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Semiconductor Materials,
Junctions, and Devices

EMICONDUCTOR devices are
small but versatile units that

can perform an amazing variety
of control functions in electronic
equipment. Like other electron
devices, they have the ability to
control almost instantly the
movement of charges of electric-
ity. They are used as rectifiers,
detectors, amplifiers, oscillators,
electronic switches, mixers, and
modulators.

In addition, semiconductor de-
vices have many important ad-
vantages over other types of
electron devices. They are very
small and light in weight (some
are less than an inch long and
weigh just a fraction of an
ounce). 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 con-
struction, extremely rugged, free
from microphonics, and can be
made impervious to many severe
environmental conditions.

SEMICONDUCTOR MATERIALS

Unlike other electron devices,
which depend for their function-
ing on the flow of electric charges
through a vacuum or a gas, semi-
conductor devices make use of
the flow of current in a solid. In

general, all materials may be
classified into three major cate-
gories—conductors, semiconduc-
tors, and insulators—depending
upon their ability to conduct an
electric current. As the name in-
dicates, a semiconductor material
has poorer conductivity than a
conductor, but better conduc-
tivity than an insulator.

The materials most often used
in semiconductor devices are
germanium and silicon. Germa-
nium has higher electrical con-
ductivity (less resistance to
current flow) than silicon, and is
used in many low- and medium-
power diodes and transistors.
Silicon is more suitable for high-
power devices than germanium.
One reason is that it can be used
at much higher temperatures. A
relatively nmew material which
combines the principal desirable
features of both germanium and
silicon is gallium arsenide. When
further experience with this ma-
terial has been obtained, it is ex-
pected to find much wider use in
semiconductor devices.

Resistivity

The ability of a material to
conduct current (conductivity)
is directly proportional to the
number of free (loosely held)
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electrons in the material. Good
conductors, such as silver, cop-
per, and aluminum, have large
numbers of free electrons; their
resistivities are of the order of
a few millionths of an ohm-cen-
timeter. Insulators such as glass,
rubber, and mica, which have
very few loosely held electrons,
have resistivities as high as sev-
eral million ohm-centimeters.
Semiconductor materials lie in
the range between these two ex-
tremes, as shown in Fig. 1. Pure
germanium has a resistivity of

INCREASING RESISTIVITY ——>

0® w3 03 10®
OHM~CM |——+——+—+——+—+———+—]

COPPER  GERMANIUM SILICON GLASS

< INCREASING CONDUCTIVITY

Figure 1. Resistivity of typical conductor,
© semiconductor, and insulator.

60 ohm-centimeters. Pure silicon
has a considerably higher re-
sistivity, in the order of 60,000
ohm-centimeters. As used in
semiconductor devices, however,
these materials contain carefully
controlled amounts of certain im-
purities which reduce their
resistivity to about 2 ohm-centi-
meters at room temperature (this
resistivity decreases rapidly as
the temperature rises).

Impurities

Carefully prepared semicon-
ductor materials have a crystal
structure. In this type of struc-
ture, which is called a lattice, the
outer or valence electrons of in-
dividual 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
electrons, semiconductor ma-
terials are poor conductors under
normal conditions. In order to

ELECTRON-PAIR BONDS ATOMS
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Figure 2. Crystal lattice structure.
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separate the electron-pair bonds
and provide free electrons for
electrical conduction, it would be
necessary to apply high tempera-
ture or strong electric fields.
Another way to alter the lat-
tice structure and thereby obtain
free electrons, however, is to add
small amounts of other elements
having a different atomic struc-
ture. By the addition of almost
infinitesimal amounts of such
other elements, called “impuri-
ties”, the basic electrical proper-
ties of pure semiconductor ma-
terials can be modified and
controlled. The ratio of impurity
to the semiconductor 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. If the im-
purity atoms added have the
same number of valence elec-
trons as the atoms of the original
semiconductor material, they fit
neatly into the lattice, forming
the required number of electron-
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pair bonds with semiconductor
atoms. In this case, the electrical
properties of the material are
essentially unchanged.

When the impurity atom has
one more valence electron than
the semiconductor atom, how-
ever, this extra electron cannot
form an electron-pair bond be-
cause no adjacent valence elec-
tron is available. The excess
electron is then held very loosely
by the atom, as shown in Fig. 3,
and requires only slight excita-
tion to break away. Consequently,
the presence of such excess elec-
trons makes the material a bet-
ter conductor, i.e., its resistance
to current flow is reduced.

Impurity elements which are
added to germanium and silicon
crystals to provide excess elec-
trons include phosphorus, ar-
senic, and antimony. When these
elements are introduced, the re-
sulting material is called n-type
because the excess free electrons
have a negative charge. (It
should be noted, however, that

ELECTRON-PAIR SEMICONDUCTOR
BONDS ATOMS

IMPURITY EXCESS
ATOM ELECTRON
Figure 3.

Lattice structure of n-type
material.

the negative charge of the elec-
trons is balanced by an equiva-
lent positive charge in the center
of the impurity atoms. There-
fore, 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 sub-
stituted in the lattice structure.
Although all the valence elec-
trons of the impurity atom form
electron-pair bonds with elec-
trons of neighboring semicon-
ductor atoms, one of the bonds
in the lattice structure cannot be
completed because the impurity
atom lacks the final valence elec-
tron. As a result, a vacancy or
“hole” exists in the lattice, as
shown in Fig. 4. An electron from
an adjacent electron-pair bond
may then absorb enough energy

ELECTRON-PAIR SEMICONDUCTOR
BONDS ATOMS

4+
IMPURITY/ VACANCY
ATOM (HOLE)
Figure 4. Lattice structure of p-type
material.

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;
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
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material which contains these
“holes” or positive charges is
called p-type material. P-type
materials are formed by the addi-
tion of boron, aluminum, gal-
lium, or indium.

Although the difference in the
chemical composition of n-type
and p-type materials is slight,
the differences in the electrical
characteristics of the two types
are substantial, and are very im-
portant in the operation of semi-
conductor devices.

P-N JUNCTIONS

When n-type and p-type ma-
terials are joined together, as
shown in Fig. 5, an unusual but
very important phenomenon oc-
curs at the interface where the
two materials meet (called the

P-N JUNCTION

P-TYPE MATERIAL ~TYPE MATERIAL

’

3
q
ELECTRONS

SPACE-CHARGE REGION

_ Figure 5. Interaction of holes and electrons
) at p-n junction.
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 junc-
tion 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 ma-
terial thus acquires a slight
negative charge and the n-type
material acquires a slight posi-
tive charge.

Thermal energy causes charge
carriers (electrons 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. As a 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 con-
nected across the p-n junction.
(The Dbattery symbol is used
merely to illustrate internal ef-
fects; the potential it represents
is not directly measurable.) The
potential gradient causes a flow
of charge carriers, referred to as
drift current, in the opposite di-
rection to the diffusion current.
Under equilibrium conditions,
the diffusion current is exactly
balanced by the drift current so

JUNCTION
I T
Vo
| |
o
1]
P ] | N
o
Lo
]
! |
| ]
[ IMAGINARY
L4 SPACE - CHARGE
Y EQUIVALENT
BATTERY

Figure 6. Potential gradient across space-
charge region.
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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 pre-
vents 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 in-
duced in the p-type material by
the potential gradient, and holes
from the p-type material are re-
pelled by the slight positive
charge induced in the n-type ma-
terial. The potential gradient (or
energy barrier, as it is sometimes
called), therefore, prevents total
interaction between the two
types of materials, and thus pre-
serves the differences in their
characteristics.

CURRENT FLOW

When an external battery is
connected across a p-n junction,
the amount of current flow is de-
termined by the polarity of the
applied voltage and its effect on
the space-charge region. 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 bat-
tery and away from the junction.
As a result, the space-charge re-
gion at the junction becomes
effectively wider, and the poten-
tial 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.

ELECTRON FLOW

et e
T T
N
t t
| 1
L
=ik

(a) REVERSE BIAS

ELECTRON FLOW

il
(b} FORWARD BIAS

Figure 7. Electron current flow in biased
p-n junctions.
In Fig. 7(b), the positive

terminal of the external battery
is connected to the p-type ma-
terial and the negative terminal
to the n-type material. In this
arrangement, electrons in the
p-type material near the positive
terminal of the battery break
their electron-pair bonds and en-
ter the battery, creating new
holes. At the same time, elec-
trons from the negative terminal
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of the battery enter the n-type
material and diffuse toward the
junction. As a result, the space-
charge region becomes effec-
tively narrower, and the energy
barrier decreases to an insignifi-
cant 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 for-
ward-biased.

The generalized voltage-cur-
rent characteristic for a p-n junc-
tion in Fig. 8 shows both the

CURRENT(mA)T

FORWARD
CURRENT

«—REVERSE BIAS

FORWARD BIAS—>

REVERSE
CURRENT

lcuaaem(m

Figure 8. Voltage-current characteristic for
a p-n junction.

reverse-bias and forward-bias re-
gions. In the forward-bias re-
gion, current rises rapidly as the
voltage is increased and is rela-
tively high. Current in the reverse-
bias region 1is usually much
lower. Excessive voltage (bias)
in either direction is avoided in
normal applications because ex-
cessive currents and the result-
ing high temperatures may
permanently damage the semi-
conductor device.

N-P-N and P-N-P Structures

Fig. 7 shows that a p-n junc-
tion biased in the reverse di-
rection 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). Be-
cause the power developed by a
given current is greater in a high-
resistance element than in a low-
resistance element (P = I2R),
power gain can be obtained in a
structure containing two such re-
sistarice elements if the current
flow is not materially reduced. A
device containing two p-n junc-
tions biased in opposite directions
can operate in this fashion.

Such a two-junction device is
shown in Fig. 9. 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 ma-

terial (p-type in the device
shown). By means of the external
batteries, the left-hand (n-p)

junction is biased in the forward
direction to provide a low-resist-
ance input circuit, and the right-
hand (p-n) junction is biased in

ouTPUT
N |P| N o
ELECTRON ; é
Flow
-+ +
itk {i—

Figure 9. N-P-N structure biased for power

gain.

the reverse direction to provide a

high-resistance output circuit.
Electrons flow easily from the

left-hand n-type region to the cen-
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ter 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 re-
gion. This high percentage of cur-
rent penetration provides power
gain in the high-resistance output
circuit and is the basis for tran-
sistor 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 op-
posite direction. (Many discus-
sions of semiconductor theory
assume that the ‘“holes” in semi-
conductor material constitute the
charge carriers in p-n-p devices,
and discuss “hole currents” for
these devices and “‘electron cur-
rents” for n-p-n devices. Other
texts discuss neither hole current
nor electron current, but rather
“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 termi-
nal. For the sake of simplicity,
this discussion will be restricted
to the concept of electron current
flow, which travels from a nega-
tive to a positive terminal.)

Types of Devices

The simplest type of semicon-
ductor device is the diode, which
is represented by the symbol
shown in Fig. 10. Structurally, the
diode is basically a p-n junction
similar to those shown in Fig. 7.
The n-type material which serves
as the negative electrode is re-

ferred to as the cathode, and the
p-type material which serves as
the positive electrode is referred
to as the anode. The arrow sym-
bol used for the anode represents

N—TYPE P—TYPE

MATERIAL

CATHODE ANODE

Figure 10. Schematic symbol for a semi-

conductor diode.

the direction of “conventional cur-
rent flow” mentioned above; elec-
tron current flows in a direction
opposite to the arrow.

Because the junction diode con-
ducts current more eagily in one
direction than in the other, it is
an effective rectifying device. If
an ac signal is applied, as shown
in Fig. 11, electron current flows
freely during the positive half

cycle, but little or no current
INPUT
SIGNAL LOAR
Figure 11. Simple diode rectifying circuit.

flows during the negative half
cycle.

One of the most widely used
types of semiconductor diode is
the silicon rectifier. These devices
are available in a wide range of
current capabilities, ranging from
tenths of an ampere to several
hundred amperes, and are cap-
able of operation at voltages as
high as 1000 volts or more.
Parallel and series arrangements
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of silicon rectifiers permit even
further extension of current and
voltage limits. These devices are
discussed in detail in the section
on Silicon Rectifiers.

If two p-type and two n-type
semiconductor materials are ar-
ranged in a series array that con-
sists of alternate n-type and p-
type layers, a device is produced
which behaves as a conventional
rectifier in the reverse direction
and as a series combination of an
electronic switch and a rectifier
in the forward direction. Conduc-
tion in the forward direction can
then be controlled or “gated” by
operation of the electronic switch.
These devices, called thyristors,
have control characteristics simi-
lar to those of thyratron tubes.
The silicon controlled rectifier
(SCR) and the triac are the most
popular types of thyristors. Fig.

P N P N

ANODE CATHODE
TERMINAL TERMINAL
GATE
/ TERMINAL
SCR\ CATHODE
GATE
ANODE (CASE)

MAIN
MAIN Kl ERMINAL 1
TERMINALZ‘ P N |p lj—_—o—o
N
N

GATE
/ TERMINAL

TRIAC

N

MAIN TERMINAL |

GATE

MAIN TERMINAL 2
(CASE)

Figure 12. Junction diagrams and
schematic symbols for SCR’s and triacs.

12 shows the junction diagrams
and schematic symbols for the
SCR and triac. Such devices are
discussed in the section on
Thyristors.
- Several variations of the basic
junction-diode structure have been
developed for use in special appli-
cations. One of the most important
of these developments is the tun-
nel diode, which is used for am-
plification, switching, and pulse
generation. This special diode is
described in the RCA TRANSIS-
TOR MANUAL 8SC-13 and in
greater detail in the RCA TUN-
NEL DIODE MANUAL TD-30.
When a second junction is added
to a semiconductor diode to pro-
vide power or voltage amplifica-
tion (as shown in Fig. 9), the
resulting device is called a tran-
sistor. The three regions of the
device are called the emitter, the
base, and the collector, as shown
in Fig. 13. In normal operation,

EMITTER BASE COLLECTOR

Figure 13. Functional diagram of transistor
structure.

the emitter-to-base junction is
biased in the forward direction
and the collector-to-base junction
in the reverse direction.

Different symbols are used for
n-p-n and p-n-p transistors to
show the difference in the direc-
tion of current flow in the two
types of devices. In the n-p-n
transistor shown in Fig. 14(a),
electrons flow from the emitter to
the collector. In the p-n-p transis-
tor shown in Fig. 14(b), electrons
flow from the collector to the emit-
ter. In other words, the direction
of electron current is always op-
posite to that of the arrow on
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the emitter lead. (As in the case
of semiconductor diodes, the ar-
row indicates the direction of
“conventional current flow” in the
circuit.)

The first two letters of the
n-p-n and p-n-p designations indi-

EMITTER /~ O\ COLLECTOR

BASE
(a) N—P—=N TRANSISTOR

EMITTER /~ \ COLLECTOR

' BASE

(b) P~N—P TRANSISTOR

Figure 14. Schematic symbols for
transistors.

cate the respective polarities of
the voltages applied to the emitter
and the collector in normal opera-
tion. In an n-p-n transistor, the
emitter is made negative with re-
spect to both the collector and the
base, and the collector is made
positive with respect to both the
emitter and the base. In a p-n-p
transistor, the emitter is made
positive with respect to both the
collector and the base, and the col-
lector is made negative with re-
spect to both the emitter and the
base.

The transistor, which is a three-
element device, can be used for a
wide variety of control functions,
including amplification, oscilla-
tion, and frequency conversion.
Power-transistor characteristics
and ratings are discussed in de-
tail in the section on Silicon
Power Transistors.



12

Silicon Rectifiers

SILICON rectifiers can be oper-

ated at ambient temperatures
up to 200°C and at current levels
of hundreds of amperes and volt-
age levels as high as 1000 volts.
In addition, parallel or series ar-
rangements of two or more recti-
fiers can be used to provide even
higher current or voltage capa-
bilities. Because of their high
forward-to-reverse current ratios,
silicon rectifiers can achieve rec-
tification efficiencies greater than
99 per cent. The rectifiers are very
small and lightweight, and can be
made highly resistant to shock
and other severe environmental
conditions. In addition, they have
excellent life characteristics which
are not affected by aging, mois-
ture, or temperature.

THEORY OF OPERATION

The operation of a silicon recti-
fier can be conveniently explained
by analysis of the flow of charge
carriers across the p-n junction
under both forward- and reverse-
bias conditions. Alternatively, an
analysis of the potential distribu-
tion in the junction for each bias
condition may be used to predict
the behavior of the rectifier.

In a silicon rectifier, the re-
gions adjacent to the metal con-
tacts are heavily doped, one with
p-type dopant and the other with
n-type dopant, to ensure that

nonrectifying ohmic contacts are
formed at the silicon-to-metal
interfaces. A rectifying junction
should exist only within the sili-
con, at the interface of the n-
type and p-type regions. A lightly
doped n-type region between the
heavily doped n- and p-type re-
gions provides the high block-
ing-voltage capability required
of the rectifier. Because of this
lightly doped region, the more
heavily doped n-type region ad-
jacent to the metal contact is
referred to as the n+ region. The
silicon rectifier, therefore, is a
p-n-nt structure.

Carrier-Flow Analysis

The theory of operation of
p-n-n+ silicon junctions can be
visualized by use of the diagrams
shown in Fig. 15. In these dia-
grams, free electrons are repre-
sented by dots and free holes by
circles; the movements of elec-
trons and holes are indicated by
arrows.

In equilibrium, as shown in Fig.
15(b), each region of the crystal
containg approximately the same
number of free electrons or free
holes as the amount of donor
impurities or acceptor impurities,
respectively. The p-type region
contains only holes, the n-type re-
gion contains only electrons, and
the metal contacts contain both
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holes and electrons. The nature of
the metal-to-semiconductor ohmic
contact is such (as explained
later) that only electrons can go
from the metal into the n-type
semiconductor, and only holes can
go from the metal to the p-type

METAL METAL
(ANODE (CATHODE
CONTACT) CONTA(iT)

Nel

N+ /
/

(a) JUNCTION DIAGRAM

(c) REDISTRIBUTION OF CHARGE CARRIERS
WHEN REVERSE BIAS 1S APPLIED

DEPLETION
REGION

(d) REVERSE-BIAS CONDITION

(e) FORWARD-BIAS CONDITION

Figure 15. Concentrations of electrons
(dots) and holes (circles) in a silicon
rectifier.
semiconductor. The resulting be-
havior under forward- or reverse-

bias conditions is as follows:

Reverse-Bias Operation—When
a reverse bias is applied (positive
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voltage to the n-type region and
negative voltage to the p-type re-
gion), a nonequilibrium distribu-
tion of holes and electrons occurs
because a region around the p-n
junction is depleted of free charge
carriers. This redistribution oc-
curs because electrons are at-
tracted by the positive voltage
applied to the n-type region and
holes are attracted by the nega-
tive voltage applied to the p-type
region so that they are displaced
from the equilibrium positions, as
shown in Fig. 15(c). The net re-
sult is that carriers move away
from both sides of the junction to
create a depletion region or
space-charge region which can
withstand the applied voltage
without further current flow, as
shown in Fig. 15(d). Only a very
small leakage current flows be-

cause, as noted above, holes from

the metal cannot enter the n-type
region and electrons from the
metal cannot enter the p-type re-
gion. This leakage current can be
attributed to thermal generation
of electron-hole pairs within the
depletion layer, as indicated in
Fig. 15(d).

Forward-Bias Operation—The
junction is forward-biased when
a positive voltage is applied to the
p-type region and a negative volt-
age is applied to the n-type re-
gion. This bias causes holes and
electrons to move toward and
across the junction. As a result,
the concentration of free charge
carriers in the central region of
the junction is greatly increased,
as shown in Fig. 15(e). Holes
from the left metal contact can
freely enter the p-type region, and
electrons from the opposite metal
contact can freely enter the n-type
region. An abundant supply of
holes and electrons is available,
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therefore, to replace those. that
move across the junction.

Potential-Hill Analysis

The operation of p-n-n+ silicon
junctions may also be visualized
in terms of the potential-energy
diagrams shown in Fig. 16. In
these diagrams, the vertical scale
represents energy. An increase in
electron energy is indicated by the
upward direction from the Fermi
energy level (Er line), and an in-
crease in hole energy is indicated
by the downward direction from
this level. Electrons are always
above the Er line and holes are
always below this line, which rep-
resents the ground state or zero
energy level for both types of car-
riers. Both electrons and holes
tend to “fall” toward this level
unless there is some source of en-
ergy to move them away from it.
Thermal energy from the silicon
crystal is one source of energy
that normally causes some of the
carriers to be displaced above and
below the Fermi level, as shown in
Fig. 16(b).

In the metal contacts, holes and
electrons exist side by side because
there is no forbidden-energy re-
gion. In the semiconductor ma-
terial, however, the Fermi level
lies within a forbidden-energy
region which cannot be penetrated
by holes or electrons. In the n-
type semiconductor, the Fermi
level lies near the top of the for-
bidden-energy region, and there
is ample space for free electrons
to move about. There are no holes
in the n-type region, however, be-
cause more energy is required to
force the holes below the forbid-
den-energy region than can be
supplied by the thermal effects.
Similarly, in the p-type region, the
Fermi level lies close to the bot-

tom of the forbidden-energy re-
gion. The holes, therefore, can
easily obtain enough thermal en-
ergy to get below this region, but
electrons cannot obtain enough
energy to get above it. As a result,
only holes can enter the p-type
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Figure 16. Potential-hill diagrams for vari-

ous stages of rectifier operation (upward

direction indicates increasing electron en-

ergy; downward direction indicates increas-
ing hole energy).

region from the metal, and only
electrons can enter the n-type re-
gion from the metal. Holes can
freely circulate between the metal
and the p-type region, but elec-
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trons are excluded. Electrons can
freely circulate between the metal
and the n-type region, but holes
are excluded.

In visualizing the operation of

a silicon rectifier by use of the
potential-hill diagrams shown in
Fig. 16, the following factors must
be considered:

1. The shape of the forbidden-
energy region is rigid at the
metal-to-semiconductor con-
tact. The shape is deter-
mined by the doping level
(or carrier concentration),
which is extremely high at
the contacts and cannot,
therefore, be changed by the
carriers injected or removed
by applied voltage or cur-
rent.

2. The shape of the forbidden-
energy region is flexible at
the p-n junction because the
carrier concentration at the
junction is quite low and can
be readily influenced by ad-
dition or removal of carriers
by means of an applied bias.

The behavior under forward- and
reverse-biased conditions may
then be explained as follows:

Reverse-Bias Operation—Un-
der reverse-bias conditions, the
potential energy of electrons is
increased on the negatively biased
side of the junction so that the
energy at this end is higher, as
shown in Fig. 16 (c¢). Although the
applied bias is such that it tends
to push electrons from the metal
into the p-type region and holes
from the metal into the n-type re-
gion, no current flows because the
rigidity of the forbidden-energy
region at the contacts prevents
such movements of the charge
carriers. The applied voltage sim-
ply increases the height of the
potential hill at the junction be-
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cause there are no carriers avail-
able to move in the direction that
the field would cause them to
move. On both sides, the carriers
have an ‘“uphill” climb to the
junction.

Forward-Bias Operation—The
application of a positive voltage
to the p-type region and a nega-
tive voltage to the n-type region
raises the electrons to a higher
potential energy on the n-type
side of the junction, as shown in
Fig. 16 (d). This bias must alter
the shape of the forbidden-energy
region so that its ends meet the
changed energy levels of the
metals. Because the shape is
flexible only at the junction, the
applied bias causes the profile of
the forbidden-energy region to be
altered, as shown in Fig. 16(d),
to reduce the height of the built-in
potential hill. As a result, many
electrons now have sufficient
thermal energy to get over the
hill, and many holes have sufficient
thermal energy to get under it.
Because the height of the hill is
equivalent to about one electron-
volt, a forward bias of one volt is
sufficient to allow electrons and
holes to move unimpeded across
the junction; the current is then
limited only by the ohmic resist-
ance of the external circuit.

CHARACTERISTICS
AND RATINGS

The characteristics data and the
ratings given in the manufac-
turer’s specifications on silicon
rectifiers provide an important
guide to the selection of the proper
device for a given circuit applica-
tion. Characteristics data provide
the information that a circuit
designer needs to predict the per-
formance capabilities of his cir-
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cuit, and form the basis for the
ratings that define the safe oper-
ating limits for the rectifier.

Important Characteristics

Characteristics data given for
silicon rectifiers are based on the
manufacturer’s determination of
the inherent qualities and traits
of the device. Characteristics are
usually directly measurable at-
tributes. Of the various rectifier
characteristics for which data are
given, four of the most important
are thermal impedance, forward-
voltage drop, reverse (leakage)
current, and reverse recovery
time. These four characteristics
help determine the performance
and environmental capabilities and
limitations of rectifiers.

Thermal Impedance—Although
silicon rectifiers can operate at
high temperatures, the actual pel-
let of silicon which performs the
rectification is quite small and has
a very low thermal capacity. Dur-
ing normal operation, the rectifier
p-n junction dissipates approxi-
mately 1 watt of power for each
ampere of forward current. The
temperature of the junction rises
rapidly during high-current opera-
tion. An increase in junction tem-
perature beyond rated capabilities,
as a result of either high currents
or excessive ambient tempera-
tures, may cause rectifier failure,
either directly because of irrevers-
ible material damage as a result
of the high temperature or indi-
rectly because of the effect of the
increased temperature on the re-
verse-blocking capability of the
rectifier, as described later. The
heat dissipated in the silicon pel-
let must be removed rapidly,
therefore, so that the temperature
of the junction is not allowed to

rise above the safe operating
value of 200°C. For this reason,
the silicon pellet is mounted be-
tween heavy copper parts in a
symmetrical direct-soldered ar-
rangement that results in uniform
distribution of thermal stresses,
minimum thermal fluctuations,
and low thermal resistance.

Fig. 17 shows a cross-sectional
diagram of a typical silicon recti-
fier. Because of the way in which
the rectifier is constructed, there
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Cross-sectional diagram of a
ypical silicon rectifier.

Figure 17t
is always a thermal “drop” be-
tween the p-n junction and the
outside of the rectifier case. This
thermal “drop”, which is analo-
gous to the voltage drop across
the various components of an elec-
trical circuit, is caused by the
thermal impedances of the various
components of the internal recti-
fier structure. These impedances
include both thermal resistance
and thermal capacitance. The
lower side of the silicon pellet is
soldered directly to a heavy copper
stud that provides a low-thermal-
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resistance path between the pellet
and the rectifier heat sink. The
upper side of the pellet is soldered
to a heavy copper block which, to-
gether with the stud, forms a
thermal capacitor.

During long periods of steady-
state operation, the thermal capac-
itance becomes fully charged and
does not affect the operation of
the rectifier. For this reason,
thermal-capacitance values are not
included in manufacturers’ speci-
fications on silicon rectifiers. It
is important, however, that the
specifications include the thermal
resistance, expressed in °C per
watt, because this value is used,

together with the power dissi-
pated by the rectifier, to de-
termine the vrise in junction

temperature above the case tem-
perature.

The thermal capacitance incor-
porated into the rectifier struc-
ture becomes extremely important
when the rectifier junction is sub-
jected to sudden changes in cur-
rent, such as may occur during a
fault condition. This capacitance
absorbs heat produced by high-
current pulses and allows the
heat to flow through the pellet
and stud (low-thermal-resistance
path) during periods of low cur-
rent. In this way, fluctuations in
junction temperature are held to
a minimum.

Forward-Voltage Drop — The
major source of power loss in a
silicon rectifier arises from the
forward-conduction voltage drop.
This characteristic, therefore, is
the basis for many of the rectifier
ratings. ‘

A gilicon rectifier usually re-
quires a forward voltage of 0.4 to
0.8 volt, depending upon the tem-
perature and impurity concentra-
tion of the p-n junction, before
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a significant amount of current
flows through the device. As shown
in Fig. 18, a slight rise in the
forward voltage beyond this point
causes a sharp increase in the for-
ward current. The slope of the
voltage-current characteristic at
voltages above this threshold value
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Figure 18. Typical forward characteristics
of a silicon rectifier.

represents the dynamic resistance
of the rectifier. Losses that result
from this resistance characteris-
tic increase as the square of the
current and thus increase rapidly
at high current levels. The dy-
namic resistance is dependent
upon the construction of the rec-
tifier junction and is inversely
proportional to the area of the
silicon pellet.

Fig. 18 also shows that, at any
reasonable current level, the value
of forward voltage required to
initiate current flow through the
rectifier decreases as the tempera-
ture of the rectifier junction in-
creases. This voltage-temperature
dependence has a compensatory ef-
fect in rectifiers operated at high
currents, but it is a source of diffi-
culty when rectifiers are operated
in parallel.

Reverse Current—When a re-
verse-bias voltage is applied across
a silicon rectifier, a limited amount
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of reverse-blocking current flows
through the rectifier. This current
is in the order of only a few
microamperes, as compared to the
milliamperes or amperes of for-
ward current produced when the
rectifier is forward-biased. Ini-
tially, as shown in Fig. 19, the
‘reverse current increases slightly
as the blocking voltage increases,

- VOLTAGE o

CURRENT

150°C
IpA

100 uA

Figure 19. Typical reverse characteristics
of a silicon rectifier.
but then tends to remain rela-
tively constant, even though the
blocking voltage is increased sig-
nificantly. The figure also indicates
that an increase in operating tem-
perature causes a substantial in-
crease in reverse current for a
given reverse voltage. Reverse-
blocking thermal runaway may oc-
cur because of this characteristic
if the reverse dissipation becomes
so large that, as the junction tem-
perature rises, the losses increase
faster than the rate of cooling.
If the reverse blocking voltage
is continuously increased, it even-
tually reaches a value (which
varies for different types of sili-
con rectifiers) at which a very
sharp increase in reverse current
occurs. This voltage is called the
breakdown or avalanche (or
Zener) voltage. Although recti-
fiers can operate safely at the
avalanche point, the rectifier may
be destroyed as a result of thermal
runaway if the reverse voltage in-
creases beyond this point or if

the temperature rises sufficiently
(e.g., a rise in temperature from
25°C to 150°C increases the cur-
rent by a factor of several hun-
dred).

