _BDX33B BDX34B
40 4 46 BDS501A or BDS00A or
RCA1C07 RCA1C08
40 8 64 True-Comp. BD501B or BDS00B or
L RCA1C08 |
22 16 64 BDS501B or BDS500B or
_ RCA1CQ7 BRCA1CQ8 |
40 4 46 2-2N6101 or
40 8 64 Quasi-Comp. 2-RCA1C09 -
25 | 16 64
100 | 4 _2-RCA1B06 —
70 8 90 Quasi-Comp. 2-BD550 or —
2-RCA1B06
40 16 2-BD550 or —
2-RCA1B06
100 4 84 2-RCA1B01
70 4 |6 2-BD450 —
70 8 84 Quasi-Comp. 2-BD451 or —
2-RCA1801
38 16 84 2-BD451 or —
2-RCA1801
180 4 130 4-RCA1B04 —
120 4 90 -BD550 —
120 8 130 i-Comp. 4-BD550A or —
Quasi-Comp 4-RCA1B04_
70 16 130 4-BD550A or —_
4-RCA1804
300 4 160 6-RCA1B05 —
200 4 110 6-BD550A —
200 8 160 Quasi-Comp. 6-BD550B or —
6-RCA1B0Q5
120 16 160 . 6-BD550B or —_
6-RCA1B05
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Fig.257 - 25-watt true-complementary-symmetry amplifier featuring Darlington output

transistors.
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Table XVI - Typical Performance Data for 25-Watt Audio Amplifier

Measured at Vcc=52 V, TA=25°C, and frequency of 1 kHz unless otherwise specified.

Power:
Rated power (B 108d) ......vvvurvvereerrrertionaeesassassssnsssssensssess 20 W
Typical power (4 Q108d) .....oovvevvernrenereeeneensoeeensensnnceasneensss 25W®
Typical power (16 Q load) .......... P I 4
Total Harmonic Distortion .........c.ccciviviinnrineiinescnneneesena.... See Fig. 258
Sensitivity:
FOr 26-Woutput ......oviiiiinnrernericrrnnnsannnns < < 0 K 111"

*With 40-V supply voltage and BDX33A, BDX34A substituted for BDX33B, BDX34B.

40-Watt True-Complementary-Symmetry also will supply 40 watts output with a 4-ohm

Audio Amplifier load and 22 watts with 16-ohm load. This
Fig. 259 shows a complementary amplifier amplifier provides outstanding stability of the
using epitaxial base output transistors rated at output transistors through the use of a unique
40 watts output with an 8-ohm load. A power turn-off drive circuit, which consists of a
supply intended to supply two identical resistor and capacitor connected between the
amplifiers is shown in Fig. 260. The amplifiers bases of the discrete output devices. This
180
o ’ ’ +32v
Jef o R Sol
Teov - U v sov]
= :NOGTE ReAICO? -
é"s e .
< 10K - %0V § | T -
| I oo’
| | ‘02 D9
| |
RCAIAO2 | | s% R22  wmiLLER 4606
| 037 OR EQUIVALENT
| | 2.5 uH
: l 22L
| I R23 80
Red270 | | §Z§'a ]
Iw l ‘ 5W
o oy, | | |
na | s8R7 | 2z
L_._De__ ______ J Cia
w kTR
R
40360 390 805008 -
RCAIAO —m_ RCAICO8| 3
Cg/ Co i
%m a o".'ae).,.v
€80 =
o ——AA- 4> -32V
NOTES: J
1. D1-D10 - 1N4002. szcm-msso oL 50V

2. Resistors are %-watt, £10%, unless otherwise

specified; values are in ohms. ¥5. Provide heatsink of approx. 1.2° C/W per output

3. Non-inductive resistors device with & contact thermal resistance of
" Capaci ' ; ; 1.3° C/W max. and Ta=40° C max.
4. Capacitance in uF unl herwise speci-
fie: itances are In uF uniess of 1sesp 6. TO-39 case devices with heat radiator attached.
Fig.259 - 40-watt amplifier featuring true-
complementary-symmetry output
using load-line limiting.
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THERMAL CUTOUT technique allows the output transistors to

operate with equal power-bandwidth perform-
zzonzov %"é 46 Y
50/60Hz F SW 2 A de

ance. The circuit also incorporates dissipation-
I/72- A SLOW'ELOW

limiting overload protection.

Typical performance data are shown in
Table XVII. Fig. 261 shows distortion as a
function of frequency and Fig. 262 shows the
frequency response.

NOTE :

55°C THERMAL CUTOUT
ATTACHED TO HEAT SINK

OF OUTPUT DEVICES 232 VNL. 432 VNL. 70-Watt Quasi-Complementary-Symmetry
Audio Amplifier
92CS-31591
. . Fig. 263 shows a complementary amplifier
Fig.260 - Power supply for 40-watt ampli- using hometaxial-base output transistors, rated
fier. at 70 watts output with an 8-ohm load. A
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ng 261 - Typical total harmonic distortion
as a function of frequency.

Table XVII - Typical Performance Data for 40-Watt Audio Amplifier
Measured at Vcc=64 V, TA=25°C, and a frequency of 1 kHz, unless otherwise specified.
Power:

Rated power (8 Q load, at rated distortion) ..........c.cceviivenrinnnrenneenns 40W

Typical power (4 Q10ad) .......cooiiiiirrirrerenieennnnnnnns e eeteeesaeeas 75 W*

Typical power (16 Q load) .......... ettt ttesaetoneeotonsnasennnessnnnneans 2 W
Total Harmonic Distortion:

Rated distortion .........coiiiuiiiiiiiiiii it iiit i ieeieiinreeneeannnns 1%

LD <10 LI L L 0.05%
iM Distortion:

10 dB below continuous power output at 60 Hz and 7 kHz (4:1) .............. 0.1%
IHF Power Bandwidth:

3 dB below rated continuous power at rated distortion..................... 80 kHz
Sensitivity:

At continuous power—output rating....... e reee ettt iersesssaaaaens 600 mV -

Hum and Noise:
Below continuous power output:

L g¥ o1V} =1 1T T (=T I 80 dB
g VL oo T 75 dB
Input Resistance ........... e ettt ettt ettt beaaat et eateraeaenanaaes 20 KQ
*Typical power (4 Q load) with 46-volt split power supply and BbSOOA, BD501Aoutput ........... 40W

Typical power (4 Q load) with 40-volt split power supply and BD500, BD501 output . ........0... 25W°
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Fig.262 - Typical frequency response.
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NOTES: $sT %y
1. D1-D11 - 1N4002. 92CM-31596 =
2. Resistors are %-watt, £10%, unless otherwise
specified; values are in ohms. 5. Mount each device on TO-39 heat sink.
3. Non-inductive resistors. ¥ 6. Provide heat sink of approx. 1.2° C/W per output
4. Capacitances are in 4F unless otherwise speci- device with a contact thermal resistance of
fied. 0.5° C/W max. and Ta=45° C max.

Fig.263 - 70-wattamplifier circu