Reverse-Recovery Time—After
a silicon rectifier has been oper-
ated under forward-bias condi-
tions, some finite time interval (in
the order of a few microseconds)
must elapse before it can return
to the reverse-bias condition. This
reverse-recovery time is a direct
consequence of the greatly in-
creased concentration of charge
carriers in the central region that
occurs during forward-bias opera-
tion. If the bias is abruptly re-
versed, these carriers abruptly
change direction and move out in
the reverse direction. Because
there is a finite number of these
carriers in the central region, and
there is no source of additional
charge carriers to replace those
that are removed, the device will
eventually go into the reverse-
bias condition. During the removal
period, however, the charge car-
riers constitute a reverse current
known as the reverse-recovery
current.

The reverse-recovery time im-
poses an upper limit on the fre-
quency at which a silicon rectifier
may be used. Any attempt to op-
erate the rectifier at frequencies
above this limit results in a sig-
nificant decrease in rectification
efficiency and may also cause
severe overheating and resultant
destruction of the rectifier be-
cause of power losses during the
recovery period.

Ratings

Ratings for silicon rectifiers
are determined by the manufac-
turer on the basis of extensive
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testing. These ratings express the
manufacturer’s judgment of the
maximum stress levels to which
the rectifiers may be subjected
without endangering the operating
capability of the unit. The fol-
lowing list includes various fac-
tors for which silicon rectifiers
must be rated: peak vreverse
voltage, forward current, surge
(or fault) current, operating
and storage temperatures, am-
peres squared-seconds, and mount-
ing torque.

Peak Reverse Voltage—Peak
reverse voltage (PRV) is the rat-
ing used by the manufacturer to
define the maximum allowable re-
verse voltage that can be applied
across a rectifier. This rating is
less than the avalanche breakdown
level on the reverse characteris-
tic. With present-day diffused
junctions, the power dissipation at
peak reverse voltage is a small
percentage of the total losses in
the rectifier for operation at the
maximum rated current and tem-
perature levels. The reverse dissi-
pation may increase sharply,

_however, as temperature or block-
ing voltage is increased to a point
beyond that for which the device
is capable of reliable operation.
It is important, therefore, to op-
erate within ratings.

A transient reverse voltage rat-
ing may be assigned when it has
been determined that increased
voltage stress can be withstood
for a short time duration provided
that the device returns to normal
operating conditions when the
overvoltage is removed. This con-
dition is illustrated in Fig. 20.

Peak-reverse voltage ratings for
single-junction silicon rectifiers
range from 50 to 1500 volts and
for multiple-junction silicon-recti-
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fier stacks may be as high as sev-
eral hundred thousands of volts.
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Figure 20. Typical waveform of repetitive
and transient reverse voltages applied
across a silicon rectifier.

Forward Current—The current
rating assigned to a rectifier is
expressed as a maximum value of
forward current at a specific case
temperature. For these conditions,
the power dissipation and internal
temperature gradient through the
thermal impedance from junction
to case are such that the junection
is at or near the maximum oper-
ating temperature for which the
blocking-voltage rating can be
maintained. At current levels
above this maximum rating, the
internal and external leads and
terminals of the device may ex-
perience excessive temperatures,
regardless of the heat sink pro-
vided for the pellet itself. The
current rating can be described
more fully in the form of a curve
such as that shown in Fig. 21.
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Figure 21. Current rating chart -for a 12-
ampere silicon rectifier.
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Because the current through a
rectifier is not normally a smooth
flow, current ratings are usually
expressed in terms of average cur-
rent (I,.), peak current (I,
and rms current (I,,,). Each of
these currents may be expressed
in terms of the other two currents.

The average current through a
rectifier in half-sine-wave service
is related to the peak current by
the following equation:

L[ T sin ot d(at)

Tave = T 2
1
=0 Tpk (1a)
or
Ik = 7 Lavg (1b)

The relationship between the
peak current and rms current of
a rectifier in half-sine-wave ser-
vice can be expressed as follows:

- Y
ﬁ Li? sin? wb d(wt)

+ ﬂzo d(wt)d

Iime =
me 27

(2a)
or

(2b)

ka =2 Irms

Table I summarizes the rela-
tionships expressed by Egs. (1)
and (2). As discussed later, cer-
tain of these relationships are
used to determine the power dis-
sipated in a rectifier. The rela-
tionships for average, peak, and
rms currents are applicable only
when the rectifier is used in half-
sine-wave service.

Table I—Relationship of I,z Iins
and I,

(2/7) Tims = 0.64 I
rms (77/2) Iavg = 1.57 Iavg

Iy = 71, = 3814 I,

Ly = (/@) Iy = 032 Iy
ka =2 Irms

Irms = 1/? ka

I =

I =

Published data for rectifiers
usually list maximum limits for
average current and for repetitive -
peak current. The maximum av-
erage forward-current rating is
the maximum average value of
current that is allowed to flow
through the rectifier in the for-
ward direction under stated con-
ditions. The repetitive peak
forward-current rating is the
maximum instantaneous value of
repetitive forward current per-
mitted under stated conditions.
The dual maximum ratings are
required because, under certain
conditions (e.g., when a high
capacitive load is used), it is pos-
sible for the average current to
be low and for the peak current
to be high enough to cause over-
heating of the rectifier. The ap-
proximate expression for power
losses P in a silicon rectifier,
given by the following equation,
can be used to explain how this
type of operation is possible:

P(watts) =

(Vdc Ide) + (Irm52 Rdyn) (3)

where the voltage V4 is 0.4 to
0.9 volt depending upon the junc-
tion temperature; the direct cur-
rent I,;. is equivalent to the aver-
age current I,..; the current I,
is the true rms current and, for
a fixed average current, increases
as the peak current increases;
and Rg,, is the dynamic resistance
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of the rectifier over the current
range considered.

An analysis of Eq. (3) shows
that if the peak current is in-
creased and the conduction time
is decreased so that the average
current is held constant, the rms
current and, therefore, the power
dissipated in the rectifier (I,
Ryyn) are also increased. This be-
havior explains why the maximum
permissible value of average cur-
rent in multiple-phase circuits is
reduced as the number of phases
is increased and the conduction
period is reduced. Fig. 21 shows
the effect of the number of phases
on the variation in average cur-
rent with case temperature.

Surge Current—A third maxi-
mum-current limit given in the
manufacturer’s data on silicon
rectifiers is the surge (or fault)
current rating. During operation,
unusually high surges of current
may result from in-rush current
at turn-on, load switching, and
short circuits. A rectifier can ab-
sorb a limited amount of increased
dissipation that results from
short-duration high surges of cur-
rent without any effect except a
momentary rise in junction tem-
perature. If the surges become
too high, however, the tempera-
ture of the junction may be raised
beyond the maximum capability
of the device. The rectifier may
then be driven into thermay run-
away and, consequently, be de-
stroyed. Fig. 22(a) shows a typi-
cal surge-current rating curve
for a silicon rectifier.

If the value and duration of
anticipated current surges exceed
the rating of the rectifier, im-
pedance may be added to the cir-
cuit to limit the magnitude of the
surge current, or fuses may be
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used to limit the duration of the
surges. In some cases, a rectifier
that has a higher surge rating
than average current requirements
indicate to be necessary may be
used to meet surge requirements
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Figure 22. (a) Peak-surge-current rating
chart for a 12-ampere silicon rectifier;

(b) coordination chart that relates rectifier

surge-current rating (curve A), opening

characteristics of circuit fuses (curve B),

and maximum available surge current in
a circuit (curve C).

of the circuit. This technique
eliminates the need for additional
circuit impedance elements or
special fusing.

If fuses are used to protect the
rectifiers, a coordination chart,
such as that shown in Fig. 22(b),
should be constructed. This chart
shows the surge rating of the rec-
tifier (curve A), the opening char-
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acteristics of the fuse (curve B),
and the maximum surge current
available in the circuit (curve C).
In the construction of a coordina-
tion chart for a particular recti-
fier, the rms value of the surge
current can be obtained from a
universal surge-rating chart, such
as that shown in Fig. 23. The
opening characteristics of the fuse
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Note: The rms current given by this curve is a
partial surge rating and should be added to the
normal rms current to determine the total surge
rating.

Figure 23. Universal surge-current rating
chart for RCA silicon rectifiers.

can be obtained from the manu-

facturer’s published data, and the

maximum surge current can be

calculated.

The coordination chart shown
in Fig. 22(b) was prepared for a
12-ampere silicon rectifier oper-
ated in half-wave service from a
220-volt rms ac source and pro-
tected by a fuse having opening
characteristics as shown by
curve B. If the total short-
circuit impedance of all the rec-
tifier elements is determined to
be 2.25 ohms, the peak surge
current I, for full-wave opera-
tion can be calculated as fol-
lows:

L 220 Vyms X 1.41
s 2.25

= 137.6 amperes

For half-wave service, the peak
surge current (I; = I,) can be
converted to rms current by use
of the relationships given in
Table I, as follows:

Irms = % ka
= 13%5, or 68.8 amperes

Curve A of Fig. 22(b), which is
merely a reproduction of the 12-
ampere curve on the universal rat-
ing chart shown in Fig. 23, gives
the surge-current rating of the
12-ampere silicon rectifier, but
does not consider the normal rms
value of current that the rectifier
can handle. This normal value of
rms current must be subtracted
from the total surge current to
determine the actual overcurrent
of the fault. First, the relation-
ships in Table I are used to con-
vert the average-current rating of
the rectifier to the normal rms
value, as follows:

Iims = 1.57 Tavg
= 1.57 X 12, or 18.8 amperes
The overcurrent is then deter-

mined from the following calcula-
tion:

Inormal = 68.8 —18.8,

or 50 amperes

Isurge -

The 50-ampere fault current is
represented on the coordination
chart in Fig. 22(b) Dby the
straight-line curve C. The 12-
ampere rectifier can sustain a
fault current of this magnitude
for 51 milliseconds, as indicated
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by the point of intersection of
curves A and C. The fuse, how-
ever, opens and interrupts the
flow of current in the circuit
after 43 milliseconds, as indi-
cated by the point of intersec-
tion of curves B and C, and the
rectifier is protected.

Amperes Squared-Seconds (I°t)
—The amperes squared-seconds
rating of a silicon rectifier pro-
vides information on the maxi-
mum subeycle surge current that
the rectifier can sustain when it
is used with extremely fast cir-
cuit-interrupting devices or is
operated in nonsinusoidal rectifier
applications. In the manufac-
turer’s published data, the rating
is usually given for operation at
60 Hz and is calculated from the
maximum peak surge current that
the rectifier can sustain over the
period of one cycle (16.67 milli-
seconds), as follows:

. 2
2 — <one-cycle surge-current ratmg)
- 2

X 16.67 X 1073 4)

The peak value of surge current
that can be sustained by a 12-
ampere silicon rectifier is given
by the curve shown in Fig. 22(a)
as 240 amperes. The amperes
squared-seconds rating for the
rectifier is then determined from
the following calculation:

2
It = (2;;—9> X 16.67 X 1073

= 240 amperes squared-seconds

From the value obtained for
the It rating, the rms value of the
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maximum surge current can be
calculated for any time between
0.83 millisecond and 8.3 milli-
seconds (i.e., from 5 to 50 per
cent of the period of one cycle).
For example, if a square wave of
current is to be passed through
the 12-ampere rectifier for 8 milli-
seconds, the maximum current
that can be tolerated is determined
as follows:

2t
I=\T ®)

_ \/240 amperes squared-seconds
- 3 X 1073 seconds

= 283 amperes

If a half-cycle sine wave of cur-
rent is passed through the recti-
fier instead of the square wave of
current, the peak value of the
maximum permissible current is
determined by use of the relation-
ship in Table I, as follows:

ka =2 Irms
= 2 X 283, or 566 amperes

SERIES AND PARALLEL
RECTIFIER ARRANGEMENTS

Two or more silicon rectifiers
can be used in parallel or series
arrangements to extend current
and voltage capabilities beyond
the limits attainable from a single
rectifier. Some basic considera-
tions for multiple connections of
silicon rectifiers are discussed in
the following paragraphs.



24 RCA Silicon Power Circuits Manual

Parallel Arrangemerits

When two or more silicon rec-
tifiers are connected in parallel,
the current-handling capability of
the combined units is substantially
greater than that of a single rec-
tifier of the same type. It is often
more practical, however, to obtain
the greater current capability by
use of a multiphase circuit or by
selection of a single higher-cur-
rent rectifier, if available, that
can provide the capabilities re-
quired.

When rectifiers are to be used
in parallel arrangements, the main
concern is the forward-voltage
characteristics of the rectifiers
selected. If the forward-voltage
characteristics of the rectifiers are
not closely matched, an unbalance
in the current division among the
rectifiers occurs. The rectifier that
has the lower forward-voltage
drop receives a larger share of
the total current. The higher cur-
rent causes a greater heating of
this rectifier which further in-
creases the current. This regen-
erative effect can result in destruc-
tion of the rectifier and can lead
to progressive destruction of all
the rectifiers in the parallel ar-
ray. In parallel operation of
silicon rectifiers, therefore, the
circuit configuration should assure
that the rectifiers receive equal
shares of the total current, for-
ward-voltage characteristics of
the rectifiers should be closely
matched, or a combination of
both techniques should be used.

An equal division of current
among the rectifiers can be forced
by use of resistors or balancing
inductors in series with each rec-
tifier. The major disadvantage to
the use of series resistors is that
they introduce large power losses

that reduce rectifier efficiency. The
major disadvantage of balancing
reactors is the relatively high cost
of these components.

The best method to assure equal
division of current through paral-
lel rectifiers is to select rectifiers
on the basis of the match in their
forward-voltage  characteristics.
This selection can be made more
easily when a large number of
parallel circuits is to be construec-
ted, because the rectifiers can
then be graded into different volt-
age-drop categories and units
from only one category selected
for a given parallel circuit. Be-
cause the forward voltage drop of
a silicon rectifier is dependent
upon the temperature, rectifiers
used in a parallel array should be
maintained at the same tempera-
ture. One technique that may be
used to assure that temperature
deviations among the rectifiers
will be held to a minimum is to
mount all the units in the parallel
array on the same heat sink.

When silicon rectifiers are con-
nected in parallel arrangements,
all contacts should have a low re-
sistance, the wires used should be
large enough so that their re-
sistance is negligible, and in high-
current arrays the wiring should
be arranged so that a minimum
unbalance in inductive effects is
achieved.

Series Arrangements

Two or more silicon rectifiers
may be connected in series ar-
rangements when voltage require-
ments exceed the capabilities of
a single rectifier. The main con-
cern when rectifiers are to be
operated in series is that the re-
verse voltage be divided equally
across each rectifier. The use of



Silicon Rectifiers

resistance-capacitance equalizing
networks and the selection of rec-
tifiers that have matched reverse
characteristics are the two most
common techniques employed to
assure equal voltage division.
These techniques are discussed in
greater detail later in connection
with High-Voltage Rectifier As-
semblies.

A third technique that may be
employed when rectifiers are con-
nected in series is the use of
transformers that have multiple
secondary windings. Each second-
ary winding is connected across
one of the rectifiers in the series
array. This technique is practical
when only a few rectifiers are to
be connected in series. For a large
number of rectifiers, the cost and
complexity of the multiple-second-
ary approach become prohibitive.

HIGH-VOLTAGE
RECTIFIER ASSEMBLIES

A series-stack arrangement of
rectifier units is used when volt-
ages higher than those obtainable

from a single rectifier are re-

quired. Several methods have been
used to equalize the voltage dis-
tribution across series recti-
fiers for high-voltage assemblies.
Among these methods the two
most common are RC compensa-
tion and selection of matched rec-
tifiers for uncompensated assem-
blies.

RC-Compensated Assemblies

In the RC-compensated high-
voltage stack, a resistor and a ca-
pacitor are placed across each
rectifier unit. These resistors and
capacitors force an equal division
of reverse voltage across each unit
in the series string if their values
are chosen so that, under all op-
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erating conditions, these com-
ponents, and not the rectifiers,

control the distribution of the volt-
age. The resistors control the volt-
age division during dc operation.
The capacitors control the voltage
division during high-frequency op-
eration or when transient voltages
are applied. Both the.resistor and
the capacitor control the voltage
division during normal low-fre-
quency operation.

The stray capacitance from the
rectifiers to ground, C, in Fig. 24,
tends to cause an unequal distri-
bution of voltage across the rec-
tifiers. The disruptive effect of
this stray capacitance is one rea-
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Figure 24. High-voltage rectifier assembly

using shunt capacitors (Cs) to compensate
for stray capacitances (Cg) and to equalize
the reverse-recovery times of the
rectifier units.

son for the use of a shunt capaci-
tor C, across each rectifier.

The effect of the stray capaci-
tance is greatest during transient
conditions. When a step reverse
voltage is applied to the rectifier
terminal farthest from ground,
most of this voltage appears
across the first rectifier in the
series stack. This condition occurs
because the junction capacitance
of that rectifier is small and has
a large reactance compared to the
capacitance to ground of the re-
mainder of the rectifiers in the
stack. If a shunt capacitor C,
which is large in comparison to
the stray capacitance C,, is con-
nected across each rectifier, an
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equal voltage distribution can be
firmly established among all the
rectifiers in the series stack.

The shunt capacitors are also
used to equalize reverse-recovery
time. As mentioned in the section
on Characteristics and Ratings,
reverse recovery of a rectifier is
basically the result of two effects:
(1) minority carriers are swept
out of the junction by reverse cur-
rent, and (2) minority carriers
recombine in the junction area.
Of these two effects, the faster one
is the sweeping out of minority
carriers by reverse current.

In any string of rectifiers, the
reverse recovery time of the in-
dividual units differs slightly. If
the rectifiers are not specially
graded for recovery times, then
those units which recover first

must either block the total re-

applied voltage or pass reverse
current. When these faster units
recover, they stop the flow of re-
verse current and thereby slow
down the recovery time of the re-
maining units. The shunt capac-
itors bypass reverse current
around the recovered rectifiers
and thereby speed up the recov-
ery of the slower rectifiers.

Uncompensated Rectifier
Assemblies

In an uncompensated high-volt-
age rectifier stack, the character-
istics of the series rectifiers are
matched to provide an equal di-
vision of voltage among individual
units in the stack. The character-
istics considered for this voltage
division are reverse-recovery time,
avalanche voltage, and reverse-
dissipation capability. The effects
~of these characteristics are all
interrelated and must be consid-
ered together.

When rectifiers have been sorted
into recovery-time groupings, they
can be used more reliably in series
arrangement because all of them
will recover their blocking ability
at about the same time. Any
charge which flows into the ca-
pacitance C, is partially supplied
while all the rectifiers are still in
an “ON” state. Any current that
flows during this time passes
through units which are in a low-
impedance state; the power dissi-
pated across them, therefore, is
small. In addition, if all the units
have matched recovery-time char-
acteristics, the main mode of re-
verse recovery results from a
sweeping out of minority carriers,
and all the rectifiers recover by
the faster recovery method. Any
unbalance in recovery time is
small, therefore, and the units
which recover first have to block
excess voltage for only a very
short period of time.

A rectifier in an externally un-
compensated series stack that re-
covers before the other rectifiers
in the stack immediately begins to
block all the voltage; as a result,
the blocking-voltage capability of
this rectifier may be exceeded
sufficiently to cause failure of the
device.

In effect, matching of recovery-
time and avalanche characteristics
of rectifiers performs the same
function as the capacitor and re-
sistor in RC-compensated series
stacks. The reverse-dissipation
capability of the rectifier takes
the place of the capacitor in the
RC-compensated series stack. The
use of matched avalanche charac-
teristics provides the same results
as the compensating resistor dur-
ing dc operation. The match in
the reverse-dissipation capability
of the rectifiers assures that there
is'no decrease in reliahility of the
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unit as a result of the avalanche
action.

Packaging

There are generally three meth-
ods of packaging high-voltage rec-
tifier assemblies: encapsulation;
open exposure to air; and immer-
sion in a special high-voltage at-
mosphere, such as transformer oil
or the newer gaseous insulating
mediums. Each of these systems
has its advantages and disad-
vantages.

When encapsulation is used, a
high packing density can  be
achieved. The encapsulant protects
the rectifier stack from harmful
atmospheres, such as those en-
countered in high-humidity areas.
The encapsulant further protects
the stack from accumulations of
dust and dirt which can cause
leakage ‘paths and upset voltage
division among the rectifiers. On
the other hand, the encapsulant
acts as a barrier to the checking
of individual units in the stack
so that a rectifier failure cannot
be repaired, even if it can be de-
tected; any deterioration of the
stack which is detected by an over-
all check of the total assembly
can be corrected only by replace-
ment of the total stack. In addi-
tion, the encapsulation of high-
current assemblies results in a
serious loss of heat-dissipating
ability.

For these reasons, it is not ad-
visable to encapsulate very large
or expensive assemblies. If a high-
voltage, low-current assembly is
to be encapsulated, some thought
should be given to the use of sev-
eral encapsulated sections, so
that if deterioration does take
place in a part of the stack, only
that part need be replaced. In
general, only those assemblies
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which can be advantageously re-
placed as a whole should be en-
capsulated.

Open assemblies directly ex-
posed to the atmosphere have sev-
eral advantages. They are fairly
easy to install, and cooling can be
accomplished by convection and
radiation or, for high dissipation,
by forced air. All the rectifiers are
exposed and can be checked for
deterioration. If a rectifier is
found to have deteriorated, it can
be replaced individually, and it is
not necessary to discard the whole
stack. Open construction permits
efficient use of large heat sinks
and allows the designer to make
fuller use of the capability of the
rectifier.

The features which make encap-
sulation attractive are the fea-
tures which are disadvantages in
the open stack. A low packing
density is required because of iso-
lation requirements. Harmful at-
mospheres or high humidity can
affect operation. Accumulations of
dust and dirt can result in leak-
age paths which upset the voltage
division among the rectifiers, and
during high-voltage operation
corona may develop if care is not
taken.

Oil-immersed assemblies offer
some of the advantages of both en-
capsulated and open assemblies,
plus a few additional advantages.
When oil is used as an insulating
medium, a fairly good packing
density can be obtained. The inti-
mate contact between the oil and
the rectifier heat sinks aids recti-
fier cooling. The closed oil system
tends to reduce any accumulation
of dirt. The dielectric properties
of the oil reduce or eliminate
corona problems. In addition, the
rectifier stacks can be removed
from the oil for testing and main-
tenance.
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The disadvantages of oil im-
mersion outweigh the advantages
in many applications, e.g., in
lower-voltage installations. The
use of oil immersion requires an
oil tank with high-voltage bush-
ings. The added weight of the
system may create a floor-loading
problem. When large quantities of
power are being dissipated by the
rectifiers, additional cooling is re-
quired. The use of a heat ex-

changer to remove the heat from
the oil or of a radiator with a
fan through which the oil can cir-
culate may be necessary. If care
is not taken, the oil can become
contaminated with moisture and
dirt, with the result that arcing
and corona may occur. Although
testing and maintenance of an oil-
immersed system are possible,
removal of the assembly from the
oil is often a difficult operation.



THE term thyristor is the ge-

neric name for semiconductor
devices that have characteristics
similar to those of thyratron
tubes. Basically, this group in-
cludes bistable semiconductor de-
vices that have three or more
junctions (i.e., four or more semi-
conductor layers) and that can
be switched between conducting
states (from OFF to ON or from
ON to OFF) within at least one
quadrant of the principal voltage-
current characteristic. There are
several different types of thyris-
tors, which differ primarily in the
number of electrode terminals and
in their operating'characteristics
in the third quadrant of the volt-
age-current characteristic, as
shown in Table II. Reverse-block-
ing triode thyristors, commonly
called silicon controlled rectifiers
(SCR’s), and bidirectional triode
thyristors, usually referred to as

Table II—Different Types of

Thyristors
No. of
Terminals Third-Quadrant Operation
Blocking  Conducting  Switching
2 Reverse-  Reverse- Bidirec-
blocking  conducting  tional
diode diode diode
thyristor  thyristor thyristor
3 Reverse- . Reverse- Bidirec-
blocking  conducting  tional
triode triode triode
thyristor  thyristor thyristor
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triacs, are the most popular types.
The discussions in this section
deal primarily with these two
thyristor devices.

THEORY OF OPERATION

A silicon controlled rectifier
(SCR) is basically a four-layer
p-n-p-n device that has three elec-
trodes (a cathode, an anode, and
a control electrode called the
gate). Fig. 25 shows the junction
diagram, principal voltage-current
characteristic, and schematic sym-
bol for an SCR. A triac also has
three electrodes (main terminal
No. 1, main terminal No. 2, and
gate) and may be considered as
two parallel p-n-p-n structures
oriented in opposite directions to
provide symmetrical bidirectional
electrical characteristics. Fig. 26
shows the junction diagram, volt-
age-current characteristic, and
schematic symbol for a triac. An
analysis of the voltage-current
characteristiecs of SCR’s and triacs
and of the charge-carrier inter-
actions that make possible the
switching transitions indicated by
these characteristics provides use-
ful information concerning the
operation and possible applica-
tions of these devices.

Volitage-Current Characteristics

As shown in Fig. 25(b), the
operation of an SCR under re-
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Figure 25. (a) Junction diagram, (b) prin-

cipal voltage-current characteristic, and
(c) schematic symbol for an SCR thyristor.

verse-bias conditions (anode nega-
tive with respect to cathode) is
very similar to that of reverse-
biased silicon rectifiers or other
semiconductor diodes. In this bias
mode, the SCR exhibits a very
high internal impedance, and only
a slight amount of reverse cur-
rent, called the reverse blocking
current, flows through the p-n-p-n
structure. This current is very
small until the reverse voltage ex-
ceeds the reverse breakdown volt-
age; beyond this point, however,
the reverse current increases
rapidly. The value of the reverse

breakdown voltage differs for in-
dividual SCR types.

During forward-bias operation
(anode positive with respect to
cathode), the p-n-p-n structure of
the SCR is electrically bistable
and may exhibit either a very high
impedance (forward-blocking or
OFF state) or a very low imped-
ance (forward-conducting or ON
state). In the forward-blocking
state, a small forward current,
called the forward OFF-state cur-
rent, flows through the SCR. The
magnitude of this current is ap-
proximately the same as that of
the reverse-blocking current that
flows under reverse-bias condi-
tions. As the forward bias is in-
creased, a voltage point is reached
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Figure 26. (a) Junction diagram, (b) prin-
cipal voltage-current characteristic, and
(c) schematic symbol for a triac thyristor.
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at which the forward current in-
creases rapidly, and the SCR
switches to the ON state. This
value of voltage is called the for-
ward breakover voltage.

When the forward voltage ex-
ceeds the breakover value, the
voltage drop across the SCR
abruptly decreases to a very low
value, referred to as the forward
ON-state voltage. When an SCR
is in the ON state, the forward
current is limited primarily by
the impedance of the external cir-
cuit. Increases in forward current
are accompanied by only slight in-
creases in forward voltage when
the SCR is in the state of high
forward conduction.

As shown in Fig. 26(b), a triac
exhibits the forward-blocking, for-
ward-conducting  voltage-current
characteristic of a p-n-p-n struc-
ture for either direction of applied
voltage. This bidirectional switch-
ing capability results because, as
mentioned previously, a triac con-
sists essentially of two p-n-p-n
devices of opposite orientation
built into the same crystal. The
device, therefore, operates basi-
cally as two SCR’s connected in
parallel, but with the anode and
cathode of one SCR connected to
the cathode and anode, respective-
ly, of the other SCR. As a result,
the operating characteristics of the
triac in the first and third quad-
rants of the voltage-current char-
acteristics are the same, except for
the direction of current flow and
applied voltage. The triac charac-
teristics in these quadrants are
essentially identical to those of
an SCR operated in the first quad-
rant. For the triac, however, the
high-impedance state in the third
quadrant is referred to as the
OFF state rather than as the re-
verse-blocking state. Because of
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the symmetrical construction of
the triac, the terms forward and
reverse are not used in reference
to this device.

In triacs, the gate-trigger-
pulse polarity is usually mea-
sured with respect to main
terminal No. 1, which is compar-
able to the cathode terminal of
an SCR. The triac can be trig-
gered by a gate-trigger pulse
which is either positive or nega-
tive with respect to main terminal
No. 1 when main terminal No. 2 is
either positive or negative with
respect to main terminal No. 1.
The triac, therefore, can be trig-
gered in any of four operating
modes, as summarized in Table
III. The quadrant designations re-
fer to the operating quadrant on

Table ITI—Triac Triggering

Modes
Gate-to-Main-  Main-Terminal-No.2- Operating
Terminal-No.1 to-Main-Terminal-No.1 Quadrant*
Voltage Voltage
Positive Positive 1(4)
Negative Positive 1(—)
Positive Negative H(+)
Negative Negative 1 (=)

* Positive (+) and negative (—) signs indi-
cate polarity of gate trigger pulse.

the principal voltage-current char-
acteristics, shown in Fig. 26(b)
(either I or IIT), and the polarity
symbol represents the gate-to-
main-terminal-No. 1 voltage. Fig.
27 shows the flow of current in
a triac for each of the four trig-
gering modes.

The gate-trigger requirements
of the triac are different in each
operating mode. The I(+4) mode
(gate positive with respect to
main terminal No. 1 and main
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terminal No. 2 positive with re-
spect to main terminal No. 1),
which is comparable to equivalent
SCR operation, is usually the most
sensitive. The smallest gate cur-
rent is required to trigger the
triac in this mode. The other three
operating modes require larger
gate-trigger currents. For RCA
triacs, the maximum trigger-cur-
rent rating in the published data
is the largest value of gate current
that is required to trigger the se-
lected device in any operating
mode.

Thyristors are ideal for switch-
ing applications. When the work-
ing voltage of a thyristor is below
the breakover point, the current

through the device is extremely
small and the thyristor is effec-
tively an open switch. When the
voltage across the main terminals
increases to a value exceeding the
breakover point, the thyristor
switches to its high-conduction
state and is effectively a closed
switch. The thyristor remains in
the ON state until the ecurrent
through the main terminals drops
below a value which is called the
holding current. When the source
voltage of the main-terminal cir-
cuit cannot support a current equal
to the holding current, the thyris-
tor reverts back to the high-im-
pedance OFF gstate.

The breakover voltage of a thy-
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ristor can be varied, or controlled,
by injection of a signal at the
gate, as indicated by the family
of curves shown in Fig. 28. Al-
though this family of curves is
shown in the first quadrant typi-
cal of SCR operation, a similar set

Figure 28. Curves. showing breakover char-

acteristics of a thyristor for different values:

of gate current.

of curves can also be drawn for
the third quadrant to represent
triac operation. When the gate
current is zero, the principal volt-
age must reach the breakover
value V 3, of the device before
breakover occurs. As the gate cur-
rent is increased, however, the
value of breakover voltage be-
comes less until the curve closely
resembles that of a rectifier. In
normal operation, thyristors are
operated with critical values well
below the breakover voltage and
are made to switch ON by gate
signals of sufficient amplitude to
assure that the device is switched
to the ON state at the instant de-
sired.

After the thyristor is triggered
by the gate signal, the current
through the device is independent
of gate voltage or gate current.
The thyristor remains in the ON
state until the principal current
is reduced to a level below that
required to sustain conduction.
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Charge-Carrier Interactions

The electron-hole interactions
that make possible the switching
transitions in p-n-p-n semiconduc-
tor structures are vepresented
graphically by the potential-en-
ergy diagrams shown in Figs. 29,
30, and 31. These diagrams show
the potential energies of holes and
electrons as a function of distance
through the crystal. The up-
ward direction indicates increas-
ing levels of electron energy, and
the downward direction indicates
increasing levels of hole energy.
The dots in the diagrams repre-
sent free electrons, and the circles
represent free holes.

The electrons in a solid can oc-
cupy only specific energy levels or
electron states. Each existing state
can be occupied by only one elec-
tron. The Fermi energy level E;
is the dividing line above which
most of the existing electron states
are empty and below which most
states are full. Conduction in a
solid occurs only by movement of
free charge carriers, i.e., free elec-
trons or free holes. A free electron
is an electron which is at an en-
ergy level for which most of the
existing states are empty, and a
free hole is an empty state at an
energy level for which most of the
existing states are filled. Free
electrons exist therefore, only at
energy levels above Ey, and free
holes exist only at levels below
Er. Because electrons and holes
tend to seek the lowest available
energy levels, they both move
toward Ej, which is the zero-
energy level for both types of
charge carriers. On the potential-
hill diagrams, electrons always
tend to ‘“fall”, and holes always
tend to “rise”. If the charge car-
riers were not affected by outside
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influences, therefore, all free elec-
trons and holes would eventually
reach the Fermi level and dis-
appear. A distribution of free
electrons above Ey, however, is
maintained by thermal energy of
the lattice which constantly agi-
tates the electrons to non-zero en-
ergy levels.

In the metal contact regions,
there is a continuous distribution
of electron states about the Fermi
energy level so that free holes and
free electrons exist simultaneously
side by side. In the semiconductor
regions, there is a band of energy,
called the forbidden region, in
which no electron states exist.
As a free carrier tries to move
through the system of metal to
semiconductor to metal, it finds
that it can move freely through
the metal, but when it reaches the
semiconductor it encounters an
obstacle, the forbidden-energy re-
gion, which it must go over or
under depending upon whether it
is a free electron or a free hole.
The carrier must obtain sufficient
energy so that it is displaced far
enough from the Fermi level to
go over or under the forbidden-
energy region. If sufficient energy,
such as thermal agitation or an
applied voltage, is not available,
the carrier is reflected back to its
origin.

In silicon crystal, the forbidden
region is wide enough so that, at
ordinary temperatures, there is
not sufficient thermal energy
available to distribute carriers
both above and below the band.
If the Fermi energy level is close
to the top of the band, thermal
energy is sufficient to lift electrons
into states on top of the forbidden
region, but is not sufficient to push
holes into states below this re-
gion. As a result, the material

contains many free electrons, but
very few free holes, and is re-
ferred to as an n-type semicon-
ductor because it contains mostly
negative-charge carriers.

Similarly, a p-type region in the
semiconductor, which contains
mostly positive-charge carriers,
results when the Fermi level is
close to the bottom of the for-
bidden band. For this condition,
thermal energy is sufficient to
excite holes into states below the
band, but is not sufficient to ex-
cite electrons into states above
the band.

The position of the Fermi level
in the forbidden region is de-
termined by the carrier concentra-
tion. This concentration, in turn,
is determined by both the dopant
concentration and the concentra-
tion of injected carriers.

At the metal-to-semiconductor
interfaces, the dopant concentra-
tion is very high. At such inter-
faces, the carrier concentration
cannot be changed significantly
by injected carriers, and the po-
sition of the Fermi level in the
forbidden region is firmly fixed.
In the inner semiconductor re-
gions and near the junctions, the
dopant concentration is rela-
tively low so that the total car-
rier concentration and, therefore,
the position of the Fermi level
in the forbidden region can be
changed by injection of carriers
from surrounding regions. These
factors make the forbidden-
energy vregion appear flexible
within the body of the semi-
conductor but rigid at the
metal-to-semiconductor contacts.
This rigidity of the potential hill
at the contacts prevents electrons
in the metal from entering the
p-type semiconductor, but allows
holes to circulate freely between
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the metal and the p-type region;
similarly, electrons can circulate
freely between metal and the n-
type region but holes cannot cross
the metal-to-n-type-semiconductor
interface.

Forward-Blocking State—The
sequence of diagrams in Fig. 29
illustrates the transition of the
thyristor from the equilibrium
(zero-bias) condition to the for-
ward-blocking state. In the equi-
librium condition, the concentra-
tion of charge carriers (electrons
and holes) is determined pri-
marily by dopant concentrations.
For this condition, which is repre-
sented by the potential-hill dia-
gram shown in Fig. 29 (b), there
is approximately one free carrier
for each dopant atom.

When the cathode side of the
thyristor is biased negatively with
respect to the anode side, the po-
tential energy of the electrons is
increased in the cathode region
and that of the holes is increased
in the anode region. Because of
the difference in energy level from
cathode to anode, the shape of the
forbidden-energy region is altered
in the most lightly doped section
(i.e., the n-type base) so that the
height of the potential hill of the
central junction is increased. As
shown in Fig. 29 (c), any electrons
that exist in this region ‘“fall
down” the resultant hill, and any
holes in this region “rise” to the
top of the hill. In this way, all
free charge carriers are removed,
and the hill becomes a depletion
region, as shown in Fig. 29(d).

The movement of charge car-
riers with an increase in the for-
ward voltage results in a charging,
or displacement, current similar
to the current (i = Cdv/dt) that
charges a capacitor. This displace-
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Figure 29. Potential-hill diagrams for vari-
ous stages of thyristor transition from
equilibrium condition to forward-blocking
condition (electron energy increases up-
ward, hole energy increases downward).
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ment current ceases when the for-
ward .voltage reaches a steady
value because there are no addi-
tional carriers for the field to
move. Although there are many
electrons available on the cathode
side of the thyristor and many
holes available on the anode side,
these carriers cannot enter the de-
pletion region because they do not
have sufficient energy to “climb”
the 0.8- to 1.0-volt potential hills
at junctions J; and J.

The current and voltage wave-
forms during the transition from
the equilibrium to the forward-
blocking state are shown in Fig.
29(e).

Forward-Conducting State—
The transition in a thyristor from
the forward-blocking state to the
forward-conducting state is illus-
trated by the potential-hill dia-
grams shown in Fig. 30. When a
thyristor is in the forward-block-
ing state, shown in Fig. 30(b),
application of a positive bias to
the gate causes the potential en-
ergy of electrons in this region
to be reduced so that the height
of the potential hill at junction
J, is decreased, as shown in Fig.
30(ec). A positive gate bias of
0.8 to 1.0 volt reduces the bar-
rier of J; sufficiently so that elec-
trons from the n-type emitter can
move across the p-type base into
the depletion region. The electric
field then sweeps them across this
region, as indicated in Fig. 30 (c).

Electrons accumulate in the
“well” at the bottom of the de-
pletion region until their com-
bined negative charge increases
the potential electron energy suffi-
ciently to cause the potential hill
at junction J, to disappear. Holes
can then move from the p-type
emitter across the n-type base into
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Figure 30. Potential-hill diagrams for vari-

ous stages of thyristor transition from

forward-blocking state to forward-conduct-
ing state.
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the depletion region. These holes
then immediately ‘“‘climb’” the po-
tential hill at J,, as shown in Fig.
30(d).

The increased supply of holes
to the p-type base further de-
presses the potential hill at J; so
that the n-type emitter can inject
an even greater number of elec-
trons into the depletion layer.
This action, in turn, increases the
injection of holes from the p-type
emitter. As a result of these re-
generative effects, the current
through the thyristor increases
rapidly, and the depletion region
collapses to complete the transi-
tion to the forward-conducting
state. Fig. 30(e) illustrates this
condition. In this state, the con-
centrations of both holes and elec-
trons are greatly increased over
the equilibrium concentrations.
The thyristor can be sustained in
the forward-conducting state by
an anode-to-cathode forward-volt-
age drop of approximately 1 volt,
and the thyristor current is
limited only by the impedance
of the external circuit.

The current and voltage wave-
forms during the transition from
the. forward-blocking to the for-
ward-conducting state are shown
in Fig. 30(f).

Turn-Off —The transition in
the thyristor from the forward-
conducting state back to the for-
ward-blocking state is illustrated
in Fig. 31. This transition is ac-
complished either by momentary
reduction of the anode current to
zero, or by momentary reversal
of the anode-to-cathode voltage.

In the conducting state, carrier
concentrations far in excess of the
equilibrium level are injected into
the n- and p-type regions. These
excess carriers remain for a finite
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time after the anode current is
reduced to zero. If the forward
bias is re-applied before these ex-
cess carriers are removed, the
device simply returns to the con-
ducting state and does not switch
to the blocking condition. After
the excess carriers are removed
and the device is returned to
equilibrium, the potential hills re-
build, and the device can return
to the forward-blocking state, as
shown in Fig. 29.

The removal of excess carriers
can be accomplished if the anode
current is reduced to zero until
the excess carriers recombine or
move out of the depletion region.
This removal corresponds to a di-
rect transition from the conditions
shown in Fig. 31(c) to those
shown in Fig. 31(g). The poten-
tial hill at junction J; rebuilds
first because it is in the more
heavily doped region of the de-
vice, but the hills at J, and J, also
rebuild as the excess carriers dis-
appear during the zero-anode-
current condition.

A more rapid removal of the
excess carriers can be accom-
plished by a momentary reversal
of the anode-to-cathode voltage.
This transition is shown in Figs.
31(d) through 31(f). As the re-
verse voltage increases, carriers
are pulled out of the device in the
direction opposite to that in which
they were injected so that a sub-
stantial reverse current results.

The removal of carriers is aided
as a potential hill and a depletion
region begin to build at junction
J.,, as shown in Fig. 31(d). As the
remaining quantity of excess car-
riers is reduced, the reverse cur-
rent decreases, and reverse voltage
builds up. At the stage shown in
Fig. 31(e), the reverse depletion
region has built up, but the unde-

pleted n-type base region still con-
tains some excess carriers which
prevent the potential hill at J,
from rebuilding, and which con-
tinue to flow out as reverse cur-
rent. At the stage shown in Fig.
31(f), the excess carriers have all
been removed, and device has
reached its steady-state reverse-
blocking condition. In Fig. 31 (g),
the reverse bias has been removed,
all regions return to the equilib-
rium zero-bias carrier concentra-
tions, and the device is ready for
return to the forward-blocking
condition.

Current and voltage waveforms
corresponding to the various con-
ditions described in Figs. 29, 30,
and 31 are shown in Fig. 32.

CONSTRUCTION

Construction details for typical
RCA thyristors are shown in Figs.
33 through 37. Fig. 33 shows de-
tails for the 2-lead TO-5 package.
This compact package is designed
for applications in which mount-
ing space is limited and can be
attached to a wide variety of heat
sinks with sizes and shapes to
fit the available space. A typical
heat-sink arrangement for an in-
sulating mounting of this package
is shown in Fig. 34. (Various
types of thyristor heat-sink ar-
rangements are described in RCA
Application Note AN-3822, “Ther-
mal Considerations in Mounting
of RCA Thyristors.”) This pack-
age is used at current levels up
to 7 amperes.

In higher-current applications
the TO-66, TO-3, and press-fit and
stud-mounted TO-48 packages are
used. Internal construction details
of the press-fit package are shown
in Fig. 85.
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Construction details of a typical
SCR pellet are shown in Fig. 36.
The shorted-emitter construction
used in RCA SCR’s can be recog-
nized by the metallic cathode elec-
trode in direct contact with the
p-type base layer around the pe-
riphery of the pellet. The gate, at
the center of the pellet, also makes
direct metallic contact to the p-
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HEAT SINK
AND
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Figure 33. Cross-section of RCA two-lead
TO-5 thyristor package.

Figure 32. Voltage and current waveforms
for thyristor switching transitions shown
in Figs. 29, 30, and 31.
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type base so that the portion of
this layer under the n-type emitter
acts as an ohmic path for current
flow between gate and cathode.
Because this ohmic path is in
parallel with the n-type emitter
junction, current preferentially

takes the ohmic path until the IR
drop in this path reaches the
junction threshold voltage of about
0.8 volt. When the gate voltage
exceeds this value, the junction
current increases rapidly, and in-
jection of electrons by the n-type

Figure 34. Typical heat-sink isolation tech-
nique for a_chassis-mounted two-lead
TO-5 thyristor.
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Figure 35. Cross-section of RCA press-fit
thyristor package.

emitter reaches a level high
enough to turn on the device.

In addition to providing a pre-
_ cisely controlled gate current, the
shorted-emitter construction also
improves the high-temperature
and dv/dt (maximum allowable
rate of rise of OFF-state voltage)
capabilities of the device. The
junction depletion layer acts as
a parallel-plate capacitor which
must be charged when blocking

GATE

N-EMITTER \ CATHODE

ELECTRODE

ANODE
ELECTRODE

Figure 36. Cross-section of a typical
SCR pellet.

voltage is applied. Because the
charging, or displacement, current
(i = Cdv/dt) into this capacitor
varies as the rate of rise of for-
ward voltage (dv/dt), a very
high dv/dt can result in a high
current between anode and cath-
ode. If this current crosses the
n-type emitter junction and is of
the same order of magnitude as
the gate current, it can trigger the
device into the conducting state.
Such-unwanted triggering is mini-

mized by the shorted-emitter con-

struction because the peripheral
contact of the p-type base to
the cathode electrode provides a
large-area parallel path by which
the dv/dt current can reach the
cathode electrode without cross-
ing the n-type emitter junction.

The center-gate construction of
the SCR pellet provides 'fast
turn-on and high di/dt capabili-
ties. In an SCR, conduction is
initiated in the cathode region im-
mediately adjacent to the gate con-
tact and must then propagate to
the more remote regions of the
cathode. Switching losses are in-
fluenced by the rate of propaga-
tion of conduction and the distance
conduction must propagate from
the gate. With a central gate, all
regions of the cathode are in close
proximity to the initially conduct-
ing region so that propagation
distance is significantly decreased ;
as a result, switching losses are
minimized.

Construction of a typical RCA
triac pellet is shown in Fig. 87.
In this device, the main-terminal-
No. 1 electrode makes ohmic con-
tact to a p-type emitter as well
as to an n-type emitter. Similarly,
the main-terminal-No. 2 electrode
also makes ohmic contact to both
types of emitter, but the p-type
emitter of the main-terminal-No.



Thyristors

N-EMITTER
GA’TE

P-EMITTER
N P-BASE

MAIN-TERMINAL-

MAIN-TERMINAL-No. 2
ELECTRODE

Figure 37. Cross-section of a typical triac
pellet.

2 side is located opposite the n-
type emitter of the main-terminal-
No. 1 side, and the main-terminal-
No. 2 n-type emitter is opposite
the main-terminal-No. 1 p-type
emitter. The net result is two four-
layer switches in parallel, but
oriented in opposite directions, in
one silicon pellet. This type of
construction makes it possible for
a triac either to block or to con-
duct current in either direction
between main terminal No. 1 and
main terminal No. 2.

The gate electrode also makes
contact to both n- and p-type re-
gions. As a result, the deviee can
be triggered by either positive or
negative gate signals, for either
polarity of wvoltage between the
main-terminal electrodes. When
the triac is triggered by a positive
gate signal, conduction is ini-
tiated, as in the SCR, by injection
of electrons from the main-termi-
nal-No. 1 n-type emitter, and the
gate n-type region is passive. The
gate n-type region becomes active
when the triac is triggered by a
negative gate signal, because it

“device parameters,
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then acts as the n-type emitter of
a grounded-base n-p-n transistor.
Electrons injected from this re-
gion enter the n-type base and
cause a forward bias on one of
the p-type emitters, depending on
which is at the positive end of the
voltage between the main-terminal
electrodes.

As shown in Figs. 36 and 37,
the cathode of an SCR and the
main terminal No. 1 of a triac
are fully covered by a relatively
heavy metallic electrode. This elec-
trode provides a low-resistance
path to distribute current evenly
over the cathode or main-terminal-
No. 1 area and serves as a thermal
capacitor to absorb heat generated
by high surge or overload cur-
rents. Junction-temperature ex-
cursions that result from such
conditions are, therefore, held to
a minimum.

RATINGS AND
CHARACTERISTICS

Thyristors must be operated
within the maximum ratings
specified by the manufacturer to
assure best results in terms of per-
formance, life, and reliability.
These ratings define limiting
values, determined on the basis of
extensive tests, that represent the
best judgment of the manufac-
turer of the safe operating capa-
bility of the device. The manufac-
turer also specifies a number of
called char-
acteristics, which are directly
measurable properties that define
the inherent qualities and traits
of the thyristor. Some of these
characteristics are important fac-
tors in the determination of the
maximum ratings and in the pre-
diction of the performance, life,
and reliability that the thyristor
can provide in a given application.
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Voltage and
Temperature Ratings

The voltage ratings of thyris-
tors are given for both steady-
state and transient operation and
for both forward- and reverse-
blocking conditions. For SCR’s,
voltages are considered to be in
the forward or positive direction
when the anode is positive with
respect to the cathode. Negative
voltages for SCR’s are referred to
as reverse-blocking voltages. For
triacs, voltages are considered to
be positive when main terminal
No. 2 is positive with respect to
main terminal No. 1. Alterna-
tively, this condition may be re-
-ferred to as operation in the first
quadrant.

When the voltage applied to a
thyristor is in the polarity for
which switching to the ON state
is possible, the voltage-blocking
capability of the device is tem-
perature-sensitive. The maximum
junction temperature for thyris-
tors is usually between 100°C and
150°C. The selection of the maxi-
mum operating temperature rep-
resents a compromise which as-
sures that a sufficient number of
devices provide the required
blocking-voltage capability (for
which a low junction temperature
is desirable) and which allows the
highest possible current rating for
the thyristors (for which a high
junction temperature is desir-
able). Increases in junction tem-
perature above this maximum
value result in a greater reliability
stress and adversely affect the
switching characteristics of thy-
ristors.

OFF-State Voltage—The repe-
titive peak OFF-state voltage
Viny is the maximum value of

OFF-state voltage, either tran-
sient or steady-state, that the
thyristor should be required to
block under the stated condi-
tions of temperature and gate-to-
cathode resistance. If this voltage
is exceeded, the thyristor may
switch to the ON state. The cir-
cuit designer should insure that
the Vg, rating is not exceeded
to assure proper operation of the
thyristor.

The effect of increased tempera-
ture is accentuated in thyristors
because of the regenerative action
upon which the operation of these
devices is dependent. Thermally
generated currents tend to be mul-
tiplied. If this blocking current
crosses the gate-to-cathode junc-
tion, its effect on the thyristor is
similar to that of the gate current
and thus tends to reduce the
breakover voltage V,. For this
reason, OFF-state voltage ratings
are specified at the maximum
rated junction temperature.

A gate-to-cathode shunting re-
sistance can be used to provide a
path for the blocking current that
bypasses the gate-to-cathode junc-
tion. The use of this shunt re-
sistance improves the OFF-state
blocking capability, but reduces
the gate sensitivity. OFF-state
voltage ratings, therefore, are
specified with no external gate-to-
cathode impedance to represent
worst-case conditions.

Under relaxed conditions of
temperature or gate impedance, or
when the blocking capability of
the thyristor exceeds the specified
rating, it may be found that a
thyristor can block voltages far in
excess of its repetitive OFF-state
voltage rating V. Because the
application of an excessive volt-
age to a thyristor may produce
irreversible effects, an absolute
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upper limit should be imposed on
the amount of voltage that may
be applied to the main terminals
of the device. This voltage rating
is referred to as the peak OFF-
state voltage V. It should be
noted that the peak OFF-state
voltage has a single rating irre-
spective of the voltage grade of
the thyristor. This rating is a
function of the construction of the
thyristor and of the surface prop-
erties of the pellet. The Vy, rat-
ing should not be exceeded under
either continuous or transient
conditions.

Fig. 38 shows a simple, inex-
pensive test circuit that may be
used to evaluate the OFF-state
voltage capabilities of thyristors.

R;|  Rg

R3 T
Figure 38. Test circuit used to determine
dc forward- and reverse-voltage-blocking

capabilities and leakage current of
thyristors.

1
PB;
Cy SCR

(The circuit may also be used for
reverse-blocking and leakage tests
of thyristors.) Resistor R; and
capacitor C; are included in the
test circuit to limit the rate of
rise of applied voltage to the thy-
ristor under test. Resistor R,
limits the discharge of capacitor
C; through the thyristor in the
event that the thyristor is turned
on during the test. Resistor R,
provides a discharge path for
capacitor C;.

Reverse Voltages (For Re-
verse-Blocking Thyristors)—Re-
verse-voltage ratings are given
for SCR’s to provide operating
guidance in the third quadrant,
or reverse-blocking mode. There
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are two voltage ratings for SCR’s
in the reverse-blocking mode:
repetitive peak reverse voltage
(Vira) and nonrepetitive peak
reverse voltage (V).

The repetitive peak reverse
voltage is the maximum allowable
value of reverse voltage, includ-
ing all repetitive transient volt-
ages, that may be applied to the
SCR. Because reverse power dissi-
pation is small at this voltage, the
rise in junction temperature be-
cause of this reverse dissipation
is very slight and is accounted
for in the rating of the SCR.

The nonrepetitive peak reverse
voltage is the maximum allowable
value of any nonrepetitive tran-
sient reverse voltage which may
be applied to the SCR. These non-
repetitive transient voltages are
allowed to exceed the steady-state
ratings, even though the instan-
taneous power dissipation can be
significant. While the transient
voltage is applied, the junction
temperature may increase, but re-
moval of the transient voltage in
a specified time allows the junc-
tion temperature to return to its
steady-state operating tempera-
ture before a thermal runaway
occurs.

The test circuit shown in Fig.
38 may be used for reverse-volt-
age tests of an SCR.

ON-State Voltage—When a thy-
ristor is in a high-conduction
state, the voltage drop across the
device is no different in nature
from the forward-conduction volt-
age drop of a rectifier, although
the magnitude may be slightly
higher. As in rectifiers, the ON-
state voltage-drop characteristic
is the major source of power losses
in the operation of the thyristor,
and the temperature produced
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becomes a limiting factor in the
rating of the device.

Thermal Resistance

The thermal resistance of a thy-
ristor is an indication of the abil-
ity of the device to remove heat
that is generated internally within
the pellet. If a thyristor has a low
thermal resistance, the junction
temperature does not rise as high
for a given conduction current or
junction power dissipation. The
most common or useful thyristor
thermal resistance specified is the
value from the junction to a par-
ticular point on the case. This
value is referred to as the junc-
tion-to-case thermal resistance,
0;.c. The next value of thermal
resistance that is necessary for
proper use of the thyristor is the
thermal resistance from the heat
sink, which is usually attached to
the thyristor, to the ambient air,
Oc.a. If the thermal resistance of
the total path from the junction to
the ambient air and the power
dissipated within the device are
known, the average temperature
can be calculated.

Current Ratings

Thyristor current ratings define
maximum values for normal or
repetitive currents and for surge
or nonrepetitive currents. These
maximum ratings are determined
on the basis of the maximum
junction-temperature ratiag, the
junction-to-case thermal resist-
ance, the internal power dissipa-
tion that results from the current
flow through the thyristor, and
the ambient temperature. The ef-
fect of these factors in the de-
termination of current ratings is
illustrated by the following ex-
ample.

Fig. 39 shows curves of the
maximum average forward power
dissipation for the RCA-2N3873
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Figure 39. Power-dissipation rating 'chart
for the RCA-2N3873 SCR:

SCR as a function of average for-
ward current for dc operation and
for various conduction angles. For
the 2N3873, the junction-to-case
thermal resistance 0;.¢ is 0.92°C
per watt and the maximum operat-
ing junction temperature T; is
100°C. If the maximum case tem-
perature Ty 1S assumed to be
65°C, the maximum average for-
ward power dissipation can be de-
termined as follows:

TJ(max) - TC(ma_:_:) (6)

Pavamax) =
J—C

(100 — 65) °C
7 0.92 °C/watt

= 38 watts
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The maximum average forward
current rating for the specified
conditions can then be determined
from the rating curves shown in
Fig. 39. For example, if a conduc-
tion angle of 180 degrees is as-
sumed, the average forward cur-
rent rating for a maximum dissi-
pation of 38 watts is found to be
22 amperes.

These calculations assume that
the temperature is uniform
throughout the pellet and the case.
The junction temperature, how-
ever, increases and decreases un-
der conditions of transient loading
or periodic currents, depending
upon the instantaneous power dis-
sipated within the thyristor. The
current rating must take these
variations into account.

ON-State Current—The ON-
state current ratings for a thyris-
tor indicate the maximum values
of average, rms, and peak (surge)
current that should be allowed to
flow through the main terminals
of the device, under stated condi-
tions, when the thyristor is in the
ON state. For heat-sink-mounted
thyristors, these maximum ratings
are based on the case tempera-
ture; for lead-mounted thyristors,
the ratings are based on the am-
bient temperature.

The example used to show the
effect of various factors on maxi-
mum current ratings pointed out
that these ratings are determined
on the basis of the internal power
dissipation, the junction-to-case
thermal resistance, and the differ-
ence between the maximum oper-
ating junction temperature and
the maximum case temperature.
Because the maximum operating
junction temperature is fixed, the
maximum ON-state current rat-
ings may be given by curves that
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relate current to case temperature.
The maximum allowable current
approaches zero as the case tem-
perature approaches the maximum
operating junction temperature
because this current is directly
proportional to the ratio of the
difference between case and junc-
tion temperatures to the junction-
to-case thermal resistance.

The maximum average ON-
state current rating is usually
specified for a half-sine-wave cur-
rent at a particular frequency.
Fig. 40 shows curves of the maxi-
mum allowable average ON-state
current Iypga for the RCA-
2N3873 SCR family as a function
of case temperature. Because peak
and rms currents may be high for
small conduction angles, the curves
in Fig. 40 also show maximum al-
lowable average currents as a
function of conduction angle. The
maximum operating junction tem-
perature for the 2N3873 is 100°C.
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Figure 40. Current rating chart for the
RCA-2N3873 SCR.
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The rating curves indicate, for a
given case temperature, the maxi-
mum average ON-state current for
which the average temperature of
the pellet will not exceed the maxi-
mum allowable value. The rating
curves may be used for only resis-
tive or inductive loads. When ca-
pacitive loads are used, the cur-
rents produced by the charge or
discharge of the capacitor through
the thyristor may be excessively
high, and a resistance should be
used in series with the capacitor
to limit the current to the rating
of the thyristor.

The ratio of rms to average
values for a sinusoidal current
waveform through an SCR is 1.57.
The maximum average ON-state
current rating Ipp (v, therefore,
can be readily converted to the
maximum rms ON-state current
rating Iipme. For example, as
may be determined from Fig. 40,
the maximum average ON-state
current for the 2N3873 is 22 am-
peres for a conduction angle of 180
degrees and a maximum case tem-
perature of 65°C. For these same
conditions, the rms current rating
may be determined as follows:

Itr(rms) = ITFgavy X 1.57
= 22 amperes X 1.57

= 35 amperes

The dashed-line curve in Fig. 40
shows the rms current rating for
the 2N3873 as a function of case
temperature for a conduction angle
of 180 degrees.

The ON-state current rating for
a triac is given only in rms values
because these devices normally
conduct alternating current. Fig.
41 shows an rms ON-state current
rating curve for a typical triac as
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Figure 41. Current rating curve for a typi-

cal RCA triac.

a function of case temperature. As
with the SCR, the triac curve is
derated to zero current when the
case temperature rises to the max-
imum operating junction tempera-
ture. Triac current ratings are
given for full-wave conduction un-
der resistive or inductive loads.
Precautions should be taken to
limit the peak current to tolerable
levels when capacitive loads are
used.

The surge ON-state current
rating Inp e indicates the max-
imum peak value of a short-dura-
tion current pulse that should be
allowed to flow through a thyristor
during one ON-state cycle, under
stated conditions. This rating is
applicable for any rated load con-
dition. During normal operation,
the junction temperature of a thy-
ristor may rise to the maximum
allowable value; if the surge oc-
curs at this time, the maximum
limit is exceeded. For this reason,
a thyristor is not rated to block
OFF-state voltage immediately fol-
lowing the occurrence of a current
surge. Sufficient time must be al-
lowed to permit the junction tem-
perature to return to the normal
operating value before gate control
is restored to the thyristor. Fig.
42 shows a surge-current rating
curve for the 2N3873 SCR. This



Thyristors

SUPPLY=60-Hz SINE WAVE I

|

REPETITIVE PEAK REVERSE VOLTAGE

400F XIMUM RATED VALUE A
AVERAGE FORWARD CURREN

\ =MAXIMUM RATED wu.ut-: REEH

—A

N

PEAK SURGE CURRENT
Z

o

4 4

10 100
SURGE CURRENT DURATION—CYCLES

1000

Figure 42. Surge-current rating curve for

the RCA-2N3873 SCR.
curve shows peak values of half-
sine-wave forward (ON-state)
current as a function of overload
duration measured in cycles of the
60-Hz current. Fig. 43 shows
surge-current rating curves for a
typical triac. For triacs, the rating
curve shows peak values for a full-
sine-wave current as a function of
the number of cycles of overload
duration. Multicycle surge curves
are the basis for the selection of
circuit breakers and fuses that
are used to prevent damage to the
thyristor in the event of accidental
short-circuit of the device. The
number of surges permitted over
the life of the thyristor should be
limited to prevent device degrada-
tion.
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Figure 43. Surge-current rating chart for
a typical triac.
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Critical Rate of Rise of ON-
State Current (di/dt)—In a thy-
ristor, the load current is initially
concentrated in a small area of
the pellet when load current first
begins to flow. This small area
effectively limits the amount of
current that the device can handle
and results in a high voltage drop
across the pellet in the first micro-
second after the thyristor is trig-
gered. If the rate of rise of current
is not maintained within the rat-
ing of the thyristor, localized hot
spots may occur within the pellet
and permanent damage to the de-
vice may result. The waveshape
for testing the di/dt capability of
the RCA 2N3873 is shown in Fig.
44. The critical rate of rise of ON-
state current is dependent upon

ip=400A
Bl R
05ig=
200A
PR e’

Figure 44. Voltage and current waveforms
used to determine di/dt ratmg of the
RCA-2N3873 SCR

the size of the cathode area that
begins to conduct initially, and the
size of this area is increased for
larger values of gate trigger cur-
rent. For this reason, the di/dt
rating is specified for a specific
value of gate trigger current.
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Holding and Latching Currents
—After a thyristor has been
switched to the ON-state condi-
tion, a certain minimum value of
anode current is required to main-
tain the thyristor in this low-im-
pedance state. If the anode current
is reduced below this critical hold-
ing-current value, the thyristor
cannot maintain regeneration and
reverts to the OFF or high-im-
pedance state. Because the hold-
ing current (Iy) is sensitive to
changes in temperature (increases
as tempreature decreases), this
rating is specified at room tem-
perature with the gate open.

The latching-current rating of a
thyristor specifies a value of anode
current, slightly higher than the
holding current, which is the mini-
mum amount required to sustain
conduction immediately after the
thyristor is switched from the OFF
state to the ON state and the gate
signal is removed. Once the latch-
ing current (I;) is reached, the
thyristor remains in the ON, or
low-impedance, state until its an-
ode current is decreased below the
holding-current value. The latch-
ing-current rating is an important
consideration when a thyristor is
to be used with an inductive lead
because the inductance limits the
rate of rise of the anode current.
Precautions should be taken to in-

sure that, under such conditions, -

the gate signal is present until the
anode current rises to the latching
value so that complete turn-on of
the thyristor is assured.

Fig. 45 shows a simple test cir-
cuit that may be used to determine
the holding and latching currents
of thyristors. For the holding-
current tests, the value of po-
tentiometer R, is adjusted to ap-
proximately 50 ohms, and the

Ry
= 120 SCR
—;GV
PB
4!
Figure 45. Test circuit used to determine

holding and latching currents of thyristars.

spring-loaded push-button switch
PB, is momentarily depressed to
turn on the thyristor. The value
of R, is then gradually increased
to the point at which the thyristor
turns off.

For the latching-current test,
the value of potentiometer R, is
initially adjusted so that the main-
terminal current is less than the
holding level. The value of R; is
then decreased, as push-button
switch PB; 1is alternately de-
pressed and released, until the thy-
ristor latches on.

Critical Rate of Rise of OFF-
State Voltage (dv/dt)—Because
of the internal capacitance of a
thyristor, the forward-blocking
capability of the device is sensitive
to the rate at which the forward
voltage is applied. A steep rising
voltage impressed across the main
terminals of a thyristor causes a
capacitive charging current to
flow through the device. This
charging current (i = Cdv/dt) is
a function of the rate of rise of
the OFF-state voltage.

If the rate of rise of the for-
ward voltage exceeds a critical
value, the capacitive charging cur-
rent may become large enough to
trigger the thyristor. The steeper
the wavefront of applied forward
voltage, the smaller the value of
the breakover voltage becomes.

The use of the shorted emitter
construction in RCA SCR’s has
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resulted in a substantial increase
in the dv/dt capability of these
devices by providing a shunt
path around the gate-to-cathode
junction. Typical units can with-
stand rates of voltage rise up to
200 volts per microsecond under
worst-case conditions. The dv/dt
capability of a thyristor de-
creases as the temperature rises
and is increased by the addition
of an external resistance from
gate to reference terminal. The
dv/dt rating, therefore, is given
for the maximum junction tem-
perature with the gate open,
i.e., for worst-case conditions.
Fig. 46 (a) shows a simple test
circuit that may be used to deter-
mine the dv/dt capability of a
thyristor. The curves in Fig.
46 (b) define the critical values
for linear and exponential rates of
increase in reapplied forward
OFF-state voltage for an SCR.
The critical value for the expo-
nential rate of rise of forward

SwW Ry Rz

_—_Vl RZ LC)
‘f SCR

V1 = anode supply volt-
age (variable)
1 =

relay

AV

able res.sior
Rz = discharge resistor
mercury-wetted Rs = current-limiting re-
sistor

R1 = noninductive vari- M1 — oscilloscope
(a)
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w063V
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Figure 46. (a) Test circuit and (b) wave-

forms used to determine dv/dt capability
of a thyristor.
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voltage is the rating given in the
manufacturer’s test specifications.
This rating is determined from
the following equation:

rated value of
dv thyristor voltage (Vgo)

dt~  RC time constant

X0.632
@)

The dv/dt rating allows a cir-
cuit designer to design an RC
time-constant network that can be
used to limit the rate of rise of a
transient voltage below the criti-
cal value of the thyristor.

It has been found in many ap-
plications that simple circuit addi-
tions, such as shown in Fig. 47,
can be used to reduce the dv/dt

[ Loap |
LoAD |

O R

GATE
POWER TRIGGER
SOURCE CIRCUIT
(@] c

=T

Figure 47. Diagram showing use of RC
network to improve the dv/dt capability
of an SCR.

stress on the thyristor. The dv/dt
capability is also increased by ap-
plication of reverse bias to the
gate during the rise of OFF-state
voltage.

Switching Characteristics

The ratings of thyristors are
based primarily upon the amount
of heat generated within the de-
vice pellet and the ability of the
device package to transfer the in-
ternal heat to the external case.
For high-frequency applications in
which the peak-to-average current
ratio is high, or for high-perfor-
mance applications that require
large peak values but narrow cur-
rent pulses, the energy lost during
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the turn-on process may be the
main cause of heat generation

within the thyristor. The switch- -

ing properties of the device must
be known, therefore, to determine
power dissipation which may limit
the device performance.

Turn-on Time—When a thyris-
tor is triggered by a gate signal,
the turn-on time of the device con-
sists of two stages, a delay time t,
and a rise time t, as shown in
Fig. 48. The total turn-on time t,;
is_defined as the time interval be-
tween the initiation of the gate
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Figure 48. Gate current and voltage turn-on
waveforms for a thyristor.
signal and the time when the re-
sulting current through the thy-
ristor reaches 90 per cent of its
maximum value with a resistive
load. The delay time t; is defined
as the time interval between the
10-per-cent point of the leading
edge of the gate-trigger voltage
and the 10-per-cent point of the
resulting current with a resistive
load. The rise time t, is the time
interval required for the principal
current to rise from 10 to 90 per
cent of its maximum value. The
total turn-on time, therefore, is
the sum of both the delay and

rise times of the thyristor.
Although the turn-on time is
affected to some extent by the

peak OFF-state voltage and the

. peak ON-state current level, it is

influenced primarily by the mag-
nitude of the gate-trigger current
pulse. Fig. 49 shows the variation
in turn-on time with gate-trigger
current for the RCA-2N3873 SCR.
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Figure 49. Turn-on time characteristics for
the RCA-2N3873 SCR.

When larger currents are available
from the gate-trigger pulses, the
delay-time portion of the turn-on
period is reduced, and the over-all
turn-on time is decreased. When
it is desirable to reduce the varia-
tion in turn-on time among de-
vices of the same type, higher
gate-drive signals should be used.

Fig. 50 shows a simple test cir-
cuit used to determine turn-on
times of thyristors. The value of
resistor R, is chosen so that the
rated value of current flows
through the thyristor. Turn-on
time is specified by the thyristor
manufacturer at the rated block-
ing voltage.

Ry
SCR
T44=200 mA SVF
O.lus RISE TIME
Figure 50. Test circuit used to determine

turn-on time of thyristors.
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When a thyristor is turned on
by a gate-current pulse, current
does not start to flow throughout
the entire junction instantane-
ously; instead, the current is con-
fined initially to a small area
adjacent to the gate. The voltage
drop across the thyristor at this
time is large because the current
density in the small area that is
turned on is high. As the conduc-
tion area increases, the current
density is reduced, and the volt-
age drop across the thyristor be-
comes smaller. Eventually, the
boundaries of the high-current-
density region propagate across
the entire junction area. The time
required for completion of this
action is considerably longer than
the specified turn-on time. For
resistive loads, the turn-on time
can be defined as the time interval
between the 10-per-cent point at
the beginning of the gate voltage
and the instant at which the ap-
plied blocking voltage decreases
to 10 per cent of its original
value.

For thyristors operated at low
blocking voltages, the 10-per-cent
value is insignificant from the
standpoint of device dissipation.
For thyristors operated at block-
ing voltages in the order of hun-
dreds of volts, however, 10 per
cent is sufficiently high in mag-
nitude to represent an appreci-
able amount of device dissipation.
Moreover, the typical turn-on
time, as defined for certain gate
drives, may be in the order of
2 to 3 microseconds, while the
time required for conduction to
spread over the entire junction
area may be in the order of 20
microseconds. During this spread-
ing time, the dynamic voltage drop
is high, and the current density
can produce localized hot spots in

51

the pellet area in conduction. In
order to guarantee reliable opera-
tion and to provide guidance for
equipment designers in applica-
tions having short conduction
periods, published data for RCA
thyristors give the voltage drop
at a given instantaneous forward
current and at a specified time
after turn-on from an OFF-state
condition. The wave-shapes for
the initial ON-state voltage for
the RCA-2N3873 SCR are shown
in Fig. 51. This initial voltage,
together with the time required
for reduction of the dynamic
forward voltage drop during the
spreading time, is an indication
of the current-switching capabil-
ity of the thyristor.

|
V1) |

Ip=300A

1 |

‘_' t=2 ps t__

Figure 51. Initial ON-state voltage and
current waveforms for the 2N3873 SCR.

When the entire junction area
of a thyristor is not in conduc-
tion, the current through that
fraction of the pellet area in con-
duction may result in large in-
stantaneous power losses. These
turn-on switching losses are pro-
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portional to the current and the
voltage from cathode to anode of
the device, together with the repe-
tition rate of the gate-trigger
pulses. The instantaneous power
dissipated in a thyristor under
such conditions is shown in Fig.
52. The curves shown in this fig-
ure indicate that the peak power
dissipation occurs in the short in-
terval immediately after the de-

FORWARD " REVERSE
POWER - POWER
DISSIPATION :  DISSIPATION

Figure 52. Instantaneous power dissipa-
tion in a thyristor during turn-on.
vice starts to conduct, usually in
the first microsecond. During this
time interval, the peak junction
temperature may exceed the maxi-
mum operating temperature given
in the manufacturer’s data; in
this case, the thyristor should not
be required to block voltages im-
mediately after the conduction in-
terval. If the thyristor must block
voltages immediately following the
conduction interval, the junction-
temperature rating must not be
exceeded, and sufficient time must
elapse to allow the junction tem-
perature to decrease to the operat-
ing temperature before blocking

voltage is re-applied to the device.

The transient temperature rise
may have a major effect on the
turn-off time of a thyristor. As a
result, when transient effects have
to be considered, turn-off time
measurements should be made un-
der pulsed conditions.

Turn-Off Time—The turn-off
time of an SCR also consists of
two stages, a reverse-recovery
time and a gate-recovery time, as
shown in Fig. 53. When the for-
ward current of an SCR is re-
duced to zero at the end of a
conduction period, application of
reverse voltage between the anode
and cathode terminals causes re-
verse current to flow in the SCR
until the reverse-blocking junction
establishes a depletion region. The
time interval between the applica-
tion of reverse voltage and the
time that the reverse current
passes its peak value to a steady-
state level is called the reverse-
recovery time t,.,. A second recov-
ery period, called the gate-recov-
ery time t., must then elapse for
the forward-blocking junction to

dvp/dt \v/

di,/dt__l\

Figure 53. Circuit-commutated turn-off
voltage and current waveforms for
a thyristor.
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establish a forward-depletion re-
gion so that forward blocking volt-
age can be re-applied and success-
fully blocked by the SCR.

The gate-recovery time of an
SCR is usually much longer than
the reverse-recovery time. The to-
tal time from the instant reverse-
recovery current begins to flow to
the start of the re-applied for-
ward-blocking voltage is referred
to as the circuit commutated
turn-off time t,. The turn-off time
is dependent upon a number of
circuit parameters, including the
ON-state current prior to turn-
off, the rate of change of current
during the forward-to-reverse
transition, the reverse-blocking
voltage, the rate of change of the
re-applied forward voltage, the
gate trigger level, the gate bias,
and the junction temperature. The
junction temperature and the ON-
state current, however, have a
more significant effect on turn-off
time than any of the other factors.
Because the turn-off time of an
SCR ‘depends upon a number of

© . circuit parameters, the manufac-

..turer’s turn-off time specification

is meaningful only if these critical
parameters are listed and the test
circuit used for the measurement

- is indicated.

Fig. 54 shows a simple test
circuit used to measure turn-off
time. The -circuit subjects the
SCR to current and voltage wave-
forms similar to those encountered
in most typical applications. In
the circuit diagram, SCR, is the
device under test. Initially, both
SCR’s are in the OFF-state; push-
button switch SW, is momentarily
closed to start the test. This ac-
tion turns on SCR, and load cur-
rent flows through this SCR and
resistor R,. Capacitor C; charges
through resistor R, to the voltage
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Figure 54. Test circuit and voltage wave-
forms used to determine turn-off times
of thyristors.
developed across R,. If the sec-
ond push-button switch SW, is
then closed, SCR, is turned on.
SCR, is then reverse-biased by the
voltage across capacitor C;. The
discharge of this capacitor causes
a short pulse of reverse current to
flow through SCR, until this de-
vice recovers its reverse-blocking
capability. At some time t;, the
anode-to-cathode voltage of SCR,
passes through zero and starts to
build up in a forward direction
at a rate dependent upon the time
constant of C; and R,. The peak
value of the reverse current dur-
ing the recovery period can be
controlled by adjustment of poten-
tiometer R;. If the turn-off time
of SCR; is less than the time
t;, the device will turn off. The
turn-off interval t; can be meas-
ured by observation of the anode-
to-cathode voltage of SCR,; with
a high-speed oscilloscope. A typi-
cal waveform is shown in Fig.

54.
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Gate Characteristics

SCR’s and triacs are specifically
designed to be triggered by a sig-
nal applied to the gate terminal.
The manufacturer’s specifications
indicate the magnitudes of gate
current and voltage required to
turn on these devices. Gate char-
acteristics, however, vary from
device to device even among de-
vices within the same family. For
this reason, manufacturer’s speci-
fications on gating characteristics
provide a range of values in the
form of characteristic diagrams.
A diagram such as that shown in
Fig. 55 is given to define the
limits of gate currents and volt-
ages that may be used to trigger
any given device of a specific
family. The boundary lines of
maximum and minimum gate im-
pedance on this characteristic dia-
gram represent the loci of all
possible triggering points for thy-
ristors in this family. The curve
OA represents the gate character-
istic of a specific device that is
triggered within the shaded area.

~ I REQUIREMENTS To TRIGGER
- ALL UNITS AT THESE
1 TEMPERATURES e
ST
| 1 -40°C
w a3 e
g” g
5 +250°C
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w VOLTAGE
2 THAT WILL NOT
3 I TRIGGER ANY
! Vi UNITS AT l00°C
0 0 20 30 40 0
GATE CURRENT—mA
Figure 55. Gate- characterlstlcs curves for

a typical RCA SC

Trigger Level—The magnitude
of gate current and voltage re-
quired to trigger a thyristor
varies inversely with junction
temperature. As the junction tem-
perature increases, the level of
gate signal required to trigger
the thyristor becomes smaller.
Worst-case triggering conditions
occur, therefore, at the minimum
operating junction temperature.

The maximum value of gate
voltage below the level required
to trigger any unit of a specific
thyristor family is also an im-
portant gate characteristic. At
high operating temperatures, the
level of gate voltage required to
trigger a thyristor approaches the
minimum value, and undesirable
noise signals may inadvertently
trigger the device. The maximum
nontriggering gate voltage at the
maximum operating junction tem-
perature of the device, therefore,
is a measure of the noise-rejection
level of a thyristor.

The gate voltage and current re-
quired to switch a thyristor to its
low-impedance state at maximum
rated forward anode current can
be determined from the circuit
shown in Fig. 56. The value of
resistor R, is chosen so that maxi-
mum anode current, as specified
in the manufacturer’s current rat-
ing, flows when the device latches
into its low-impedance state. The
value of resistor R, is gradually
decreased until the device under
test is switched from its high-

"

Figure 56. Test circuit used to determine
gate-trigger-pulse requirements of
thyristors.
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impedance state to its low-im-
pedance state. The values of gate
current and gate voltage immedi-
ately prior to switching are the
gate voltage and current required
to trigger the thyristor.

The gate nontrigger voltage
Vgut is the maximum de gate volt-
age that may be applied between
gate and cathode of the thyristor
for which the device can maintain
its rated blocking voltage. This
voltage 1is wusually specified at
the rated operating temperature
(100°C) of the thyristor. Noise
signals in the gate circuit should
be maintained below this level to
prevent unwanted triggering of
the thyristor.

Pulse Triggering—When very
precise triggering of a thyristor
is desired, the thyristor gate must
be overdriven by a pulse of cur-
rent much larger than the dc gate
current required to trigger the
device. The use of a large current
pulse reduces variations in turn-
on time, minimizes the effect of
temperature variations on trigger-
ing characteristics, and makes
possible very short switching
times.

In the past, the maximum value
of gate signal that could be used
to trigger a thyristor was severely
restricted by minimum de¢ trig-
gering requirements and limita-
tions on maximum gate power.
The coaxial gate structure and
the ‘shorted-emitter” construec-
tion techniques now used in RCA
thyristors, however, has greatly
extended the range of limiting
gate characteristics. As a result,
the gate-dissipation ratings of
RCA thyristors are compatible
with the power-handling capabili-
ties of other elements of these de-
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vices. Advantage can be taken of
the higher peak-power capability
of the gate to improve dynamic
performance, increase di/dt capa-
bility, minimize interpulse jitter,
and reduce switching losses. This
higher peak-power capability also
allows greater interchangeability
of thyristors in high-performance
applications.

The “shorted-emitter” technique
makes use of the resistance path
within the gate layer which is in
direct contact with the cathode
electrode of the thyristor. When
gate current is first initiated, most
of the current bypasses the gate-
to-cathode junction and flows from
the resistive gate layer to the
cathode contact. When the IR drop
in this gate layer exceeds the
threshold voltage of the gate-to-
cathode junction, the current
across this junction increases until
the thyristor is triggered.

When an SCR is triggered by
a gate signal just sufficient to turn
on the device, the entire junction
area does not start to conduct in-
stantaneously. Instead, as pointed
out in the discussion on Switch-
ing Characteristics, the device
current is confined to a small area,
which is usually the most sensi-
tive part of the cathode. The re-
maining cathode area turns on as
the anode current increases. When
a much larger signal is applied
to the gate, a greater part of the
cathode is turned on initially and
the time to complete the turn-on
process is reduced. The peak am-
plitude of gate-trigger currents
must be large, therefore, when
thyristors have to be turned on
completely in a short period of
time. Under such conditions, the
peak gate power is high, and pulse
triggering is required to keep the
average gate dissipation within
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the values given in the manufac-
turer’s specifications. New gate
ratings, therefore, are required
for this type of application.

The forward gate characteris-
tics for thyristors, shown in Fig.
57, indicate the maximum allow-
able pulse widths for various peak
values of gate input power. The
pulse width is determined by the
relationship that exists between
gate power input and the increase
in the temperature of the thyris-
tor pellet that results from the ap-
plication of gate power. The
curves shown in Fig. 57 (a) are for
RCA SCR’s that have relatively
small current ratings (2N4101,
2N4102, and 40379 families), and
the curves shown in Fig. 57(b)
are for RCA SCR’s that have
larger current ratings (2N3670,
2N3873, and 2N3899 families).
Because the higher-current thyris-
tors have larger pellets, they also
have greater thermal capacities

40
T Q" /j/
w g
8 32 __§<:\& J
g 24— _\}*,&V'[ |
ERNECE 2
W & N
5 ANGAE MINIMUM i
© 8 \/ o ~N 7,‘9 GATE RESISTANCE
O3 S
[¢] 2 4 6 € 10 12 14 €
GATE CURRENT-A
(a)
40
T 1 &
32 —t& S
= RS
Baa g
> O 4 0<
E 16 "'%fé‘ 5 /
o 8 7 ° /0);9
MINIMUM |
1000 GATE RESISTANCE
(o] 2 4 6 8 10 12 14 €

GATE CURRENT-A
(b)

Figure 57. Forward-gate characteristics for
pulse triggering of RCA SCR's: (a) low-
current types, (b) high-current types.

than the smaller-current devices.
Wider gate trigger pulses can
therefore be used on these devices
for the same peak value of gate
input power.

Because of the resistive nature
of the “shorted-emitter” construc-
tion, similar volt-ampere curves
can be constructed for reverse
gate voltages and currents, with
maximum allowable pulse widths
for various peak-power values, as
shown in Fig. 58. These curves
indicate that reverse dissipations
do not exceed the maximum allow-
able power dissipation for the de-
vice.
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Figure 58. Reverse gate characteristics of
RCA SCR’s: (a) low-current types, (b) high-
current types.
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Trigger-Circuit Requirements
—The basic gate trigger circuit
for a thyristor can be represented
by a voltage source and a series
resistance, as shown in Fig. 59.
The series resistance should in-
clude both the external circuit
resistance and the internal genera-
tor resistance. With this type of
equivalent circuit, the conven-
tional load-line approach to gate
trigger-circuit design can be used.

CIRCUIT RESISTANCE

SCR
Rc
AN\

PULSE
SOURCE -"D Es

Figure 59. ‘Equivalent-diagram of the basic
gate-trigger circuit for a thyristor.

With pulse triggering, it is as-
sumed initially that the‘ turn-on
time required to trigger all thyris-
tors of the same type is known,
and that the maximum allowable
gate trigger-pulse widths for spe-
cific gate-power inputs are to be
determined.

The magnitude of gate-trigger
current required to turn on all
SCR’s of a given type can be de-
termined from the turn-on char-
acteristics shown in Fig. 60. The
spread or band of turn-on charac-
teristics for the same gate current
results from the variation of gate-
trigger characteristics among de-
vices of the same family. Because
of the greater over-drive factor
involved, the same gate current
applied to a device obviously turns
on a low-gate-current device in
much less time than that required
to turn on a higher-gate-current
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Figure 60. Turn-on time distribution among
RCA SCR’s: (a) low-current types,
(b) high-current types.

device. For example, a gate-trig-
ger current of 100 milliamperes
overdrives an SCR that requires
a trigger current of only 2 milli-
amperes by a factor of 50 and
causes the device to turn on very
quickly, while an SCR that re-
quires 10 milliamperes of trigger
current is overdriven by a factor
of 10 and is turned on more
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slowly. As the gate current in-
creases, the band of turn-on char-
acteristics becomes narrower, and
an increase in gate current does
not effectively decrease the turn-on
time.

The following example, in which
an RCA-2N3873 SCR is to be
turned on in 2.5 microseconds,
demonstrates the use of the vari-
ous characteristics in the solution
of a typical triggering problem:

The turn-on characteristics
shown in Fig. 60 indicate that a
gate-trigger current of 1 ampere
is required to insure that all de-
vices of this type will turn on in
2.5 microseconds (the 2.5-micro-
second ordinate level intersects the
upper curve at 1000 milliamperes).
In addition, the width of the gate-
trigger pulse should be at least
2.5 microseconds to ensure that
the SCR remains on after it is
triggered. Actually, the minimum
requirement is that the pulse
width be wide enough for the
SCR anode current to achieve
the latching value. Conservative
design, however, requires the
pulse width to be at least equal
to the turn-on time. For induc-
tive loads, the turn-on time is
larger than indicated in the char-
acteristics curves because of the
slow rise of current through the
inductance.

A straight load line can then be
plotted on the pulse triggering
characteristics, as shown in Fig.
61. The two points that determine
the position of this line are the
source voltage (20 volts) and a
point slightly above the intersec-
tion of the required gate current
(1 ampere) and the curve of maxi-
mum gate resistance. The load
line should lie below the pulse-
width curve required to trigger
all SCR’s (in this example, the
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Figure 61. Forward gate characteristics of

typical RCA SCR’s showing load line for a
source of 20 volts and a required gate
current of 1 ampere.

2.5-microsecond curve) . The maxi-
mum allowable pulse width is ob-
tained by estimation of the pulse-
width curve tangent to the load
line. In this example, the pulse
width is estimated to be 30 micro-
seconds (the pulse-width curves
are logarithmically spaced). The
load line intersects the abscissa
at the 4-ampere point. The maxi-
mum circuit resistance, therefore,
is 5 ohms. The peak gate power is
the product of gate voltage and
gate current at the point of tan-
gency of the pulse-width curve,
and is approximately 20 watts (10
volts x 2 amperes).

When gate pulses are used to
trigger SCR’s, the maximum allow-
able operating frequency f is de-
pendent upon the average power
rating of the gate P,,., and can
be determined from the following
equation:

f= Pg(avg)/Pg(pk) X PWg ®)

where P, is the peak gate
power and PW, is the gate pulse
width.

If it is assumed that only half
the total average gate-dissipation
rating of the RCA-2N3873, or 0.25
watt, is used to trigger the de-
vice, then the maximum allowable
operating frequency is determined
as follows:
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0.25 W
T 20W X 2.5 X 10~6second
= 5000 Hz
If there is no reverse gate power
dissipation, the maximum allow-
able frequency can be 10,000 Hz.
If the maximum allowable pulse
width is 80 microseconds, the
maximum allowable operating fre-
quency is proportionately reduced
to 416 Hz.

The trigger-circuit design is
usually fixed by the requirements
for reliable triggering, and re-
verse gate dissipation is consid-
ered after the values of source
voltage and circuit resistance have
been determined. Reverse gate
power dissipation results from re-
verse gate-bias conditions or cir-
cuit reaction caused by some
switching function. As in the case
of the forward gate characteris-
tics, a load-line approach can also
be used to determine the reverse
gate characteristics. The maxi-
mum anticipated value of reverse
gate potential is used as the
source voltage, and the external
circuit resistance is used to de-
termine the slope of the load line.
The load line on the reverse gate
characteristics shown in Fig. 62
represents a reverse gate-source
voltage of 24 volts and an ex-
ternal-circuit resistance of 5 ohms.
From the relationship that exists
among pulse width, average gate
power, peak gate power, and fre-
quency, a maximum pulse width
can be calculated for the actual
operating frequency. For a reverse
gate dissipation of 0.25 watt, peak
gate power of 10 watts, and a fre-
quency of 5000 Hz, the maximum
allowable pulse width PW is cal-
culated as follows:

0.25 W

PW = o0z x tow @

= 5 microseconds

f
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This reverse gate-pulse width
should be less than the maximum
allowable pulse width, as deter-
mined by the curve that lies just
below the load line on Fig. 62. In
this example, the maximum allow-
able pulse width for reverse dis-
sipation is 100 microseconds.
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Figure 62. Reverse gate characteristics for

typical RCA SCR’s showing load line for
a reverse gate-source voltage of 24 volts
and an external circuit resistance of
5 ohms.

The total average dissipation
caused by gate-trigger pulses is
the sum of the average forward
and reverse dissipations. This to-
tal dissipation should correspond
to the average gate power dissi-
pation shown in the published data
for the selected SCR. If the aver-
age gate dissipation exceeds the
maximum published value, as the
result of high forward gate-trig-
ger pulses and transient or steady-
state reverse gate biasing, the
maximum allowable forward-con-
duction-current rating of the de-
vice must be reduced to compen-
sate for the increased rise of
junction temperature caused by
the increased gate power dissipa-
tion.

The trigger-circuit design con-
siderations described for RCA
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SCR’s also apply to RCA triacs.
Although both types of devices
are triggered in the same manner,
the triac can be triggered by
either positive or negative gate-
trigger pulses independent of the
polarity of the voltage between
the main terminals.

SERIES AND
PARALLEL OPERATION

The voltage or current capabili-
ties of a single thyristor can be
extended by use of two or more
thyristors of the same type in
series or parallel arrangements,
respectively. The following para-
graphs discuss basic considera-
tions important to the successful
operation of thyristors used in
multiple connections.

Series Connections

When thyristors are connected
in series for higher-voltage opera-
tion, certain procedures should be
followed. These procedures usually
depend upon the typical electrical
characteristics of the thyristors
used and the requirements of the
circuit application.

The most important considera-
tion in series connections of thy-
ristors is to assure that voltages
are divided equally across the in-
dividual units in the series string.
One technique that may be used
to obtain the desired voltage dis-
tribution is to select units that
are matched with respect to such
characteristics as OFF-state volt-
age breakdown, reverse voltage
and current, and temperature ef-
fects. The use of a resistor across
each unit in the stack is also
recommended for improved series
operation of thyristors. The value
of the resistors should be some

fraction of the maximum OFF-
state resistance of the thyristor to
force equal voltage division among
the devices.

When SCR’s are used in series
arrangements, differences in the
reverse-recovery times of the units
have an important bearing on the
voltage division. Variation in in-
ternal capacitances of thyristors
and in stray capacitances between
thyristors and ground can also re-
sult in an unequal voltage division
among the various units. The use
of capacitive voltage dividers is
recommended to eliminate the ef-
fects of such conditions. When
capacitive voltage dividers are
used, however, a damping resistor
should be connected in series with
each capacitor to restrict peak-
current values when the thyris-
tors are switched to the ON state
while the OFF-state voltage is
present on the capacitor.

When thyristors are connected
in series, the gate-trigger circuit
used to turn on the various units
requires special consideration. Be-
cause of differences in the delay
and rise times of thyristors, gate-
trigger currents that have a fast
rise time must be used to turn on
the units in the series string. The
use of large gate-trigger currents
minimizes turn-on differences. If
large, quick-rising trigger -cur-
rents are not used, the voltage
across units that have longer turn-
on times may exceed peak-voltage
ratings.

Parallel Connections

Thyristors are connected in
parallel to obtain output currents
higher than the current ratings
of an individual thyristor. The
main consideration for this type
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of operation is that the current
must be divided equally among the
parallel thyristors. One technique
that is used to assure proper cur-
rent division is to connect an
identical balancing resistor in
series with each thyristor. The
value of these resistors should be
several times larger than the
maximum ON-state impedance of
the thyristors so that the current
through each thyristor will be es-
sentially the same even though
the ON-state impedances of the
thyristors are different. The addi-
tion of a balancing resistor to
each conduction path, however,
increases the power dissipation
and, consequently, decreases the
over-all efficiency of the circuit.
The efficiency of the circuit is im-
proved if reactors, rather than
resistors, are used to achieve
balanced currents.

Another technique used in the
parallel connection of thyristors
is to select matched devices on the
basis of specific conduction char-
acteristics. When this technique
is employed, circuit and load im-
pedances must be carefully de-
signed to assure an equal im-
pedance for each conduction path
in the parallel array. When fac-
tory-matched units are employed,
care must be taken to insure that
all units are operated at essen-
tially the same case temperature.
Because the forward voltage drop
of a thyristor is temperature-
dependent, differences in case
temperature can result in unequal
current sharing. All thyristors in
the parallel array, therefore,
should be mounted on a common
heat sink to assure that the oper-
ating junction temperature of
each device is the same.

When thyristors are connected
in parallel, it is preferable to use
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a continuous gate drive to turn
on the devices because of the dif-
ferences in the latching levels of
individual thyristors. Continuous
gate drive is particularly import-
ant when inductive loads are used
because such loads produce slow-
rising output currents, and the
continuous drive assures that gate
current is present throughout the
full conduction period. If pulse
triggering is employed, the dura-
tion of the gate-trigger pulse must
be sufficient to allow the conduc-
tion currents through all the thy-
ristors to build up to values
greater than the latching values
to assure that all thyristors are
completely turned on. The  gate-
trigger pulses should be fast-ris-
ing, high-amplitude pulses to as-
sure good current sharing among
the parallel thyristors during the
turn-on interval.

Consideration should be given
in parallel arrays to the possibility
that one thyristor may be inad-
vertently turned on from some
extraneous source, e.g., a high rate
of rise of OFF-state voltage
(dv/dt). Under such conditions, it
is possible that an excessive
amount of current may flow
through this thyristor.

TRANSIENT PROTECTION

Voltage transients occur in
electrical systems when some dis-
turbance disrupts the mnormal
operation of the system. These
disturbances may be produced by
various sources (such as light-
ning surges, energizing trans-
formers, and load switching) and
may generate voltages which ex-
ceed the rating of the thyristors.
In addition, transients generally
have a fast rate of rise that is
usually greater than the critical
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value for the rate of rise of
the thyristor OFF-state voltage
(static dv/dt).

If transient voltages have mag-
nitudes far greater than the de-
vice rating, the thyristor may
switch from the OFF state to the
ON state; the excess voltage is
then transferred from the thyris-
tor to the load. Because the in-
ternal resistance of the thyristor
is high during the OFF state, the
transients may cause consider-
able energy to be dissipated in
the thyristor before breakover
occurs. In such instances, the
transient voltage exceeds the
maximum allowable voltage rat-
ing, and irreversible damage to
the thyristor may occur.

Even if the magnitude of a
transient voltage is within the
maximum allowable voltage rat-
ing of the thyristor, the rate of
rise of the transient may exceed
the static dv/dt capability of the
thyristor and cause the device to
switch from the OFF state to the
ON state. In this case, thyristor
switching from the OFF state
to the ON state occurs because
of the fast rate of rise of OFF-
state voltage (dv/dt) and the
thyristor capacitance (C), which
result in a turn-on current i =
Cdv/dt. Thyristor switching pro-
duced in this way is free from
high-energy dissipation, and
turn-on is not destructive pro-
vided that the load current that
results is within the device
capability.

In either case, transient sup-
pression techniques are employed
to minimize the effects of turn-on
because of overvoltage or because
the thyristor dv/dt capability is
exceeded.

One of the obvious solutions to
insure that transients do not ex-

ceed the maximum allowable
voltage rating is to provide a
thyristor with a voltage rating
greater than the highest tran-
sient voltage expected in a sys-
tem. This technique, however,
does not represent an economical
solution because, in most cases,
the transient magnitude, which
is dependent on the source of
transient generation, is not easily
defined. (Transient voltages as
high as 2600 volts have resulted
from lightning disturbances on a
120-volt residential power line.)
Usually, the best solution is to
specify devices that can with-
stand voltage from 2 to 3 times
the steady-state value. This tech-
nique provides a reasonable
safety factor. The effects of volt-
age transients can further be
minimized by use of external cir-
cuit elements, such as a series
RC network, across the thyristor
terminals, as shown in Fig. 63.
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Figure 63. Diagram showing use of RC
network for transient suppression in
thyristor circuits.

The rate at which the voltage
rises at the thyristor terminal is
a function of both the load im-
pedance and the values of the
resistor R and the capacitor C.
Because the load impedance is
usually variable, the preferred
approach is to assume a worst-
case condition for the load and,
through actual transient mea-
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surement, to select a value of
C that provides the minimum
rate of rise at the thyristor
terminals. The resistance R
should be selected to minimize
the capacitor discharge currents
during turn-on.

For applications in which it is
necessary to minimize false turn-
on because of transients, the ad-
dition of a coil in series with the
load, as shown in Fig. 64, is very
effective for reduction of the
rate of voltage rise at the thy-
ristor terminals. For example, if
a transient of infinite rise time
is assumed to occur at the input
terminals and if the effects of the
load impedance are neglected, the
rise time of the transient at
the thyristor terminals is approxi-
mately equal to E,./ VLC. If the
value of the added inductor L is
100 microhenries and the value
of the snubber capacitor C is 0.1
microfarad, the infinite rate of
rise of the transient at the thyris-
tor terminals is reduced by a
factor of 3. For a filter network
consisting of L= 100 micro-
henries, C = 0.22 microfarad, and
R =47 ohms, a 1000-volt-per-
microsecond transient that ap-
pears at the input terminals is
suppressed by a factor of 6 at the
thyristor terminals.

L
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THYRISTOR
NETWORK

TC
Figure 64. Diagram showing use of RC
network for transient suppression and an

inductance to prevent false turn-on be-
cause of transients in thyristor circuits.
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COMMUTATING dv/dt
CONSIDERATIONS

In ac power control, a triac
must switch from the conducting
state to the blocking state at
each zero current point, or twice
per cycle. This action is called
commutation. If the triac fails
to block the circuit voltage fol-
lowing the zero-current point,
control of the load power is lost.
This action is not damaging to
the triac. Commutation for re-
sistive loading presents no spe-
cial problems because the volt-
age and current are essentially
in phase. For inductive loading,
however, the current lags the
voltage so that, following the
zero-current point, an applied
voltage opposite to the current
and equal to the peak of the ac
line voltage occurs across the
thyristor. The maximum rate of
rise of this voltage which can
be blocked by the triac without
reverting to the ON state is
termed the critical rate of rise
of commutation voltage for the
triac or the commutating dv/dt.

SCR’s do not experience com-
mutation limitations because
turn-on is not possible for the
polarity of voltage opposite to
current flow.

The triac may be considered as
two SCR’s in an inverse-parallel
connection with the exception
that the high-voltage blocking
function is common to both
SCR’s. In the circuit shown in
Fig. 65, during the zero-current
crossover (point A), the half of
the triac in conduction starts to
commutate when the main cur-
rent flow falls below the holding
current. At the instant the con-
ducting half of the triac turns
off, an applied voltage opposite
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to the previous current polarity
is applied across the triac. When
this voltage is applied, a dis-
placement current results from
the formation of a depletion re-
gion at the junction. The portion
of this displacement current
which crosses the n-type emitter
junction of the other side of the
triac may be sufficient to trigger
the device into the ON state in
that direction. The over-all re-
sult is loss of power control to
the load. The rate of decrease of
current prior to the zero-eurrent
point and: the rate of application
of voltage in the opposite polar-
ity determine the commutating
duty on the triac.

LOAD

The most economical approach
to reduction of the dv/dt stress
so that it is within the capability
of the triac is the use of a series
RC network across the triac. The
rate of change of re-applied
voltage is then dependent on the
inductance and capacitance of
the load and the impedance of
the network. The magnitude of
added capacitance is determined.
by the load impedance and the
dv/dt limitation of the triaec.
The value of the added resistance
R should be sufficient both to
damp the LC oscillation and to
maintain the capacitor discharge
currents during triac turn-on
within acceptable limits.

SOURCE VOLTAGE

TRIAC VOLTAGE

Figure 65. Simplified diagram and voltage and current waveforms for operation of a
triac in a circuit that has an inductive load and a lagging-current power factor.
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Silicon Power Transistors

THE performance of power tran-
sistors in electronic equipment
depends on many factors besides
the basic characteristics of the
semiconductor material. The two
most Important factors are the
design and fabrication of the tran-
sistor structure and the manner
in which power is dissipated from
the device. Other factors that must
also be considered are maximum
ratings, basic parameters, relia-
bility, and types of service in
which power transistors are used.

DESIGN AND FABRICATION

The ultimate aim of all transis-
tor fabrication techniques is the
construction of two parallel p-n
junctions with controlled spacing
between the junctions and con-
trolled impurity levels on both
sides of each junction. A variety
of structures has been developed
in the course of transistor evolu-
tion.

The earliest transistors made
were of the point-contact type.
In this type of structure, two
pointed wires are placed next to
each other on an n-type block
of semiconductor material, and the
p-n junctions are formed by elec-
trical pulsing of the wires. This
type has been superseded by junc-
tion transistors, which are fabri-
cated by various alloy, diffusion,
and crystal-growth techniques.

In grown-junction transistors,
the impurity content of the semi-
conductor material is changed dur-
ing the growth of the original

crystal ingot to provide the p-n-p
or n-p-n regions. The grown crys-
tal is then sliced into a large num-
ber of small-area devices, and
contacts are made to each region
of the devices. Fig. 66 shows a
cross section of a grown-junction
transistor.

.- SOLDER
COLLECTOR
CONTACT
EMITTER BASE
CONTACT REGION

Figure 66. Cross-section of grown-junction
transistor.

In alloy-junction transistors,
two small ‘“dots” of a p-type or
n-type impurity element are placed
on opposite sides of a thin wafer
of n-type or p-type semiconductor
material, respectively, as shown
in Fig. 67. After proper heating,
the impurity “dots” alloy with the

BASE
i
v COLLECTOR
SOLDER DOT

Figure 67. Cross-section of alloy-junction

transistor.

semiconductor material to form
the regions for the emitter and
collector junctions. The base con-
nection in this structure is made
to the original semiconductor
wafer.

The drift-field transistor is a
modified alloy-junction device in



66 RCA Silicon Power Circuits Manual

which the impurity concentration
in the base wafer is diffused or
graded, as shown in Fig. 68. Two
advantages are derived from this
structure: (a) the resultant built-
in voltage or “drift field” speeds
current flow, and (b) the ability
to use a heavy impurity concentra-
tion in the vicinity of the emitter

DIFFUSED
BASE REGION

EMITTER
DOT

UNDIFFUSED BASE
REGION—ORIGINAL
cotygeron SCHEPRRILTON

Figure 68. Cross-section of drift-field tran-

sistor.
and a light concentration in the
vicinity of the collector makes it
possible to minimize capacitive
charging times. Both these advan-
tages lead to a substantial exten-
sion of the frequency performance
over that of the alloy-junction de-
vice.

The diffused-junction transis-
tor represents a major advance in
transistor technology. The in-
creased control over junction spac-
ings and impurity levels made
possible by the diffusion tech-
nique has led to significant im-
provements in transistor perfor-
mance capabilities.

The first diffused-junction sili-
con power transistor was the sin-
gle-diffused “hometaxial” struc-
ture shown in Fig. 69. The
hometaxial transistor is fabricated

EMITTER METAL
BASE LEAD

BASE METAL:

D|FFUSE'2E§'AAITTER
DIFFUSED 1
BASE

SOLDER
DIFFUSED COLLECTOR
(LOW RESISTANCE)

UNDIFFUSED BASE
(HOMOGENOUS)

Figure 69. Cross-section of hometaxial-
base silicon power transistor.

by a simultaneous diffusion of im-
purity from each side of a homo-
geneously doped slice of silicon.
A mesa is etched on one side of
the slice in an intricate design to
define the transistor emitter and
expose the base region to facilitate
application of metal contacts to the
semiconductor. Large amounts of
heat can be dissipated from a
hometaxial structure through the
highly conductive solder joint be-
tween the semiconductor material
and the device header. This struc-
ture results in a high-perfor-
mance, rugged power transistor
that has a very low collector re-
sistance.

The double-diffused transistor
provides a structure which has
an additional degree of freedom
for selection of the impurity levels
and junction spacings of the base,
emitter, and collector. This struc-
ture makes possible high voltage
capability through a lightly doped
collector region without compro-
mise of the junction spacings
which determine device frequency
response and other important
characteristics. Fig. 70 shows
a typical double-diffused silicon
transistor. In this type of transis-
tor, the emitter and base junctions
are formed on the same side of
the silicon slice by photolitho-
graphic and silicon-dioxide mask-

BASE LEAD EMITTER LEAD

DIFFUSED EMITTER

METAL FILM DIFFUSED BASE
UNDIFFUSED
HEADER COLLECTOR

SOLDER

Figure 70. Cross-section of double-diffused
silicon power transistor.

ing and solid-state diffusion. A
mesa is usually etched through the
base region to reduce the collec-
tor area at the base-to-collector
junction and to provide a rugged,
stable semiconductor surface.
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The double-diffused silicon
planar transistor provides the in-
herent advantages of the double-
diffused design together with the
added advantage of protection or
passivation of the emitter-to-base
and collector-to-base junction sur-
faces. Fig. 71 shows a typical
double-diffused silicon planar tran-
sistor. The base and emitter re-
gions terminate at the top surface
of the semiconductor slice under

METAL FILM
CONTAC SILICON DIOXIDE

DIFFUSED

EMITTER

Figure 71. Cross-section of double-diffused
silicon planar power transistor.

the protection of a layer of silicon
dioxide. Photolithographic tech-
niques and silicon-dioxide masking
are used to provide for diffusion
of both base and emitter impuri-
ties in selective areas of the sili-
con slice.

The triple-diffused transistor
structure provides the advantages
of the double-diffused design with-
out the disadvantage of high col-
lector resistance. This structure
has a heavily doped region diffused
from the bottom of the silicon
slice which effectively reduces the
thickness of the lightly doped col-
lector region to a value dictated
only by electric-field considera-
tions. This design thus minimizes
the thickness of the lightly doped
or high-resistivity portion of the
collector to obtain a low collector
resistance. A low collector resist-
ance is a particularly important
advantage in high-current appli-
cations. Fig. 72 shows a section of
a triple-diffused planar structure.
A triple-diffused mesa structure
could also be fabricated.

The epitaxial double-diffused
transistor structure also has a low
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collector resistance. The structure
and characteristics of this type of
transistor are similar to those
of the triple-diffused transistor
shown in Fig. 72. The epitaxial
structure differs fundamentally
only in the way the collector re-

gion is fabricated. The lightly
SILICON DIOXIDE

DIFFUSED EMITTER UNDIFFUSED

DIFFUSED COLLECTOR
BASE ol

¥~ HEADER DIFFUSED

SOLDER COLLECTOR

HEAVILY DOPED

Figure 72. Cross-section of triple-diffused
silicon planar power transistor.

doped collector portion of the epi-
taxial structure is grown on top
of a heavily doped silicon slice in
a high-temperature reaction cham-
ber. This growth proceeds atom
by atom and is a perfect extension
of the crystal lattice of the heavily
doped silicon slice on which it is
grown. In contrast, the triple-
diffused structure starts with a
lightly doped region and has a
heavily doped region diffused into
a portion of it. Both techniques
provide the low collector resistance
required for high-current or high-
power circuit applications.

The epitaxial-base transistor
has a structure in which a lightly
doped base region is deposited by
epitaxial techniques on a heavily
doped silicon slice of opposite-type
dopant. Photolithographic and sili-
con-dioxide masking and a single
impurity diffusion are used to de-
fine the emitter region, as shown
in Fig. 78. This structure offers
the advantage of low collector re-
sistance and ease of controlling

DIFFUSED EMITTER
EPITAXIAL
BASE

CONTACT METAL;

SOLDER

Figure 73. Cross-section of epitaxial-base
silicon power transistor.
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impurity spacings and emitter
geometry . for high-current and
moderate-frequency performance.
A variation of this structure uses
two epitaxial layers. A thin lightly
doped epitaxial layer, which is
used for the collector, is deposited
over the heavily doped silicon slice
prior to the epitaxial deposition of
the base region. The collector epi-
taxial layer is of opposite-type
dopant to the epitaxial base layer.
This structure, shown in Fig. 74,
has the advantages of the epitaxial-
base device, with an added advan-
tage of higher voltage ratings pro-
vided by the epitaxial collector
layer.

CONTACT METAL DIFFUSED EMITTER

EPITAXIAL EPITAXIAL
COLLECTOR —7_—_\ BASE
E C B I-l()EOA’;llLY
~ HEADER
SOLDER COLLECTOR

Figure 74. Cross-section of dual-epitaxial-
layer silicon power transistor.

The overlay transistor is a
double-diffused epitaxial device
which employs a unique emitter
structure. In this structure, a
large number of separate emitters
are tied together by diffused and
metalized regions, as shown in
Fig. 75. This design concept in-
creases the emitter edge-to-area

Figure 75. Emitter structure of an overlay

transistor.

ratio and reduces the charging
time constants without compro-
mise of the transistor current and
power-handling capability. The
overlay transistor is fabricated by
exceptionally well controlled dif-
fusions and very precise photo-
lithographic and silicon-dioxide
masking operation. Fig. 76 shows
a section through a typical over-
lay emitter region.

SILICON
SE DIOXIDE

BA
METALIZING

EMITTER
METALIZING

A e
8" ¢ E
e

oS STy

OF BASE

Figure 76. Cross-section of overlay tran-
sistor.

Power-transistor designs differ
fundamentally from signal-level
transistors in the way that the
semiconductor element is pack-
aged to provide for high thermal
conductivity and low-resistance
electrical contacts. The power
semiconductor element is usually
soldered or gold-alloyed to a solid
metal header, as shown in Fig.
77. For the high-power types, the
header is generally constructed
from copper or laminated copper
and steel for improved heat trans-
fer. Low-resistance contacts are
soldered or metal-bonded from the

EMITTER CONTACT

SEMICONDUCTOR /
DEVICE BA SE/CONTACT
METAL
SOLDER SHELL
MAIN
mEN=ES WELD
é \
ZIv]
A metaL
GLASS SEAL: METAL
EMITTER BASE
LEAD LEAD

Figure 77. Assembly details for high-power

silicon transistor.
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emitter or base metalizing con-
tacts to the appropriate package
leads. This packaging concept re-
sults in a simple structure that
can be readily attached to a
variety of circuit heat sinks and
that can safely withstand power
dissipations of hundreds of watts
and currents of tens of amperes.

A few high-performance power
transistors are packaged with
electrical isolation of the collec-
tor. This isolation is achieved,
without compromise of thermal
dissipation, by gold-alloying of the
semiconductor element to a metal-
ized ceramic disc. This dise, which
is usually beryllium oxide, is
brazed to the package header to
provide a low thermal-resistance
path to the circuit heat sink.

BASIC TRANSISTOR
PARAMETERS

A transistor is usually employed
to obtain a power gain by use of
a small control signal to produce
larger signal variations in the
output current. In a vacuum tube,
the most common gain parameter
is the voltage amplification factor
() from the grid to the plate.
In a transistor, the most com-
monly specified gain parameter is
the current gain (B) from the
base to the collector. Power gain
of a transistor operated in the
common-emitter circuit configura-
tion is proportional to the square
of the current gain multiplied by
the load resistance divided by the
input resistance, as indicated in
Fig. 78.

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 par-
ticular shades of meaning:

1. beta (B)—general term for
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current gain from base to collec-
tor.

2. alpha (a)—general term for
current gain from emitter to col-
lector.

3. hy—ac gain from base to
collector.

4. hyp—de gain from base to
collector.

The input impedance r;, of a
transistor also affects the power
output, as indicated by the equa-
tions shown in Fig. 78. The in-
put impedance is not usually spec-
ified directly because of the large

1

ic=ipA

INPUT CURRENT

i

INPUT VOLTAGE = ib Rin

OQUTPUT CURRENT = ic = inf8

OUTPUT VOLTAGE = iR = ivfrL

INPUT POWER = ib? Rin

OUTPUT POWER = ic? RL = iv? B2 rL
POWER GAIN = power output/power input

= iv2B2rL/iv?rin

= B2rL/rin

Figure 78. Test circuit and simplified
power-gain calculation for a transistor op-
erated in a common-emitter configuration.

number of components of which it
is comprised, but is usually speci-
fied as a maximum base-to-emitter
voltage V. under specified input-
current conditions.
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Other low-frequency electrical
characteristics commonly specified
for transistors are those needed
to verify the maximum ratings
and the leakage currents. Leakage
currents are important because
they affect biasing in amplifier
applications and represent the
“OFF” condition for transistors
used in switching applications.
Several different leakage currents
are commonly specified. The most
basic specification is Igyo, which
indicates the leakage from collec-
tor to base with the emitter open.
This leakage, which is simply the
reverse current of the collector-
to-base diode, is composed of two
components, a saturation current
that doubles in value for approxi-
mately every 8°C increase in tem-
perature and a surface-leakage
component that is not directly re-
lated to temperature. In a silicon
transistor, the saturation current
is normally small; at room tem-
perature, only the surface leakage
is measurable. High-temperature
leakage currents are usually speci-
fied in the published data for a
transistor.

In addition to the I, ratings,
Icgv, Icgo, and Icpr ratings are
often specified for transistors.
Icgv is the leakage from the col-
lector to emitter with the base-to-
emitter junction reverse-biased.
Icgr is the leakage current from
the collector to the emitter with
the base and emitter connected
by a specified resistance. Iogo is
the leakage current from collector
to emitter with the base open.
Icgy differs from Igyo only very
slightly and in most transistors
the two parameters can be consid-
ered equal. (This equality is not
maintained in symmetrical tran-
sistors.) Iopo is simply the product
of Isgo at the voltage specified
and the hyp of the transistor at

a base current equal to Icgo. Icro
is of course the largest leakage
current normally specified. Igpp
is intermediate in value between
Iogy and Icgo-

When transistors are used at
higher frequencies, their gain de-
creases. This condition is dis-
cussed more completely in the sec-
tion on High-Frequency Power
Amplifiers. The h;, decreases with
frequency in a predictable way, as
shown in Fig. 79.

hte

FALLS OFF
AT
6 dB/OCTAVE

~

fr

FREQUENCY (LOGARITHMIC)

Figure 79. Transistor current-gain parame-
ter hte as a function of frequency.

Because of the regular decrease
at high frequencies (6 dB per oc-
tave), a measurement of the gain
at any frequency on the 6-dB-
per-octave slope multiplied by the
frequency at which beta is meas-
ured results in approximately the
same value. This value, called the
gain-bandwidth product f,, is in-
dicative of the high-frequency
capability of a transistor. Other
parameters which affect high-fre-
quency performance are the ca-
pacitance or resistance which
shunts the load and the input im-
pedance, the effect of which is
shown by the equations of Fig.
78.

The specification of all the char-
acteristics which affect high-fre-
quency performance is so complex



Silicon Power Transistors

that often a manufacturer does
not specify all the parameters but
instead specifies transistor per-
formance in an rf-amplifier cir-
cuit. This information is very
useful when the transistor is oper-
ated under conditions very simi-
lar to those of the test circuit,
but is difficult to apply when the
transistor is used in a widely dif-
ferent application. Some manufac-
turers also specify transistor per-
formance characterisetics as a
function of frequency, which al-
leviates these problems.

The power-dissipation capability
of a transistor is usually given by
a dissipation derating curve, a
thermal-resistance specification,
and a maximum junction tempera-
ture, or a safe-area curve. Thermal
resistance is the increase in tem-
perature of the junction of a tran-
sistor (with respect to some ref-
erence) divided by the power
dissipated. In power transistors,
the thermal resistance is normally
measured from the pellet of the
transistor to the case. The user
is then required to determine the
remainder of the heat-flow path.

Thermal resistance is usually
measured by operation of the tran-
sistor in a pulsed type of service
in which power is dissipated in
the transistor during most of the
operating cycle. During the re-
mainder of the cycle, a tempera-
ture-sensitive parameter of the
transistor is monitored to de-
termine the junction temperature.
The parameter usually monitored
to determine junction temperature
is the forward-voltage drop across
the base-to-emitter diode junction.
For optimum accuracy, the ther-
mal resistance of each transistor
must be determined individually.
The test, therefore, is very slow
and expensive. There is an addi-
tional disadvantage to thermal-

n

resistance testing in that the
measurement is based on the av-
erage junction temperature and
does not indicate the maximum
temperature attained within the
device if temperature distribution
across the pellet is not uniform.

Safe-area curves are normally
verified with a power rating test.
In this type of test, the transistor
is subjected to a high-level pulse
of power (usually equal to the
power ratings of the transistor at
25°C) for a period of time that is
long compared to the transistor
internal time constant, but short
compared to the thermal time con-
stant of the case. The voltage
across the transistor is monitored.
A failing unit momentarily shorts
because of localized overheating.
During the test, this overheating
is detected by a sensing circuit,
and power is removed. In an actual
application, the transistor would
be destroyed. A safe-area rating
curve indicates whether a transis-
tor can withstand a given power
level without excessive localized
overheating.

MAXIMUM RATINGS

All semiconductor devices un-
dergo irreversible changes if
their temperature is increased be-
yond some critical limit. A number
of ratings are given for power
transistors, therefore, 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, maxi-
mum and minimum storage tem-
perature, and maximum power
dissipation that the transistor
can safely withstand.
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Voltage Ratings

Maximum voltage ratings are
normally given for both the collec-
tor and the emitter junctions of
a transistor. A Vo rating, which
indicates the maximum emitter-
to-base voltage with the collector
open, is usually specified. The col-
lector-junction voltage capability
is usually given with respect to
the emitter, which is used as the
common terminal in most transis-
tor circuits. This capability may
be expressed in several ways. A
Vepo rating specifies the maxi-
mum reverse collector-to-emitter
voltage with the base open; a
Veer rating for this voltage im-
plies that the base is returned to
the emitter through a specified
resistor; a Vgpg rating gives the
maximum reverse voltage when
the base is shorted to the emitter;
and a Vqpy rating indicates the
maximum voltage when the base
is reverse-biased with respect to
the emitter by a specified voltage.
A V.ix rating may also be given
to indicate the maximum collector-
to-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 break-
down across the junction is usually
not uniform, and the current may
be localized in one or more small
areas. The small area becomes
overheated unless the current is
limited to a low value, and the
transistor may then be destroyed.

Current Ratings

The maximum current rating of
a transistor indicates the highest
current at which, in the manufac-
turer’s judgment, the device is

useful. This current limit may be
established by setting an arbi-
trary 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 de-
struction of the transistor.

Storage and Operating
Temperature Ratings

The basic materials in a silicon
transistor allow transistor ac-
tion at temperatures greater than
300°C. Practical transistors, how-
ever, are limited to lower tempera-
tures by mounting systems and
surface contamination. If the
maximum rated storage or oper-
ating temperature is exceeded,
irreversible changes in leakage
current and in current-gain char-
acteristics of the transistor result.

Power Ratings

A transistor is heated by the
electrical power dissipated in it. A
maximum power rating is given,
therefore, to assure that the tem-
perature in all parts of a transistor
is maintained below a value that
will result in detrimental changes
in the device. This rating may be
given with respect to case tem-
perature (for transistors mounted
on heat sinks) or with respect to
“free-air ambient” temperature.
Case temperature is measured
with a small thermocouple or other
low-heat-conducting thermometer
attached to the outside of the case
or preferably inserted in a very
small blind hole in the base so that
the measurement is taken as close
to the transistor chip as possible.
Very short pulses of power do not
heat the transistor to the tempera-
ture which it would attain if the
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power level was continued indefi-
nitely. Ratings of maximum power
consider this factor and allow
higher power dissipation for very
short pulses.

The dissipation in a transistor
is not uniformly distributed across
the semiconductor wafer. At
higher voltages, the current con-
centrations become more severe,
and hot spots may be developed
within the transistor pellet. As a
result, the power-handling capabil-
ity of a transistor is reduced at
high voltages. The power rating
of a transistor may be presented
most easily by a limiting curve
that indicates a peak-power safe
operating region. This curve
shows power-handling capability
as a function of voltage for vari-
ous time durations. The factors
that determine the boundaries de-
fined by the safe-area curve and
the use of this curve are discussed
in the following sections.

THERMAL CONSIDERATIONS

The physical mechanisms re-
lated to basic transistor action are
temperature-sensitive. If the bias
is not temperature-compensated,
the transistor may develop a re-
generative condition, known as
thermal runaway, in which the
thermally generated carrier con-
centration approaches the im-
purity carrier concentration. [Ex-
perimental data for silicon show
that, at temperatures up to 700°K,
the thermally generated carrier
concentration n; is determined as
follows: n; = 3.87 X 1016 x T X
(3/2) exp (—1.21/2kT).] When
this condition becomes extreme,
transistor action ceases, the collec-
tor-to-emitter voltage Vg col-
lapses to a low value, and the cur-
rent increases and is limited only
by the external circuit.

3

If there is no current limiting,
the increased current can melt the
silicon and produce a collector-to-
emitter 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 semi-
conductor is defined as the tem-
perature at which the thermally
generated carrier concentration is
equal to the doped impurity con-
centration, the absolute maximum
temperature for transistor action
can be established.

The intrinsic temperature of a
semiconductor is a function of the
impurity concentration, and the
limiting intrinsic temperature 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 (power) is
established by additional factors
such as the efficiency of heat re-
moval, the yield point and melting
point of the solder used in fabri-
cation, and the temperature at
which permanent changes in the
junction properties occur.

Thermal Resistance

The methods of rating power
transistors under steady-state con-
ditions are embodied in the fol-
lowing definition of thermal re-
sistance: The thermal resistance
of a semiconductor device is the
quotient of the temperature drop
and the heat generated through
internal power dissipation under
steady-state conditions, the tem-
perature drop being measured be-
tween the region of heat genera-
tion and some reference point.
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It should be noted that thermal
resistance is defined for steady-
state conditions. If a uniform
temperature over the entire semi-
conductor junction is assumed, the
power dissipation required to raise
the junction temperature to a pre-
determined value, consistent with
reliable operation, can be de-
termined. Under conditions of in-
termittent or switching loads,
however, such design is unneces-
sarily conservative and expensive.
In the next section, the problem
of transient thermal response is
investigated and the concept of
thermal capacitance is introduced.

Junction-to-Case Thermal Im-
pedance—The heat-flow problem
in a transistor may be analyzed
in terms of the simple electrical
analog shown in Fig. 80. The
model uses an energy-storage ele-
ment C, which introduces the con-
cept of thermal capacitance, to
explain the transient thermal
properties of transistors. Al-
though this model may be con-
veniently used to predict the rise
of junction temperature that re-
sults from a unit step or pulse
input of power, the two-element
equivalent circuit is an extreme
over-simplification.

T (t)

[
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For example, in the double-
diffused epitaxial planar transis-
tor shown in Fig. 81, the major

DIFFUSED EMITTER

DIFFUSED BASE
EMITTER
CONTACT

BASE
cormxy
d V-L. -

EPITAXIAL
LAYER

Figure 81.

Structure of double-diffused epi-
taxial planar transistor.

physical source of heat is the col-
lector-to-base junction. Fig. 82
shows the thermal equivalent cir-
cuit for this transistor. In gen-
eral, the thermal-resistance ele-
ments shown to the left of the
junction are so large that the
power flow through this path is
negligible. In addition, the heat
energy introduced by the bulk-
resistance terms for moderate cur-
rent levels may be considered
small in comparison to the heat
injected at the collector-to-base
junction.

If these simplifications are
made, the thermal equivalent cir-
cuit may be reduced to the form

V(1)

1o

p} CTT 6 s dOLs T

L (@) L (b)

THERMAL CIRCUIT ELECTRICAL EQUIVALENT
ELEMENT SYMBOL UNITS ELEMENT SYMBOL UNITS
TIME t SECONDS TIME t SECONDS
HEAT FLOW P(t) WATTS CURRENT It) AMPERES
= POWER = JOULES/SECOND

TEMPERATURE T(t) VOLTAGE V(t) VOLTS
THERMAL RESISTANCE 6 °C/WATT RESISTANCE R OHMS
THERMAL CAPACITANCE Cr WATT-SECONDS/°C CAPACITANCE C FARADS

Figure 80.

Electrical analog representation of the heat-flow path of a transistor:

(a)

thermal circuit; (b) electrical equivalent of thermal circuit.
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HEAT FLOW HEAT DISSIPATED HEAT FLOW
TOWARD " «—— (AT COLLECTOR JUNCTION,, ——» TOWARD
THROUGH BULK_AND CONTACT ULK B
BASE AND RESISTANCE HEATING RESISTANCE MEATING BoLK
EMITTER

LEADS

| T 11

L amBiENT

Figure 82. Thermal equivalent circuit for transistor structure shown in Fig. 81.

shown in Fig. 83. It should be
noted that the elements of this
circuit are complex quantities
which are dependent upon the
operating conditions of the tran-
sistor. At high current levels, cur-
rent-crowding effects cause the
current-flow paths from emitter
to collector junction to be modi-
fied. The modified current-flow
paths tend to concentrate the heat
in a small portion of the collector
junction area and thus to create
hot spots. As these conditions de-
velop, the thermal equivalent cir-
cuit must also be modified to
account for the restricted heat-
flow paths. It should be obvious
from this discussion that a com-
plete thermal equivalent circuit is
very complex.

However, the response of this
complex system to a given input
can be determined as follows: If
the model is restricted to suffi-
ciently low currents and the de-
pendence of the thermal resistance
on the operating point is ne-
glected, the simple equivalent
shown in Fig. 84 may be used

JUNCTION 61 62

pt

fsi 6SOLDER

JUNCTION CASE
C

PT Csi SOLDER = 8CASE

T Ccase

__J__ AMBIENT

- (a)
Ry R

IT TCI TCZ =C3 R3

(b)

Figure 84. Simplified equivalent circuits

for a small-signal medium-power transistor:

(a) thermal circuit; (b) electrical analog of
thermal circuit.

for a small-signal medium-power
transistor. Representative values
for the thermal parameters in a
typical transistor are as follows:

Osi = 15°C/W
6soldcr =04 OC/W

case = 19.6 °C/W

si = 0.18 X 1072 (W-sec)/°C
Cootder = 0.04 X 103 (W-sec)/°C
Cease = 285 X 1073 (W-sec)/°C

Because of the difference in the
magnitude of these elements, the
equivalent circuit may be further
simplified in the time domain.

84

63

LT

CIT CQT C3
L

AMBIENT

Figure 83. Simplified equivalent circuit for transistor structure shown in Fig. 81.
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For very short times (t << 0o4ee X
Cease), the thermal impedance to
the right Of Csolder in Fig. 84 iS
approximately an open circuit, and
the equivalent circuit appears as
shown in Fig. 85. The electrical

JUNCTION Osi

et L Cs;i Tlcsowsn

Simplified thermal equivalent

\

L amsient

Figure 85.

circuit for a transistor when the duration

of applied voltage and current is very short
(I.e., t << fcase Ccnse).

analog of such a circuit can be
used to show that the response to
a step input of power P is given
by the following expression:
__r

(CSi + Csolder)

[eSi (Csolder - CE)

—t
(1 — exp 05 Cn + t>:'

+ Tamb (10)

TJ ) =

CSi C_solder

- CSi + Csolder

where T; is the junction tempera-
ture, and the other parameters are
evident from Fig. 85.

Eq. (10) shows that initially
the junction temperature rises
faster than an exponential because
of the linearly increasing t term.
For time durations greater than
five thermal time constants (t >
5 04;Cy), the exponential term exp
(—t/04,Cg) approaches zero, and
the junction temperature rises
linearly.

If the response is analyzed a
long time after the application of
the step of power, some definite
statements can be made. All

Cg 1)

of the thermal capacitors are
charged, and the junction tempera-
ture is determined as follows:

T; @) =T;
=P ('e‘Si + esolder + ecase)

amb (12)

There is no time dependence im-
plicit in this equation, which is
identical to the solution for the
steady-state condition.

At intermediate times such that
OSiCE <<t< Ocage Ccﬂse, the effec-
tive equivalent circuit can be rep-
resented as shown in Fig. 86. The
electrical analog can again be
used to show that the response

JUNCTION 6Si + 8SOLDER

pt CcasE = 6CASE
-:_L AMBIENT
Figure 86. Simplified thermal equivalent

circuit for a transistor for 6si Ce << t
< 9cnse Ccase.

of this circuit to a step input of

power, under these conditions, is

given by the following equation:

Ty () =[P (Bsi 4+ Osolder) X
Ul (t)] + P ecase X
[1—exp (—t/Bcase Cease)] (13)

where the unit step function U (t)
is zero for t < 0 and unity
fort > 0.

Eq. (13) indicates that when
OSiCE <<t < ocase Ccs\se» the junc"
tion temperature rises exponen-
tially from a constant value, and
reaches another constant value in
approximately five time constants.

The response of the circuit in
Fig. 84 has been predicted during’
two transient periods for steady-
state conditions. The response
must then be determined for in-
termediate times between the two
transient responses given by Egs.
(10) and (13). Because it is as-
sumed that the analog model
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contains only linear elements,
superposition may be used. The
response of the circuit in Fig.
84, therefore, may be determined
by addition of the responses de-
fined by Eqs. (10) and (13) with
appropriate summing factors. This
summation can be performed
graphically; the results of such
an analysis based upon the nu-
merical values given previously
are shown in Fig. 87. The ordinate
value is the thermal impedance,

or transient thermal resistance
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Figure 87. Graphical representation of
transient thermal resistance curve.
0¢. The value of 0 is determined
by the pulse width and may be
used to calculate the peak pulse

power P, as follows:

Ty (max) = Tamy
P, =~ —amb (14
b or (T,) (14)
where T, is the pulse width.

The heating and cooling curves
are conjugates, and may be re-
lated by the following equation:

T, = AT, — Ty = PRy — T, (15)

where T, is the cooling response
and T, is the heating response.
It is apparent, therefore, that the
O for a given device can be de-
termined if the junction tempera-
ture is monitored as a function
of time after the removal of a
steady-state load.
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In a power transistor, it is
often desirable to mount the sili-
con pellet on a copper pedestal
so that the heat spreads over a
wider area before it reaches the
steel case. This dispersal of heat
introduces two more elements in
the equivalent circuit to account
for the thermal resistance and
capacitance of the copper pedes-
tal. In practice, 6, is very small
and C., is comparable to C,, .
As a first approximation, 0., may
be neglected, and C, and C,.
can be lumped together. The
equivalent circuit is then shown
in Fig. 84, and the thermal re-
sponse is shown in Fig. 87.

In this analysis, a simple
thermal equivalent circuit has
been used to predict the junction-
temperature response to a sud-
denly applied pulse of power.
Although the elements of the
equivalent circuit are dependent
upon the operating conditions,
this dependence has been neglected
to simplify the problem to obtain
some insight to the response. Fig.
87 does not present an actual
transient thermal response of a
transistor, but is a graphical
presentation of the result ob-
tained from the application of a
step function of input power to
the approximate model developed.

Thermal Impedances External
to the Transistor—The thermal
equivalent circuits for a transis-
tor discussed in the preceding sec-
tion considered only the thermal
paths from junction to case. For
power transistors in which the
silicon pellet is mounted directly
on the header or pedestal, the
total internal thermal resistance
from junction to case 0, varies
from 50°C per watt to less than
1°C per watt. If the transistor is
not mounted on a heat sink, the
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thermal resistance from case to
ambient air 6., is so large in
comparison to that from junction
to case that the mnet over-all
thermal resistance from junction
to ambient air is primarily the
result of the 6., term. Table IV
lists values of case-to-air thermal
resistance for popular JEDEC
cases. Beyond the limit of a few
hundred milliwatts, it becomes im-
practical to increase the size of

Table IV—Case-to-Free-Air
Thermal Resistance for Popular
JEDEC Cases

Case 0c.aCC/W)
TO-18 300
TO-46 300
TO-5 150
TO-39 150
TO-8 75
TO-66 60
TO-60 70
TO-3 30
TO-36 25

the case to make the 6., term
comparable to the ;. term. As
a result, most power transistors
are designed for use on an ex-
ternal heat sink.

The primary purpose of a heat
sink is to increase the effective
heat-dissipation area. The effect
on the thermal equivalent circuit
is shown in Fig. 88. From the
electrical analog, the effective re-

sistance of the two parallel
thermal paths is smaller than
BHEAT SINK:
JUNCTION 9Si OSOLDER cage
6CASE
rt i —LSSOLDER_L L
T CcASE J
T /=
HEAT SINK” |\ =0

Figure 88. Thermal equivalent circuit for
a transistor mounted on a heat sink.

that of either of the paths. The
effect of the heat sink is to pro-

vide an additional low-thermal-
resistance path from case to am-
bient air. The heat-sink thermal
resistance actually consists of two
series elements, the thermal re-
sistance from case to heat sink
that vresults from conduction
(B¢.s) and the thermal resistance
from heat sink to ambient air
caused by convection and radia-
tion (es_A).

In practice, the case must be
electrically isolated from the heat
sink except for grounded-collector
circuits. The thermal resistance
from case to heat sink, therefore,
includes two components. One
component is caused by surface
irregularities and can be mini-
mized by use of silicone grease
compounds; the other component
is introduced by the electrical in-
sulating washer required. The
thermal capacitance of these two
elements is very small and can be
neglected.

If the full power-handing capa-
bility of a transistor, as deter-
mined by 6y, is to be realized,
there should be no temperature
differential between the case and
ambient air. This condition can
occur only when the thermal resis-
tance of the heat sink is zero, i.e.,
when the transistor is mounted on
an infinite heat sink. Although an
infinite heat sink can never be rea-
lized in practice, the greater the
ratio 0;.c/0c.a, the closer is the
approximation, and the nearer the
maximum power limit defined by
0;.c can be approached. When a
power transistor is used with a
heat sink, the heat loss by convec-
tion and radiation through the
case is very small compared to the
loss through the heat sink. If
0..5c and C,,. are neglected, or at
worst combined with 0..¢ sine and
Cheat sinks the thermal equivalent
circuit for the transistor can be
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represented as shown in Fig. 89.

The form of the equivalent cir-
cuits shown in Figs. 84 and 89 is
the same, and their response char-
acteristics are similar.

8si  8SOLDER

c
| cg; -LCSOLDER|

o
—
\L I

—_L_-
MBIENT

CE = Ccase + Cheat sink

Oneat sink (fease)
g = ———————F——F—— == Oheat sink
Oneat sink + fcase

Figure 89. Simplified thermal equivalent
circuit for a transnstorkmounted on a heat
sin

Heat Removal

Heat may be transferred by
three basic processes: conduction,
convection, and radiation. Each of
these processes is used in the re-
moval of heat from silicon power
transistors.

Conduction is a process of heat
transfer in which heat energy is
passed from one atom to the next,
while the actual atoms involved in
the transfer remain in their orig-
inal positions. If a known amount
of power flows through a material,
the thermal resistance which may
be attributed to conduction is de-
termined by the following equa-
tion:

Ocona = t/4.186 kA °C per watt (16)

where t is the length of the ther-
mal path in centimeters, k is the
thermal conductivity in CAL/
(sec) (em) (°C), A is the area per-
pendicular to the thermal path t
in square centimeters, and the
conversion factor 4.186 is given in
(watt) (sec) /CAL.

Convection is a term applled to
the transfer of heat by the phys-
ical motion of hot material. In
forced convection, the medium of
heat transfer is moved by a fan.

19

In natural convection, the medium
moves because of differences in
density. Both forced and natural
convection are used for transistor
cooling. The following equation de-
fines the thermal resistance of
vertical plates freely suspended in
free air at ground level:

con\ = (2300/ \) (L/l mnh)L

(17)
where A is the total exposed area
(twice the area of one side) in
square centimeters, T, is the sur-
face temperature of the heat sink
in °C, T,,,, is the ambient tempera-
ture in °C, and L is the height of
the heat sink in centimeters.

The third process by which heat
may be transferred is radiation.
The rate of emission from a sur-
face can be found from Stefan’s
law. In accordance with this law,
the equation for radiation thermal
resistance may be written as fol-
lows:

1793 X 108
AL (T2 —

amb” )

er'\rl ( l‘ T nml))

(18)

where A is the total exposed area
in square centimeters, E is the
emissivity (a function of the sur-
face finish), T, is the surface tem-
perature in °C, and T,,, is the
ambient temperature in °C.

Selection and Use of
External Heat Sinks

The sources of thermal resis-
tance both internal and external
to the transistor have been dis-
cussed, and the processes which
may be used for heat removal have
been explained briefly. A power
transistor is normally designed to
be used with an external heat sink.
This section discusses the factors
involved in the selection of an ex-
ternal heat sink.
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Types of Heat Sinks—Heat
sinks are produced in various
sizes, shapes, colors, and materi-
als; the manufacturer should be
contacted for exact design data. It
is convenient for discussion pur-
poses to group heat sinks into
three categories as shown below:

1. Flat vertical-finned types are
normally aluminum extru-
sions with or without an ano-
dized black finish. They are
unexcelled for natural convec-
tion cooling and provide rea-
sonable 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 displace-

ment is required, using natu-
ral convection.

3. Cylindrical horizontal-finned
types are mnormally fabri-
cated from sheet-metal rings
and have a painted black
matte finish. They are used
in confined spaces for maxi-
mum cooling in minimum dis-
placed volume.

It is also common practice to
use the existing mechanical struc-
ture or chassis as a heat sink. The
design equations and curves for
such heat sinks based upon con-
vection and radiation are shown
in Figs. 90, 91, and 92.

A useful nomograph which con-
siders heat removal by both con-
vection and radiation is given in
Fig. 93. This nomograph applies
for natural bright finish on the
copper or aluminum.
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Convection thermal resistance as a function 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.)
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Radiation thermal resistance as a function of ambient temperature for various

heat-sink surface temperatures. (Reprinted from Control Engineering, October 1956.)

Performance — The perfor-
mance that may be expected from
a commercial heat sink is normally
specified by the manufacturer, and
the information supplied in the de-
sign curves shown in Figs. 90, 91,
and 92 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 impor-
tant in the design of vertical-plate
heat sinks, other factors such as
surface and ambient temperatures,
conductivity, emissivity, thickness,
shape, and orientation must also
be considered. An excessive tem-
perature gradient can be avoided
and the conduction thermal resis-
tance in the heat sink can be mini-
mized by use of a high-conductiv-
ity material, such as copper or
aluminum, for the heat sink. Radi-
ation losses are increased by an
increase in surface emissivity, as
shown in Fig. 92. 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

'°‘; TEMISSIVITY =001 ___ T ]
1 T

6

f
16cm-HIGH VERTICAL PLATE
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RADIATION THERMAL RESISTANCE/
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T surRFacE —°C

Figure 92. Ratio of radiation thermal re-
s siance to convection thermal resistance
as a function of heat-sink surface tempera-
ture for various surface emissivities. (Re-

printed from Control Engineering, October
1967.)
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Figure 93. Thermal resistance as a function of heat-sink dimensions. (Nomograph re-
printed from Electronic Design, August 16, 1961.)

removal, a vertically mounted heat
sink provides a thermal resistance
that is approximately 30 per cent
lower than that obtained with hor-
izontal 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 relia-
bility of a system may actually be
improved by use of forced-convec-
tion cooling because the number
of components required is reduced.

Economic factors are also im-
portant in the selection of heat
sinks. It is often more economical
to use one heat sink with several
properly placed transistors than to
use individual heat sinks. It can
be shown that the cooling efficiency
increases and the unit cost de-
creases under such conditions.

Selection and Use of Insulators

As pointed out previously, when
transistors are to be mounted on
heat sinks, some form of electrical
isolation must be provided between
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the case and the heat sink. Unfor-
tunately, however, good electrical
insulators usually are also good
thermal insulators. It is difficult,
therefore, to provide electrical in-
sulation without introduction of
significant thermal resistance be-
tween case and heat sink. The best
materials for this application are
mica, beryllium oxide (Beryllia),
and anodized aluminum. A com-
parison of the properties of these
three materials for case-to-heat-
sink isolation of the TO-3 package
is shown in Table V. 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

Table V—Comparison of Insulat-
ing Washers Used for Electrical
Isolation of Transistor TO-3
Case from Heat Sink

Thickness  6._¢ Capacitance
Material (inches) (°C/W) (pF)
Mica 0.002 0.4 90
Anodized
Aluminum 0.016 0.35 110
Beryilia 0.063 0.25 15

6.5 can be readily calculated by
use of Eq. (16). In all cases, this
calculation should be experimen-
tally verified. Irregularities on the
bottom of the transistor seating
plane or on the face of the heat
sink or insulating washer may re-
sult in contact over only a very
small area unless a filling com-
pound is used. Although silicone
grease has been used for years, re-
cently newer compounds with zinc
oxide fillers (e.g., Dow Corning
#340 or Wakefield #120) have
been found to be even more effec-
tive.

For small general-purpose tran-
sistors, such as the 2N2102, which
use a JEDEC TO-5 package, a
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good method for thermal isolation
of the collector from a metal chas-
sis or printed-circuit board is by
means of a beryllium-oxide wash-
er. The use of a zinc-oxide-filled
silicone compound between the
washer and the chassis, together
with a moderate amount of pres-
sure from the top of the transistor,
helps to decrease thermal resis-
tance. 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. 94 il-
lustrates both types of mounting.

CASE

SILICONE

GREASE £8,0 WASHER

CHASSIS

\II% -5 PACKAGE
HEAT—RADIATOR

2 HOLES

o0l

00
(b)
Figure 94. Suggested mounting arrange-
ments for transistors having a JEDEC TO-5
package: (a) without heat sink; (b) with
fin-type heat sink.

At frequencies of 100 MHz and
higher, the effects of stray capaci-
tances and inductances and of
ground paths and feedback cou-
pling have a pronounced effect on
the gain and power-output capa-
bilities of transistors. As a result,
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physical aspects such as mechani-
cal layout, shielding, and heat-sink
considerations are important in
the design of rf amplifiers and os-
cillators. In particular, it should
be noted that the insulating wash-
er necessary for isolation intro-
duces coupling capacitance from
collector to chassis which may se-
riously limit circuit performance.

Effect of Thermal Factors on
Dissipation Capability

The effects of the heat sink and
the insulating washer between
case and heat sink can be clarified
by sample calculations of the max-
imum allowable power dissipation
in a transistor. In these calcula-
tions, the dissipation capability is
determined for a 2N3055 silicon
power transistor operating at an
ambient temperature of 50°C for
steady-state conditions and for
both repetitive and nonrepetitive
transient conditions. It is assumed
that the transistor is attached to
a  3-inch-by-4.25-inch, vertical-
finned, extruded aluminum heat
sink having a natural finish. This
heat sink has a thermal resistance
0.4 of 2.5°C per watt. The transis-
tor is electrically insulated from
the heat sink by a 0.002-inch-thick
mica washer, which is coated with
a zinc-oxide-filled silicone grease.
The effective thermal resistance
Oc.s of the washer and silicone
grease is 0.5°C per watt.

Steady-State Operation—The
maximum dissipation capability of
a transistor under steady-state
conditions depends on the sum of
the series thermal resistances
from the transistor junction to
ambient air, the maximum junc-
tion temperature T;(max), and
the ambient temperature T, at

which the transistor is operated.
The sum of the series thermal re-
sistances can be determined from
the following relationship:

O5-4=067c+6cs+06s-a (19

The maximum value of the junc-
tion-to-case thermal resistance
0;.c for the 2N3055 transistor, as
given in the manufacturer’s speci-
fications, is 1.5°C per watt. For
the thermal system specified, the
sum of the series thermal resis-
tance can then be determined, as
follows :

O;_o=154+05425

— 4.5 °C per watt

The maximum junction temper-
ature of the 2N3055, as specified
in the manufacturer’s rating, is
200°C. For operation at an am-
bient temperature of 50°C, the
maximum dissipation capability of
the 2N3055 transistor, under
steady-state conditions, is calcu-
lated as follows:

T; (max) — Tams
—_ (20
YN (20)

= (200—50)/4.5
= 33.3 watts

Py, (max) =

The case temperature of the
2N3055 transistor that results
from the maximum steady-state
dissipation is calculated from the
following equation:

TC = Pss (eC—A) + Tamb (21)

The term 6_, represents the total
thermal resistance from case to
ambient air (i.e., Og.x = Ocs +
0. = 3°C per watt). The case
temperature, then, can be calcu-
lated as follows:

Te = 33.3 (3) + 50 = 150°C

Single-Pulse Operation—When
a transistor is operated in re-
sponse to a single, nonrepetitive,
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short-duration pulse of power, the
maximum allowable power dissipa-
tion during this transient period
is substantially greater than the
steady-state dissipation capability
of the transistor. In the following
calculations, the dissipation capa-
bility of the 2N3055 transistor
operated in the specified thermal
system from a single 1-millisecond
pulse of power is determined.
Before the maximum dissipation
capability of the transistor can be
determined, the transient thermal
resistance of the transistor must
be known. The transient thermal
resistance is usually obtained from
the transistor maximum-operat-
ing-area curve, shown in Fig. 95,
in the form of a normalized power
multiplier M. For a 1-millisecond

’OG‘ | CASE TEMPERATURE = 25°C
(CURVES MUST BE DERATED LINEARLY
6~ WITH INCREASE IN TEMPERATURE)

i NORMALIZED POWER
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Figure 95. Maximum-operating-area curves
ror the 2N3055 silicon power transistor.

pulse, the normalized power multi-
plier for the 2N3055, given for a
case temperature of 25°C, is 3. At
higher case temperatures, the
power multiplier M must be linear-
ly derated so that it is reduced to
zero at the maximum allowable
junction temperature (200°C) for
the transistor. The temperature
derating factor TDF is determined
as follows:
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Tc — 25°C
Ty (max) — 25°C

For the system specified, the
thermal capacitance of the heat
sink is so large that the tempera-
ture of the heat sink does not
change during the 1-millisecond
duration of the pulse. The case
temperature T, therefore, is es-
sentially the same as the ambient
temperature (50°C).

The data given above, together
with the maximum steady-state
dissipation rating of the transis-
tor (P,.= 115 watts at a case
temperature of 25°C), are used to
determine the maximum allowable
dissipation P, for the 2N3055
transistor during the 1-millisec-
ond period of the pulse, as follows:

TDF = 1— (22)

Psp =M (TDF) (Pmax) (23)
Te— 25
= 1\1 (1 - TJ (max)—25 (Pmax)
50 — 25
=3 (1 T 200 — 25) (s
= 296 watts
Repetitive-Pulse Operation—

When a transistor is operated in
a repetitive pulse mode, the pre-
vious analysis must be modified to
take into account the rise in case
temperature caused by the average
power dissipation. In the following
example, it is assumed that the
2N3055 transistor operates in re-
sponse to a train of 1-millisecond
power pulses at a repetition rate
of 100 Hz. The calculations are
based on the same thermal system
as that specified for steady-state
and single-pulse calculations.

For repetitive-pulse operation,
the average power dissipation P,
in the transistor is determined by
the following relationship:

Pave = Ppi(d) (24)
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where P, is the peak pulse power
dissipated in the transistor and d
is the duty cycle.

The effective case temperature
that results from this average dis-
sipation is determined from the
following expression:

TC(eﬁ) = Tampb + Pavg Os-a
= TC + Pavg eJ—C (25)
Substitution of Eq. (24) into Eq.
(25) yields the following result:

Te(eff) = Tamn + Ppi(d) -4 (26)

If the effective case temperature
T (eff), as defined by Eq. (26), is
substituted for the case tempera-
ture T in Eq. (23), the following
expression is obtained for the
maximum allowable power dissipa-
tion P,, for repetitive pulses:

_ M [TJ(maX) - Tamb] Pmax
e TJ(maX) - 25 + I\/Ideax eJ_A

27

On the basis of the definition

given in the section on Thermal

Resistance, junction-to-case ther-

mal resistance may be expressed
by the following equation:

Tjy(max) — 25
Pmax

If the relationship expressed by
Eq. (28) is used, Eq. (27) can be
simplified to the following form:

o (Ta(max) — Tom
P,, = M (eJ_c e eJ_A> (29)

For the numerical example con-
sidered, the following values were
previously assumed:

P

O5_¢c = (28)

d = (1 ms/10 ms) X 100
= 10 per cent

T;(max) = 200°C

‘amb = 5000

O;¢ = 1.5°C/watt

M =

O5-a = 4.5°C/watt

When these values are substituted
in Eq. (27), the maximum allow-
able power dissipation in the
2N3055 under repetitive pulse con-
ditions is calculated as follows:

3(200 — 50)

P =13 + 3(0.1)4.5

= 158 watts

Repetitive pulsing with a 10-per-
cent duty factor reduces the peak-
power capability in this case to
about 50 per cent of the single-
pulse peak-power capability.

When a transistor is to be sub-

jected to irregularly shaped repeti-
tive pulses, the following proce-
dure may be used to obtain a con-
servative design:

1. The maximum allowable av-
erage power for the irregular
pulse is calculated on the ba-
sis of the pulse width T, the
period between the leading
edges of successive pulses t,
and the maximum steady-
state dissipation P (max),
as follows:

Puve = Pss(max) (T,/t) (30)

2. The ratio of peak power to av-
erage power (N =P, /P,..)
and the average case temper-
ature (T¢= Py Oga + Tamp)
are then used to determine
the effective pulse width
(T, = T,/N).

3. The maximum power capa-
bility is then calculated from
the following equation:

_ Ty(max) — To(avg)

P
/
(SFe)

@31

where 0; ¢ is the effective
junction-to-case thermal re-
sistance as determined from
the manufacturer’s specifica-
tions for the effective pulse
width T .
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SECOND BREAKDOWN

Second breakdown (S/b) is a
potentially destructive phenome-
non that occurs in all bipolar
(n-p-n and p-n-p) transistors.
This phenomenon results when the
energy absorbed by a transistor
exceeds a critical level, and causes
localized hot spots within the
transistor pellet. The start of sec-
ond breakdown is characterized by
an abrupt decrease in collector-to-
emitter voltage with a small dy-
namic resistance in the second-
breakdown region, as shown in
Fig. 96.

Although second breakdown may
result from several modes of tran-
sistor operation, this phenomenon
can be broadly categorized into
two major classes: (1) forward-
biased emitter-to-base second
breakdown, which occurs when the
transistor operates in the active
region, and (2) reverse-biased
emitter-to-base second breakdown,
which occurs during the cutoff
mode of transistor operation.

Forward-Bias Second Breakdown

Fig. 97 shows a cross section of
a typical silicon diffused-junction

CONSTANT-Ig
CURVI

Ic

87

SPACE-CHARGE MINORITY-CARRIER
REGION E CONCENTRATION
+ - - +
8
— -P- — DIRECTION OF
T TS TRANSVERSE
4 c FIELD
N
SPOTS
Figure 97. Cross-section of power transis-

tor under forward-bias conditions.

power-transistor pellet. When the
transistor is heavily forward-bi-
ased into the active region, a
transverse electric field is pro-
duced in the base region, and a
space-charge layer is formed at
the base-to-collector junction. As
current flows from emitter to col-
lector, the transverse field focuses
the current into a narrow region
below the emitter edge. When the
current flows through the space-
charge layer, a significant amount
of heat is generated. With the
current focused into a small area,
the heating effect is localized in
this area, and hot spots (circled
areas in Fig. 97) may be formed
within the silicon pellet. If un-
checked, these hot spots initiate
a regenerative cycle of high-
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Figure 96. Transistor collector characteristics.
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density current which results in
forward-biased second breakdown
in the transistor.

The carrier concentration in the
pellet and, consequently, the se-
verity of the hot spots are deter-
mined mainly by the magnitude of
the transverse base field and by
the applied collector voltage, which
determines the intensity of the
electric field across the space-
charge layer formed at the base-
to-collector junction. The magni-
tude of the transverse base field
depends on the width of the tran-
sistor base, the base resistance,
and the spreading of the space-
charge layer that results from the
application of collector voltage.
The transverse base field increases
with increases in base current that
result from higher injection levels
and reduced current gain at the
higher injection levels.

The severity of the hot spots is
inversely proportional to the width
of the transistor base and directly
proportional to the magnitude of
the applied collector voltage. As a
result, the current level Iy/, at
which second breakdown occurs
decreases rapidly with an increase
in applied collector voltage. The
I/, capability is also decreased as
the transistor frequency capability
is increased (i.e., as the width of
the base is decreased). Figs. 98
and 99 show variation in Iy/, ca-
pability as a function of frequency
capability f, and collector voltage
Ver, respectively. The curves
shown in these figures are graphi-
cal representations of the follow-
ing empirical relationships:

1. Frequency relationship:

Ty, =K/Vip (32)
2. Voltage relationship:
Isp, = Ko/Veg® (33)

(Vg HELD CONSTANT)

Is/b

fr

Figure 98. Variation in forward-bias sec-
ond-breakdown energy level as a function
of transistor frequency capability.

where K, and K, are constants de-
termined by the device being con-
sidered and n is a constant that
ranges from 1.5 to 4 depending
upon the construction of the tran-
sistor (i.e., graded or abrupt junc-
tions) and other factors.

Eq. (32) suggests that the cir-
cuit designer should select the
transistor that has the lowest fre-
quency capability, consistent with
circuit requirements, to achieve
the maximum resistance to second
breakdown. Eq. (33) indicates
that supply voltage should be as
small as possible and that high-
voltage transients should be re-
stricted as much as possible to

Tc MAX.

(Igp =KV
N
CONSTANT POWER

(1 =kv7h

Is/p

Vee Vog MAX.

Figure 99. Variation in forward-bias sec-
ond-breakdown energy level as a function
of collector voltage.



Silicon Power Transistors

achieve second-breakdown protec-
tion.

The thermal capacitance of the
transistor pellet results in a local-
ized thermal time constant that
restricts instantaneous formation
of hot spots. As a result, the I/,
capability of a transistor is in-
creased when the time duration of
applied current and voltage is very
short. Fig. 100 shows the variation
in I/, capability with pulse width.

VARIOUS PULSE WIDTHS
Ic MAX_ INCREASING TIME

Is/p

1
VCE Vce MAX.

D)

Figure 100. Variation in forward-bias sec-

ond-breakdown energy level as a function
of pulse width.

Reverse-Bias Second Breakdown

When current flows through a
power transistor in which the
emitter-to-base junction is reverse-
biased, the direction of the trans-
verse base field is opposite from
that produced in a forward-biased
transistor. As a result, the emitter
current is focused into a small re-
gion at or near the center of the
emitter. Because the current is
crowded into a smaller region un-
der reverse-bias conditions, re-
verse-bias second breakdown can
be encountered at substantially
lower energy levels than those at
which forward-bias second break-
down occurs. Fig. 101 shows a
cross section of a typical power-
transistor pellet under reverse-
bias conditions.
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Figure 101. Cross-section of power transis-
tor under reverse-bias conditions.

The resistance of a transistor to
reverse-bias second breakdown is
reduced by any design alteration
that increases current density or
prevents spreading of emitter cur-
rent. In power transistors that
have a narrow base, an accelerat-
ing base field, or insufficient emit-
ter size for their operating cur-
rent, second breakdown generally
occurs at lower energy levels than
in transistors without these fac-
tors.

Reverse-bias second breakdown
is usually described in terms of
energy because voltage, cureent,
and pulse duration are interde-
pendent when the emitter-to-base
junction is reverse-biased. The
transverse base field in the tran-
sistor depends, to a large extent,
on the turn-off base current and
turn-off voltage. It is natural,
therefore, to assume that the en-
ergy level at which second break-
down takes place is a strong func-
tion of the input-circuit turn-off
voltage Vi and the series resist-
ance Ry. Fig. 102 shows the vari-
ation in second-breakdown energy
level as a function of Vyp and
Ry for a typical power transis-
tor. As shown in this figure, if
Ry, is increased and Vyy is de-
creased, the turn-off base current
and the transverse base field are
both reduced, and the second-
breakdown energy level is raised.
Because turn-off time is an in-
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verse function of base currents,
the circuit designer must compro-
mise between transistor turn-off
speed and second-breakdown con-
siderations.
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Figure 102. Variation in reverse-bias sec-
ond-breakdown energy level as a function
of Vee and ReE.

Second-Breakdown
Evaluation Techniques

The ability of a power transis-
tor to withstand second breakdown
under either forward or reverse-
bias conditions can be veri-
fied easily by testing the devices
to destruction. The establishment
of meaningful second-breakdown
limits on power transistors, how-
ever, requires the use of nonde-
structive verification tests. Such
nondestructive tests are described
briefly in the following para-
graphs.

Forward-Bias I/, Test—Fig.
103 shows the block diagram of a
typical nondestructive Ig/, test
set. In this test set, the transistor
under test is in series with a pass
transistor. The transistor under
test is driven by a differential am-
plifier to provide a preselected
value of test current at a level in-
dependent of transistor current

gain. The pass transistor is oper-
ated below saturation so that fast
turn-off is possible. A second dif-
ferential amplifier senses the volt-
age across the pass transistor and
a l-ohm resistor in series with
this transistor. This voltage is
maintained at a constant value
throughout the test to improve the
accuracy of the Ig/, test voltage.
The circuit is arranged so that
only the collector current of the
transistor under test passes
through the 1-ohm resistor. The
voltage across this resistor, there-
fore, is an accurate indication of
collector current.

The onset of second breakdown
is detected by use of the primary
winding of a pulse transformer
which is placed in series with the
collector of the transistor under
test. During second breakdown,
the rapid rate of rise of collector
current induces a voltage L (d;/d;)
in the transformer which is
coupled to the input circuit of the
series pass transistor. This voltage
turns off the series pass transistor
in one microsecond. The primary
inductance of the transformer also
limits the immediate current rise.
The voltage developed across this
primary inductance is of a polarity
that immediately reduces the volt-
age across the transistor under
test. These characteristics, to-
gether with the protective cut-out
circuit, prevent transistor deg-
radation during the Ig/, tests.
The complete cut-out time of the
actual test set is approximately
one microsecond, which is suffi-
cient to prevent degradation of
even the highest-speed power
transistor available in the indus-
try. The pulse width of voltage
and current applied to the transis-
tor under test can be varied from
0.5 millisecond to several seconds.
For dc Iy/, tests, a pulse width
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ADJUST DETECTOR
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CURRENT CURRENT PULSE-WIDTH
READ-OUT ADJUST GENERATOR
Figure 103. Block diagram of typical Is/» test set.

of 1 to 2 seconds is required be-
cause the thermal time constant
of the power transistor pellet and
mounting block may be several
tenths of a second.

Forward-Bias Capacitance-Dis-
charge Test—Fig. 104 shows the
schematic diagram of a typical
test circuit used to determine for-
ward-bias second-breakdown en-
ergy level. This test circuit oper-
ates on the principle of a charged
capacitor that discharges its en-

R S
AR T
=Vec ==Vc

Figure 104. Capacitive-discharge test cir-
cuit used to determine forward-bias second-
breakdown energy levels in transistors.

ergy (Eq; = CV2/2) into a power
transistor at a constant current
rate. As long as the initial voltage
across the capacitor is less than
the Vg (sus) rating of the power
transistor, the collector current of
the transistor is approximately
constant; as a result, collector
voltage decays linearly. The ca-
pacitor is charged by constant
current Vi/R to a value Vg, at
which time switch S; is closed.
A constant current I, as de-
termined by the combination of
Vips Rp, and Ry, then flows
through the transistor until the
capacitor is completely discharged.
If the drop across Ry is neglected,
the energy absorbed by the tran-
sistor is given by the following
equation:

Ec = C Ve?/2 (34)
Current and voltage waveforms of

the 2N3442 silicon power tran-
sistor tested in the capacitance
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discharge test set are shown in
Fig. 105.
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Figure 105. Test waveforms for a 2N3442
transistor subjected to capacitive-discharge
second-breakdown energy test.

The capacitance discharge test
is useful because it closely ap-
proximates actual circuit condi-
tions, such as series-regulator load
shorting, inverter and audio-am-
plifier initial turn-on, and other
effects in capacitive-loaded cir-
cuits.

Reverse-Bias Eg/, Test—One
practical way to measure reverse-
bias second-breakdown energy
levels in a power transistor is
by use of a series inductive out-
put circuit. If current is passed
through the inductance while the
transistor under test is operated
in the saturation region and a re-
verse bias is then abruptly ap-
plied to the transistor, a voltage
is induced across the series induc-
tance. This induced voltage rises
to the transistor reverse sustain-
ing breakdown voltage Vpx (sus)

provided that the following limi-
tation is imposed on transistor
turn-off time:

tott < L Ic(max)/Verx (sus) (35)

The energy that the transistor
absorbs during the Eg/, test can
be determined from the following
equation:
L Ic(max)?

2

Vcex (sus)
Verx(sus) — Vee

Esp =

] (36)

Voltage and current waveforms
for a 2N3442 silicon power tran-
sistor subjected to the Eg/, test
are shown in Fig. 106.
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Figure 106. Test waveforms for a 2N3442
transistor subjected to Es/v inductive en-
ergy test.
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Fig. 107 shows a block diagram
of a test circuit used for nonde-
structive Eg/,, evaluations. The
main feature of this test circuit
is the unique second-breakdown
detection technique. This circuit
provides the rapid second-break-
down detection necessary to pre-
vent damage to the transistor by
an immediate sensing of a large-
amplitude rf noise voltage de-
veloped at the base of the tran-
sistor under test at the onset of
second breakdown.

a3

Basically, the test circuit turns
on the transistor under test and
causes it to operate into a vari-
able series inductance from a con-
stant-current supply. When the
input drive is removed, a reverse
bias, provided by Vpp and Rgy,
is applied to the base of the tran-
sistor under test. The energy
stored in the series inductance
and the constant-current supply
is then absorbed by the transis-
tor. If this energy is sufficient to
drive the transistor into reverse-

TVCC

VARIABLE

CALIBRATED

CURRENT

SOURCE
05—20A
+BIAS
CR3
S/b NN\~
INDICATOR
PULSE GEN.| DRIVE
CLAMP Sms
(BISTABLE) 10 PPS CLAMP [<— MONOSTABLE
10 A MAX.
S/b
OSCILLATION J
DETECTOR
':\__
T RBE
‘TEST'
8 RESET -V
BUTTON BE
Figure 107. Block diagram of Es/» test set.
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bias second breakdown, the detec-
tor triggers a protective clamp
circuit in shunt with the transis-
tor under test. The reaction time
of the test circuit is in the order
of only a few hundred nano-
seconds.

Reverse-Bias Capacitance-Dis-
charge Test—The reverse-bias
capacitance-discharge test is simi-
lar to the forward-bias capaci-
tance-discharge test described pre-
viously, except that the capacitor
is charged to a value greater than
the reverse sustaining breakdown
voltage of the transistor under
test. The base of the transistor
is reverse-biased, as shown in Fig.
108.

Si Re
A \/'0l g AN\~
Sy Ree
=VvcC
T t::Vc
=VBE
1

Figure 108. Capacitive-discharge test cir-
cuit used to determine reverse-bias second-
breakdown energy levels in transistors.

The value of the series resist-
ance is adjusted so that the cur-
rent through the transistor is
limited to a value below the maxi-
mum collector-current rating. The
energy absorbed by the transistor
in this reverse-biased condition
when switch S; is moved from
position 1 to position 2 is given
by the following equations:

Beg = ﬁm (Voex/R) (Veo— Veex)

€~ t/RC4¢ 37)
=C [VCEx(SLlS) Vcc
— Veex(sus)?] (38)

These equations assume that the
Voex (sus) breakdown value of the
transistor does not change with

current. Variations in Vg (sus)
with collector current usually do
not exceed 10 per cent in most
power transistors.

SAFE-AREA RATINGS

Safe-area ratings are given for
power transistors so that the cir-
cuit designer can select the proper
type for his application and can
determine the best trade-offs be-
tween desired circuit performance
and the actual capabilities of the
device. These ratings must in-
clude forward-bias second-break-
down ratings for both dec and
pulsed operation, reverse-bias
second-breakdown ratings for both
inductive and capacitive loads, and
thermal ratings for both steady-
state and transient conditions.
Thermal ratings and forward-bias
second-breakdown ratings can be
readily combined into a single
rating system. A separate rating
system is necessary, however, for
reverse-bias conditions.

Forward-Bias
Safe-Area Ratings

Forward-bias safe-area ratings
are displayed on a voltage-current
chart which shows rating curves
for dc operation and for pulsed
operation of various time dura-
tions. Eq. (34) inthe section on
Second Breakdown defines the
forward-bias second-breakdown
energy level in a power tran-
sistor. On a log-log graph of
the voltage-current curves, the
locus of this equation results in
a linear derating curve that has
a slope equal to the junction con-
stant n. If the safe operating area
of a power transistor is limited
within any portion of the voltage-
current characteristics by thermal
factors (thermal impedance, maxi-
mum junction temperature, or op-
erating case temperature), this
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limiting is defined by a constant-
power hyperbola (I = KV-1)
which can be represented on the
log-log voltage-current curve by
a straight line that has a slope
of —1.

As pointed out in the section on
Second Breakdown, the energy
level at which second breakdown
occurs in a power transistor in-
creases as the time duration of
the applied voltage and current
decreases. The power-handling
capability of the transistor also in-
creases with a decrease in pulse
duration because the thermal mass
of the power-transistor chip and
associated mounting parts imparts
an inherent thermal delay to a
rise in junction temperature. Fig.
109 shows a curve of normalized
thermal resistance N, as a funec-
tion of the time duration of ap-
plied power for the RCA-2N3442
silicon power transistor. The two
horizontal regions of the curve
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Figure 109. Normalized thermal resistance

as a function of the duration of applied
power for the 2N344t2 silicon power tran-
sistor.

show that the 2N3442, as is typi-
cal of most power transistors, has
two major thermal time constants.
The shorter time constant results
from the thermal resistance and
capacitance of the silicon chip and
its interface with the transistor
case. The longer time constant is

caused by the thermal impedances
of the case header and the internal
case parts, such as copper, molyb-
denum blocks, and beryllia.

For a given case temperature
T, maximum junction tempera-
ture T; (max), and junction-to-case
thermal-resistance rating 6;_,
together with the value deter-
mined for the normalized thermal
impedance Ny, the following
equation can be used to calculate
maximum power dissipation as a
function of the duration of an
applied pulse of power:

Tjy(max) — T¢

(39
O5_c(Nr) 39)

Pdiss =

The absence of a Vi term from
the equation for power dissipation
under pulsed conditions indicates
that this equation also defines a
constant-power curve which can
be represented on a log-log volt-
age-current curve by a straight
line that has a slope of —1.

Fig. 110 shows a forward-bias
safe-area rating chart for a typi-
cal high-speed silicon power tran-
sistor, RCA-2N3585, which has a
gain-bandwidth product f, in the
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Figure 110. Safe-area rating chart for the
2N3585 silicon power transistor.
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order of 20 MHz. Fig. 111 shows
a similar rating chart for a lower-
frequency silicon power transis-
tor, RCA-2N3442, for which the
f, is typically 1 MHz. The bound-
aries defined by the curves in the
safe-area charts indicate, for both
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F:gure 111, Safe-area rating chart for the
2N3442 silicon power transistor.
continuous-wave and nonrepeti-
tive-pulse operation, the maximum
current ratings, the maximum
collector-to-emitter forward-bias
avalanche breakdown-voltage rat-
ing [VaM = 1, which is usually
approximated by Vggo(sus)], and
the thermal and second-breakdown

ratings of the transistors.

As shown in Fig. 110, the
thermal (dissipation) limiting of
the 2N3585 ceases when the col-
lector-to-emitter voltage rises
above 100 volts during dc opera-
tion. 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 is reached, and
as the pulse duration decreases,

the thermal-limited region in-
creases. A comparison of Figs.
110 and 111 shows that the sec-
ond-breakdown ratings of the
2N3442 are substantially higher
than those of the 2N3585, as can
be predicted from Eq. (32) on the
basis of the lower f; for the
2N3442.

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 manufac-
turer should be consulted. More-
over, as indicated in Figs. 110
and 111, safe-area ratings are
normally given for single non-
repetitive pulse operation at a
case temperature of 25°C and must
be derated for operation at higher
case temperatures and under re-
petitive-pulse or continuous-wave
conditions.

Fig. 112 shows temperature de-
rating for the 2N3585 safe-area
chart of Fig. 110. These curves
show that thermal ratings are af-
fected far more by increases in
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Figure 112. Safe-area temperature-derating
curves for the 2N3§8t5 silicon power tran-
sistor.

case temperature than are second-
breakdown ratings. The ther-
mal (dissipation-limited) derating
curve is a graphic representation
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of Eq. (22) for the temperature
derating factor given in the sec-
tion on Thermal Considerations.
This curve, as expected, decreases
linearly to zero at the maximum
junction temperature of the tran-
sistor [T;(max) = 200°C]. The
second-breakdown (Iy/,-limited)
temperature derating curve, how-
ever, is less severe because forma-
tion of the high current con-
centrations that cause second
breakdown is less likely as the
temperature increases.

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-cur-
rent point that occurs near the
breakpoint of the thermal-limited
and second-breakdown-limited re-
gions 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 sec-
tion must be extrapolated down-
ward in voltage, depending upon
which side of the voltage break-
point the voltage-current point is
located. The smaller of the collec-
tor-current values obtained from
the thermal and second-breakdown
deratings must be used as the safe
rating.

The procedure used to derate
a voltage-current point under
repetitive-pulse or continuous-
wave operation was described
previously in the section on
Thermal Considerations. Basi-
cally, this derating requires the
use of an artificially calculated
case temperature (T 4 = T +
0;_« P, with the single-pulse
safe-area ratings and the tempera-
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ture derating curves. This calcu-
lated case temperature accounts
for the rise in the operating case
temperature that results from
the transistor thermal resistance
0;_ and the average power of
the periodic waveform. The value
obtained for T is used as the
case-temperature value on the
temperature derating chart to ob-
tain the repetitive-pulse derating
factor for the safe-area curves.

The preceding discussion cov-
ers nonrepetitive and repeti-
tive rectangular-pulse operation
only. The following steps must
be used to resolve all other
voltage-current waveforms into
equivalent rectangular pulses be-
fore the derating procedure de-
scribed can be used:

1. Plot the actual voltage-cur-
rent load line on the appro-
priate transistor safe-area
chart.

2. Select the voltage-current
point on the load line that
makes the greatest excursion
into the safe-area region.

3. Estimate the total energy
content of the actual voltage-
current waveform. This
value can be most easily esti-
mated by graphical integra-
tion of the waveforms.

4. Determine an effective pulse
duration t,(eff) by dividing
the total energy in the wave-
forms by the voltage-current
product at the point selected
in Step 2.

The voltage, current, and effec-
tive pulse duration computed
above define a rectangular pulse
equivalent to the actual wave-
forms.

Safe-Area Design Analysis

Two examples of the use of the
forward-bias safe-area system
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just developed are given below.
The first example requires the
analysis of a typical power in-
verter under initial turn-on con-
ditions; the second example
applies to the analysis of a direct-
coupled audio power amplifier
operating at low frequency into
an “inductive speaker” load.

Example 1: Inverter Initial
Turn-On  Analysis—A  typical
high-speed, high-voltage, 100-
watt, two-transformer inverter is
shown in Fig. 113. Fig. 114 shows
the collector voltage, collector
current, and peak power of the
inverter as functions of time for
the initial turn-on condition when
the output capacitor C, is un-
charged. It is assumed that a cir-
cuit designer wants to determine
the ability of the 2N3585 to oper-
ate safely in the circuit and, if
safe operation is shown to be
feasible, the maximum permis-
sible case temperature.

The analysis begins with the
plotting of the resistive load line
on the 2N3585 safe-area curve,

[
W 300}
E
2>
6uljzoo
re
&5 oo
£e
4 [¢] 1 1
8 02 03 04
TIME—ms
(a)
e 15¢
=N } [ I H u{
oz
Wiy
ae
e
o5
0005_
o]
[ol} 02 03 04
TIME—ms
(b)
= 150
|
@
glOO
)
a
x 50}
ul
a
[o]
TlME——ms

G}

Figure 114. Waveforms_for ugverter circuit

10K
AAA
TYPE
—@;
+120V|11
b¢
pa—t o
35 39 | L
OHMS =
2N3585,
(v
26K

=25 kHz

shown in Fig.

080
2 uF T OHMS

Figure 113. High-speed inverter using RCA 2N3585 transistors.
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as shown in Fig. 115. Because the
circuit being analyzed is a
switching circuit, each pulse has
a different load line associated

RESISTIVE LOAD LI Y
(TURN-OFF OF o e
STEADY-STATE PULSE)__

Figure 115. Inverter turn-on load line on

2N3585 safe-area curve.
with it. Initially, the pulses fol-
low a highly capacitive load line,
but become more resistive as the
output capacitor charges. This
change of pulse character pre-
sents no problem in this analysis
because it is being performed for
initial turn-on only. For this rea-
son, the designer need only plot
the turn-on load line of the first
pulse and the locus of peak volt-
age and current of the remaining
pulses, as shown in Fig. 115.
Point A (Vo = 120 volts and
I, = 1.2 amperes) is the point of
greatest excursion of the locus of
peak voltage and current into the
safe-area region.

The total energy required dur-
ing turn-on is determined by
graphical integration, shown in
Fig. 114 (¢). The result of the in-
tegration indicates that the energy
required during the 0.4-millisecond
turn-on is approximately 20 milli-
joules. The peak power at point A
(the product of the voltage and
current coordinates at that point)
is 140 watts, and the effective pulse

99

duration t,(eff) is 20 millijoules
divided by 140 watts, or 0.14 milli-
second. Because it is assumed that
the initial circuit turn-on is a
nonrepetitive-pulse operation in
this example, the 120-volt, 1.2-
ampere, 0.14-millisecond, non-
repetitive equivalent rectangular
pulse can be applied directly to
the safe-area curve of Fig. 115.
The result is the definition of
point B (V.p = 120 volts, I =
3.4 amperes), the equivalent
safe-area nonrepetitive peak pulse
for t = 0.14 millisecond. The posi-
tion of point B indicates that the
transistor will operate safely in
the inverter at a case terpera-
ture of 25°C.

For determination of the maxi-
mum case temperature at which
the 2N3585 will continue to per-
form satisfactorily, the tempera-
ture-derating factor must be
calculated. This factor, the ratio
of collector current at point A to
collector current at point B, is
1.2/3.4 = 0.35, or 35 per cent. Be-
cause point A is in the dissipa-
tion portion of the safe-area
rating curve, the dissipation-
limited curve in Fig. 112 is used
to find the maximum case tempera-
ture. For a 35-per-cent derating
factor, this temperature is found
to be 130°C. Thus, it is possible
to turn on this inverter safely at
case temperatures up to 130°C.

If the circuit is to be keyed on
and off at some set repetition
rate, a repetitive analysis which
takes into account the effective
case temperature T (eff) must be
performed and a new and lower
value of maximum case tempera-
ture must be determined.

Example 2: Analysis of a Di-
rect-Coupled Audio Power Am-
plifier at Low Frequency—
A quasi-complemertary 70-watt
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Figure 116. 70-watt, silicon-transistor audio amplifier.

power amplifier is shown in Fig.
116. This amplifier is terminated
in a resistance-inductance series
load circuit in which the induct-
ance is 40 millihenries and resist-
ance is 1 ohm, to simulate a worst-
case speaker impedance. The
amplifier is driven at 20 Hz. Volt-
age, current, and power waveforms
as functions of time are shown in
Fig. 117.

It is assumed that the circuit
designer wants to determine the
ability of the RCA-40411 output
transistor to operate safely in the
circuit with the frequency and
load specified and with a maxi-
mum case temperature of 70°C.
The circuit designer may also

want to analyze the circuit at
other load and frequency condi-
tions. The safe-area curve for the
40411 (a 15-ampere silicon power
transistor) and the load line for a
single cycle are given in Fig. 118.
Point A (Ve = 55 volts, I = 4.1
amperes, P = 225 watts) repre-
sents the point of maximum ex-
cursion of the load line into the
safe-area region. Graphical inte-
gration of Fig. 117(c¢c) yields an
equivalent energy of 2.1 joules.
When the equivalent energy is di-
vided by the power at point A, the
effective pulse duration is found
to be 9.3 milliseconds. Thus, a rec-
tangular pulse of 55 volts, 4.1 am-
peres and 9.3 milliseconds duration
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is equivalent to the actual circuit
waveforms. Point B (Vo = 55
volts, I = 8.2 amperes) is the safe-
area value for this single, non-
repetitive equivalent pulse at a
case temperature of 25°C. Derat-
ing to obtain the safe-area point
for higher case temperature as
well as for repetitive-pulse condi-
tions must then be performed.
Because there is a continuous
20-Hz sine-wave input with a
period of 50 milliseconds to the
amplifier, the duty cycle of this
equivalent pulse is 9.3 millisec-
onds divided by 50 milliseconds,
or 18.6 per cent. The average

COLLECTOR-TO-EMITTER
VOLTAGE—V
S 888

o
o
I
O

COLLECTOR

CURRENT-A -

N DO ™
T

[<]

i0 20
TIME—ms
(b)

A 1 1
(o] 10 20 30
TIME—ms
(c)

Figure 117. Audio power-amplifier wave-
forms.
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power calculated by dividing the
energy per pulse (2.1 joules) by
the total period (50 milliseconds)
is 42 watts. When these values
are substituted in Eq. (25), the
effective case temperature is
computed as follows:

I

T, (eff) 70°C + 42 W (1.1)

70°C +46°C = 116°C

where 1.1°C per watt is the junc-
tion-to-case thermal resistance
(85.¢) for the 40411.

The temperature derating
curves for the 40411 are given in
Fig. 119. Because point B falls
within the second-breakdown-
limited section of the safe-area
curve, the derating factor is read
from the Iy/,-limited curve of Fig.
119. For a Tg(eff) of 116°C, the
derating factor is 75 per cent.
When the current is derated at
point B, point C (Vo = 55 volts,
I, = 6.2 amperes) is obtained. If
second-breakdown limitation were
the only consideration in deter-
mining the ability of the 40411 to
operate satisfactorily in the cir-
cuit, the location of point C would
indicate that under the specified
conditions the transistor would
perform as desired. However, be-
cause the load line in Fig. 118 also
comes close to the dissipation-
limiting curve at point A’ (Vgg
= 45 volts, I = 5.4 amperes), it
is necessary to consider transis-
tor dissipation limitations. Point
B’ (Vep = 45 volts, I = 12.5 am-
peres) is the single-pulse 25°C
case-temperature equivalent. If the
value of 116°C is used for effective
case temperature, as determined
earlier, a temperature-derating
factor of 50 per cent is read from
the dissipation-limited curve of
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Figure 118. Safe-area rating chart for an RCA 40411 transistor.

Fig. 119. This factor yields a point
C" (Vgg = 45 volts, I = 6.3 am-
peres) which is above the point
A’ that represents expected circuit
operating limits. This result indi-
cates that dissipation limitations
will not adversely affect transistor
performance in the circuit. The
greater distance between points
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Figure 119. Temperature derating for the
RCA 40411 transistor.

A and C than between points A’
and C’ in Fig. 118 indicates that
there is a greater margin of safety
in the second-breakdown region
than in the dissipation region.

Reverse-Bias Safe-Area Ratings

Power transistors are required
to absorb energy under reverse-
bias conditions in a wide variety
of switching circuits including
solenoid drivers, power inverters,
switching regulators, magnetic
deflection circuits, transformer-
coupled power amplifiers, and
motor and lighting controls. A
characteristic of these circuits is
the presence of series inductance
such as transformer leakage in-
ductance in inverters and power
amplifiers, solenoid inductance,
motor armature and field induc-
tance, and regulator low-pass
filter inductance. The best means
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for determining the reverse-bias
safe-operation rating for these
circuits makes use of a series
inductance L (without diode
clamp), a turn-off circuit of
series resistance Ryy, and a series
voltage Vyp. If the transistor
under test is driven into satura-
tion with a collector current of
I.(peak) and the forward Dbase
drive is abruptly removed, the
test transistor turns off through
the turn-off circuit and absorbs
an amount of energy equal to the
second-breakdown energy Eg/)
given by Eq. (36).

As explained earlier, the sec-
ond-breakdown energy is a func-
tion of Ryg, Vpg, and series
inductance. Therefore, because it
is possible to resolve all of the
circuits mentioned above into a
simple series-inductive switch
with a turn-off series resistance
of Ry and a base-to-emitter volt-
age of Vyg, it follows that the
development of a set of curves
defining a minimum energy rat-
ing as a function of L, Ry, and
Vi for this representative cir-
cuit will provide an adequate
basis for determining the reverse-
bias safe-operation rating of any
of the more specialized circuits
represented.

A set of curves used to define
reverse-bias safe operation for
the 2N3585 is given in Fig. 120.
These curves, expressed in terms
of peak current I, can be read-
ily converted to energy E through
the use of the following rela-
tionship:

E = 14 LI,? (40)
The temperature-derating factor
for the reverse-bias condition is
determined in the same manner
as that for the forward-bias sec-
ond-breakdown condition. That
is, the Iy/,-limited portion of the

103

CASE TEMPERATURE =25°C
BASE-TO-EMITTER VOLTAGE=-4V
INDUCTANCE =100 uH

.‘s(P\CD*\’

Mo

-~
[ ]
10 20 30 40
EXTERNAL BASE-TO-EMITTER
RESISTANCE -0
(o)

=N o b

PEAK COLLECTOR CURRENT-A

o

CASE TEMPERATURE =25°C

EXTERNAL BASE-TO-EMITTER
RESISTANCE =200

INDUCTANCE =100 pH

3 T
Q\Chy o
< ":\)\l\ )
2 s

PEAK COLLECTOR CURRENT-A

8 -6 -4 -2 0
BASE -TO-EMITTER VOLTAGE -V
(b)

CASE TEMPERATURE=25°

BASE-TO-EMITTER VOLTAGE=-4V

EXTERNAL BASE-TO-EMITTER
RESISTANCE =200

Y

PEAK COLLECTOR CURRENT-A

1T

" T

| (7 \‘\IPICA

o] 100 200 300 400

INDUCTANCE — uH
(c)

Figure 120. Reverse-bias energy of the
RCA 2N3585 transistor.
derating curve in Fig. 112 is used.

The use of the reverse-bias sec-
ond-breakdown rating curves of
Fig. 120 is illustrated below by
analysis of the inverter circuit
shown in Fig. 113. The analysis
assumes that the inverter is in
the turn-off condition.

Analysis of the Inverter in
the Turn-Off Condition

The leakage inductance in the
primary of the output trans-
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former in the inverter shown in
Fig. 113 was measured and found
to be 5 microhenries. However, in
order that the analysis represent
the worst case, the maximum
transformer leakage inductance
was estimated at 100 microhenries.
For use of the rating curves, an
effective value of series induc-
tance L. an equivalent input
series resistance Ry, and a turn-
off voltage Vi must also be de-
termined.

Because the inverter operates
from a constant voltage, the turn-
off or second-breakdown energy
Egy/, is given by Eq. (36). How-
ever, the rating curves in Fig.
120 are based on measurements
made in the Eg/, test set with
constant current drive, and on re-
sults calculated by use of Eq.
(40). Therefore, an effective
series inductance for the circuit
is obtained by setting Eq. (36)
equal to Eq. (40) and solving in
terms of the inductance L or, in
this case, L.

V cex(sus)
L[VCEX(SHS) - Vcc] (41)

Eq. (41) is valid for all circuits
that operate from a constant
supply voltage. For the inverter
circuit of Fig. 113, L = 10
microhenries, V. = 240 volts,
and Vigx = 400 volts (from
2N3585 published data). The
value of 240 volts for the con-
stant voltage V¢, is composed
of the sum of the supply voltage
and the voltage induced across
the primary of the transformer
as one of the transistors in the
circuit is turning off. When
these values are substituted in
Eq. (41), the computed effective
series inductance is found to be
25 microhenries. Ry is calcu-
lated at approximately 0.5 ohm,

Leff =
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the equivalent series resistance
of the diode in shunt with the
3.4-ohm resistor; Vg is mea-
sured at approximately 5 volts.

A set of rating curves for the
2N3585 is shown in Fig. 120. In
the circuit used to obtain the
curves, Rgp = 20 ohms, L = 100
microhenries, and Vi = —4 volts.
The minimum peak current for
these values of Vyp and Ryg is
given in Figs. 120 (a) and 120 (b)
as 2 amperes.

To permit the application of the
curves of Fig. 120 to the Ryp and
Vg of the inverter circuit, trans-
lation ratios must be calculated
from the slope of the curves in
Figs. 120(a) and 120(b).

For Ry, the translation ratio
is determined from the value of
minimum peak current at an Ry
of 0.5 ohm divided by the value
of minimum peak current at 20
ohms; both values are taken from
Fig. 120(a). The result is as fol-
lows:

Rsx (trans) ='(2)—% = 0.35

For Vg, the translation ratio
is determined from the value of
minimum peak current at a Vg
of —5 volts divided by the value of
minimum peak current at —4 volts;
both values are taken from Fig.
120 (b). This ratio is given by

1.5
Ve (trans) = 20 = 0.75
The minimum peak current for
the series inductance of 25 micro-
henries is determined from Fig.
120 (c) as 3.4 amperes. The equiva-
lent minimum peak current for the
inverter circuit is obtained by
translating this value as follows:

(3.4A) (0.35) (0.75)
0.89 amperes

it
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This peak current can then be
converted to the second-break-
down energy of the inverter cir-
cuit, as follows:

En = 15 LI, = (19 (25 H)
(0.89)* = 10 microjoules

These values of I, and Eg/,
are calculated safe-operation-
area ratings. The actual peak
current necessary for inverter
turn-off is 0.8 ampere. For this
current, the turn-off or second-
breakdown energy is given by

Esn = 14 Lewe Lni?
(%) (25.,H) (0.8)*

8 microjoules

i

The average-power contribution
to this turn-off energy is deter-
mined by dividing the energy by
the pulse period, as follows:

P =8 .J/40 s = 0.2 W.

Substitution of this value in Eq.
7 yields

T, (eff) = Te + Puy 05/ =
T, + (0.2) (5°C/W) = T, +1°C

where 5°C per watt is the junction-
to-case thermal resistance for the
2N3585.

The final problem is to deter-
mine the maximum case tempera-
ture at which the inverter can
safely turn off on a continuous
basis. The temperature derating
factor is calculated by dividing
the actual peak current I, (act)
by the maximum safe-area opera-
tion value of I, (S.A.), as follows:

Li(act) 0.8
I(S.A) ~ 089

From Fig. 112, the temperature-
derating curve for the transistor
of interest, a 90-per-cent derating
factor indicates a T (max) of 60°C

= 0.9, or 909,
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on the Ig/)-limiting curve. Thus
the inverter can be safely turned
off at a case temperature of 60°C

-—1°C = 59°C.

As a final check, the actual
total energy absorbed by the cir-
cuit under reverse-bias condi-
tions should be compared with
the locus of peak pulse power
(derated to the 59°C case temper-
ature and expressed in terms of
energy) on the forward-bias safe-
area chart. If the total energy
absorbed exceeds the forward-
bias energy, additional derating
on a thermal basis should be per-
formed.

SMALL-SIGNAL ANALYSIS OF
POWER TRANSISTORS IN
LINEAR SERVICE

Silicon power transistors may
be used for a wide variety of cir-
cuit applications in which the out-
put signal is proportional to an
applied input signal. Such appli-
cations are lumped into a broad
category referred to as linear
service. In most linear-service ap-
plications, the terminal voltage
and current of a transistor are
small compared to the levels of
voltage and current established by
dc bias conditions. In this mode
of operation, the transistor can
be conveniently analyzed by means
of a small-signal equivalent cir-
cuit.

Small-Signal Equivalent Circuits

In a small-signal ac analysis, a
transistor can be represented as
a three-terminal linear network.
From elementary circuit theory,
it is known that a three-terminal
linear network may be considered
as a linear two-port configuration,
as shown in Fig. 121. The terminal
parameters for the two-port net-
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work are defined by six sets of
equations which differ only in the

I I,
— —
+ Ol —0 +
vi V2
-O— f—o0-

Figure 121. Linear two-port network.

parameters that are selected as
dependent variables. Three sets
of these equations have found
some historical use in the analysis
of transistors in common-emitter
circuit configurations. These three
sets of equations are listed below
for both the general two-port net-
work and a transistor used in a
common-emitter (CE) circuit con-
figuration:

1. z-parameter equations:

General Vi = zyl; + z2la (42)
CE Vi = zieli + Zrelo (43)
General Vo = z91]; + z22ls  (44)
CE Vo = zteli 4 Zodo  (45)

2. y-parameter equations:

General I; =y Vi+ yi2Ve  (46)
CE ii = yieVi + yreVo  (47)
General Ip = yu Vi + yoVe  (48)
CE lo = ¥tVi + YoeVo  (49)

3. h-parameter equations:

General V; = hyI; 4+ hVe  (50)
CE Vi = hieli + heVo  (51)
General I = hgI; 4 haVs (52)
CE io = hgedi + hoeVo  (863)

In the double-subscript notation
used in the common-emitter equa-
tions, the first subscript denotes
the parameter function within the
equivalent circuit (i.e., “i” denotes
input, “0” denotes output, “f” de-
notes forward from input to out-
put, and “r” denotes reverse from
output to input), and the second
subscript denotes the terminal

common to both the input and out-
put loops for the transistor con-
figuration being employed. The
equations shown are for the com-
mon-emitter transistor configura-
tion; equivalent equations, how-
ever, can be written for the
common-base and common-collec-
tor configurations.

The y terms defined by the equa-
tions are short-circuit admittance
parameters, the z terms are open-
circuit impedance parameters,
and the h terms are the hybrid-
circuit parameters, which may be
defined as follows:

short-circuit input impedance
\Y

hie = AL
i | V=0 (54)
short-circuit forward-current
transfer ratio

hfe = 'l.&

L | Vo=0 (55)
open-circuit reverse-voltage

transfer ratio

I
Vo | ;=0 (56)
open-circuit output conductance

hy, — Jo
Vo | ;=0 (57)

The equivalent circuit for these
equations is shown in Fig. 122.
The techniques used to measure
small-signal z, y, and h parameters
are more or less implicit in their
definitions. In general, the param-
eters most commonly measured

Figure 122. h-parameter equivalent circuit
for a transistor used in a common-emitter
configuration.
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are the short-circuit admittance
parameters.

The z, y, and h parameters are
in general complex quantities and,
therefore, are frequency-depend-
ent. At frequencies above about
100 MHz, these parameters are
extremely difficult to measure be-
cause it is hard to produce true
open-circuit or short-circuit con-
ditions. For this reason, another
set of parameters, known as the
“S” or scattering parameters, is
used to derive an alternative model
for transistors which can be em-
ployed for high-frequency design.
The following equations define
“S” parameters on the basis of
the signal-flow diagram of the
transistor shown in Fig. 123:

Eqn = SuEu + Sk (58)
E;2 = Sa1Ei + SaeEie (59)
o > °
Ej| — s2| -——Ej2

Sn S22
Epy ~— * Si2 + —Er2
o— < o

Figure 123. Scattering parameters for
linear two-port network.

If Eqgs. (568) and (59) are
solved for the scattering parame-
ters, the following results are ob-
tained:

voltage-reflection coefficient at
port 1 with port 2 terminated
in a matched load

Sy = En

En

E;;=0 (60)

reverse-transmission voltage
ratio with port 1 terminated
in a matched load

En
Sy = 1
12 Ejz

Ei; =0 (611
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forward-transmission voltage
ratio with port 2 terminated
in a matched load

Er2 l
S = =%

Ei | Eiy—0 (62)
voltage-reflection coefficient at
port 2 with port 1 terminated
in a matched load

Szz=%:—:

Ej;=0 (63)

It should be noted that the scatter-
ing parameters are complex num-
bers that have both magnitude
and phase. The chief advantage of
the scattering parameters is that
they are measured under matched-
termination conditions which are
easier to obtain than a true open
or short circuit.

It sometimes becomes conve-
nient or necessary to convert one
type of network parameter to an-
other. This conversion is readily
achieved if any pair of the param-
eter equations is solved for a dif-
ferent independent variable, and
the variables are then equated.
The results of such an analysis
are shown in Table VI.

When the transistor is con-
nected in a practical circuit, such
as that shown in Fig. 124, the

Figure 124. Terminated h-parameter equiv-
alent circuit for a transistor used in a
common-emitter configuration.
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source and load impedances affect h-parameter equations, as follows:
the terminal properties of the net-

work. This effect can best be Vi = hieli + hreVo 61
shown by calculation of the net-
work input impedance from the io = hteli + hoeVo (53)

Table VI—Parameter Equivalencies

Z \g h S
2 g Y2 TV Ah hip  148Su—8»—A4AS 28
" * Ay Ay  ha he  1—8;—82+AS 1—S;—Su+AS
zZ
z —Ya yu _hzl 1 2 S21 1—S11+Sm— AS
21 Zo2 T — T T

Ay Ay  hx  hp 1—8;3—Sn+AS  1—S;—Sg+AS

Z22 "I . 1 —hyp 1—8u+8»—AS8 —2 85
Az Az M Y hin  huy 148Su+8e+AS  148S1+Se+AS
y
k. S hy  Ah —Sa 1481—Sw—AS
Az Az V" Y® by by IFS tSntAS  1+SutSntAs
A 1 zye g 1=SutSn—48 28
) Zezg Z Yu  Yu wote 1—Su—S2+A8  1—81+S822—AS
“f Loyn Ay —28n 1—8u—S8u+AS
Z2  Z22 yu yu no 1—S811—S0—AS  1—8;; 48— AS
A C E G I K Su sz
S
B D F H J L Sa1 Sae
_Aztan—29—1 _ 2z E= (1=y1) (1 4+y22) — Y12y
T Aztz1+299+1 T Aztzy 429041 14+yu+yn+Aay
B= 2 79 _ Az—zytzmn—1 _ —2yau
" Aztzn+am+1 T Az4-z+299+1 14+yu+ye+Ay
_ —2y12 ~Ah+h11—h22— 1 _ 2 hyo
_1+Y11+Y22+Ay -Ah+hll+h22+1 Ah+hu+h22+1
H_(1+Y11)(1—Yz2)—Y12}’21 J— —2hy =—Ah+hu~—h22+1
T l4+yntyntay Ah+hy+hge+1 Ah-thy;+he+1
Az = z1y 29. — %1 Znn Ah = hy; hge — hie hyy

Ay = yu ye— yi2yu AS = 811 Sas — Si2 Soy
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For the terminated network shown
in Fig. 124, V, may be expressed
by the following relationship:

Vo = —ioZL = "'io/yL (64)
Eq. (63) then becomes

io = hfnii + hoe (— io/yL) (65)
or

io — hfe(yL)ii (66)

yu + hoe

Substitution of Eq. (64) in Eq.
(51) yields the following result:

hl’e re > :
i (67)
yL + hoe

If both sides of Eq. (67) are di-
vided by i;, the following equation
for the input impedance Z;, is
obtained:

Vi = (hle + —

Zin = Y—i = hie + —) hfe hre

1i yL + hee (68)

In a similar manner, the equation
for the output impedance Z,,; may
be derived to obtain the following
relationship:

Vo g+h ie

Front= 2=
e Zghoothichoe—

(69)

hrehfe

Eq. (66) is rewritten to obtain
the following expression for the
current gain K; of the circuit
shown in Fig. 124:

K;= do _ hreyr

70
ii hoe + YL ( )
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The voltage gain K, of the circuit,
as determined from Eqs. (64),
(66) and (67), may be expressed
by the following relationship:

K, = ‘_\;) _ “—hfe/hlle (71)
i — ]fe re
yr+hoe (1 __11e Toe

The power gain PG, which is the
product of the current and voltage
gains, may be expressed as fol-
lows:
PG = K; K, (72)
This type of analysis can also be
applied to the z and y parameters;
the general results for all three
circuits are shown in Table VII.
In some cases, information is
supplied for the common-emitter
configuration, and it is desired to
find the parameters for the com-
mon-base or the common-collector
configuration. This conversion for

the hybrid parameters is shown
in Table VIII.

Common - Emitter Equivalent
Circuit—The hybrid-pi small-
signal circuit has become popu-
lar in transistor analyses because
it offers a reasonable compromise
between the ‘“black-box” two-port
representation (y, z, or h) and the
complex equations derived from
semiconductor physics. In addi-
tion, the hybrid-pi equivalent cir-
cuit represents a transistor by
parameters which are independent
of the operating frequency and
which can be related to physical
processes that occur within the
transistor. The complete hybrid-
pi equivalent circuit for a transis-
tor in a common-emitter configura-
tion is shown in Fig. 125. The
discrete components have not been
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combined into equivalent com-
ponents so that the association of
the components with transistor
physical processes can be readily
shown.
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nected for normal operation (i.e.,
emitter-to-base junction forward-
biased and collector-to-base junc-
tion reverse-biased) and a small
increment of base-to-emitter volt-

When a transistor is con- age is applied, this incremental
Table VII—Network Terminal Properties
Parameter Ziin Zious K; K,
. Az + 211 71, Az + 299 7 Z91 Z91 + 2L
Z99 + 4L Z11 + Zg Z99 + 71, Az + 21 21,
¥ Yo + yL yu + Ve —YauyL —Yya
Ay +yuyr Ay+yeye Ay+yuyn ye2 + yL
I Ah + hy; yr hy + 2, —hg yL —hy; 2,
hys + yL Ah 4 hge z, ~hee +y1 hy; + Ah 2z,
Az = 241 Z99s — Z12 Zn
Ay = yu y22 — Y12 Ya
Ah = h11 h22 - hl2 h21
Table VIll—Hybrid Parameter Relationships
Common- Common- Common-
Emitter Base Collector
Circuit Circuit Circuit
hy; hie hip = _hie hie = h;e
1 + hfe
hie h
h he hyp =222 —h hye =1— hge
12 rh 1 + hfe re c
has hre he, = Dt hie = — (14hyo)
1 + hfe
h22 hoe hob = hOé hoc = hoe
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Figure 125. Complete hybrid-pi equivalent
circuit for a transistor used in a common-
emitter configuration.

change in base-to-emitter voltage
produces two components of base
current. One component is pro-
duced by the incremental increase
of charge recombination in the
base that is caused by the increase
of excess charge stored in the base.
This component i,, can be ex-
pressed as follows:

ib1 = gb'e Voe = (1/1v’e) Ve

The other base-current component
results from the incremental
change in excess majority carriers
that is required to maintain elec-
trical neutrality over the increased
minority ecarriers stored in the
base. This component i, can be
represented by the following re-
lationship.

ipz = Cp (dVpe/dt) (74)

The total base current i, then is
defined by the following equation:

b = (/1) Vbe + Cb (dVe/dt) (75)

where C, is the base charging
capacitance.

Eq. (75) provides the basis for
a first-order equivalent-circuit ap-
proximation of the transistor.
This equivalent circuit, shown in
Fig. 126, represents the basic gain
mechanism in a transistor.

For large voltage gains, a sec-
ond-order effect requires modifica-

(73)
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tion of the basic circuit shown in
Fig. 126. Under conditions of
large voltage gain the load im-
pedance is large. The width of the

Figure 126. Elementary small-signal
transistor equivalent circuit.

collector-junction depletion layer
is voltage-dependent. As a result,
the effective width of the transis-
tor base varies with the out-
put voltage. This phenomenon is
known as “base-width modula-
tion.” These effects are accounted
for in a transistor equivalent cir-
cuit by the addition of two feed-
back elements, C; and r,/, and
one output shunt element r., which
account for the transient and in-
cremental change of collector cur-
rent I, because of base-width
modulation. The resulting equiva-
lent circuit is shown in Fig. 127.

"v'e

v . | g

O I\ 1
Cd
% 'b'e T°Cp é lqmvb', % e

e
Figure 127. Elementary small-signal tran-
sistor equivalent circuit which includes
components to represent effects of base-
width modulation.

M-

The equivalent circuit is essen-
tially complete from the stand-
point of physical mechanisms
within the transistor. It is known,
however, that the emitter and col-
lector junctions have space-charge-
layer capacitances, C;, and C;,
which must also be included in
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the equivalent circuit. In addition,
the transverse majority-carrier
base current produces a voltage
drop in the transistor base which
can be represented by addition of
the spreading resistance 1,/ .
Finally, because of the transverse
voltage drop across r,, it fre-
quently becomes convenient or
necessary to divide the collector
junction capacitance into two com-
ponents, the capacitance C;. men-
tioned previously and a capaci-
tance C,, which is defined as the
overlap capacitance of the collec-
tor-to-base junction. This division
is desirable because the capaci-
tance C,. is not charged through
Ty

When all the elements discussed
above are combined into one cir-
cuit, the complete equivalent of
the transistor, as shown previously
in Fig. 125, is obtained. This
equivalent circuit is rather cum-
bersome, but when parallel ele-
ments are combined the equivalent
circuit is reduced to the more con-
ventional form shown in Fig. 128.

"b'e

"bbt

b O it 1 Q¢
'b':% .%Cb'ceblc él@mvb'e %"ce

e

Figure 128 Conventional form of the com-
plete hybrid-pi qujvallegt circuit shown in
ig. .

Even this equivalent circuit may
seem too cumbersome for circuit
analysis. In practice, however,
certain circuit elements are domi-
nant over a portion of the fre-
quency spectrum, while other ele-
ments may have negligible effect
on transistor behavior. It is
permissible, therefore, to make
further simplifications in the
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equivalent circuit which are ap-
plicable over a limited frequency
range.

As with vacuum-tube ampli-
fiers, it is convenient to use
low-, medium-, and high-frequency
equivalent circuits in the analysis
of a transistor. The range of ap-
plicability is determined by the
parameter values of the transistor
represented by the equivalent-
circuit model. A numerical ex-
ample is necessary, therefore, to
assess the relative importance of
the various elements. In a small-
signal analysis of a transistor, it
is important to realize that, al-
though the small-signal response
depends on frequency, this re-
sponse is also affected by the oper-
ating point and the temperature.
In the following paragraphs, the
response of a transistor at low,
medium, and high frequencies is
congsidered; changes in response
because of variations in operating
point and temperature are dis-
cussed later.

The numerical values for the
hybrid-pi parameters of the RCA-
2N2102  triple-diffused silicon
planar transistor are given in the
equivalent circuit shown in Fig.
129. As the first step in the esti-
mation of the frequency response
for this circuit, it is necessary to

rpc=12 MQ
rppt=30 Q2 . ¢

O it O
b re _|Cbe=IOpF
b'e 04 < 'cles
3008 “TCig=420pFTlvyie <40k 8

(]

Figure 129. Hybrid-pi equivalent circuit for
the 2N2102 triple-diffused silicon planar
transistor.
calculate the frequency f; at
which the resistance r,’, is equal
to the reactance of the capacitance
Cy.. This frequency may be cal-

culated as follows:
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£ 1 (76)
= —
21 T'e Cb'e
_ 1
6.28 X 300 X 420 X 10712
= 1.3 MHz
For frequencies much below f;,

the resistance r,’, is dominant,
and the effect of the capacitance
Cye is negligible. If a similar cal-
culation is performed for the feed-
back elements r,’. and C,’,, a fre-
quency f, is determined, as fol-
lows:

f— 1 (77)
2T I've Cb’c
B 1
©6.28 X 12 X 108 X 10 X 10712
= 1.3 kHz

For frequencies below f,, the ef-
fect of the feedback capacitance
Cy’. is negligible.

The preceding calculations are
based upon design-center meas-
ured values; individual elements,
therefore, may vary somewhat
from one transistor to another.
Because the frequencies f; and
f, differ by three orders of mag-
nitude, several factors concerning
the transistor operation become
apparent. At frequencies much be-
low f,, both capacitances C,’. and
C,’. may be neglected, and the low-
frequency equivalent circuit shown
in Fig. 130 is applicable. At fre-
quencies above f, but much be-

bt b CB.C
bO— VW 1§ -O¢

fble rce

Figure 130. Simplified low-frequency hy-
brid-pi transistor equivalent circuit.

low f,, r,/, and C,’, are negligible,
and the middle-frequency equiva-
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lent circuit shown in Fig. 131 is
useful. Finally, at frequencies
much above f;, both r,, and r,’,
are effectively bypassed by the

shunt capacitances. For such
frequencies, the high-frequency
b rbb' ' Tblc R

Figure 131. Simplified medium-frequency
hybrid-pi transistor equivalent circuit.
equivalent circuit shown in Fig.
132 should be used to represent

the transistor.

Ch!
rob D'
N

Q¢

=Cb'e

Figure 132. Simplified high-frequency hy-
brid-pi transistor equivalent circuit.
In practice, the mid-frequency

model shown in Fig. 181 is not

very useful. A more useful equiva-
lent circuit is produced if both
capacitors C,’, and C,’, are re-
tained in the circuit. Such an
equivalent circuit, shown in Fig.

133, is useful over the middle-

and high-frequency ranges.

bO—AAMN Ly O
fble ==Cble lgmvb"o fce

&

Figure 133. Simplified hybrid-pi transistor
equivalent circuit for use at medium- and
high frequencies.

It is apparent from the forego-
ing discussion that the hybrid-pi
equivalent circuit offers many ad-
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vantages as a broad-band transis-
tor model. If hybrid data are not
specified by the transistor manu-
facturer, the parameters at a
given operating point can be de-
termined from known informa-
tion or from simple low-frequency
measurements, as follows:

The transconductance g, can be
calculated from the following
physical relationship:

m = kiT | Ic | mhos (78)

where

q = electronic charge = 1.6 X

10—1° coulomb

k = Boltzmann’s constant =
1.38 X 10—23 watt-sec/°K

T = absolute temperature in
°K

I = collector current in am-
peres.

At room temperature, T = 290°K.
Eq. (78) can then be rewritten
as follows:

gm = 0.04 | Ic | mhos (79)

where the collector current I; is
given in milliamperes.

The resistance r,’, is calculated
on the basis of the measured value
for the short-circuit current gain
at low frequencies. Under the con-
ditions required to measure the
short-circuit current gain of the
low-frequency equivalent-circuit
.model shown in Fig. 180, the re-
lationship between the resistance
ry’. and the low-frequency current
gain may be expressed as follows:

hfe'flo = io/ii = Zmlb’e (80)
When this equation is solved for
the resistance ry/,, the following
result is obtained:
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o hfelflo
m

,

I'v’e (81)

At low frequencies, the resist-
ance rp,’ can be determined from
the calculated value for the resist-
ance r,, and the measured value
for the short-circuit input im-
pedance. Under the conditions re-
quired for the measurement, the
short-circuit input impedance for
the low-frequency equivalent-cir-
cuit model can be expressed in
terms of the resistances r,,’ and
1, as follows:

hielfio = Vi/ii = tpp’ + 1v%e  (82)

The low-frequency value for the
resistance ry,’, therefore, may be
determined from the following re-
lationship:

Ty’ = helno — e (83)

It should be realized that the
resistance r,,’ is a distributed
component and is, therefore, a
function of frequency. At high
frequencies, the following equa-
tion should be used to calculate
this resistance:

1/ rbb, = Re(yie) (84)

Eq. (84) is valid for the follow-
ing condition:

w(Cve + Cv'e) > > 1/t (85)

In the calculation of the resis-
tance ry,, it is first necessary to
measure the open-circuit reverse-
voltage transfer ratio at low fre-
quencies. For the low-frequency
equivaient-circuit model shown in
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Fig. 130, the open-circuit reverse-
voltage transfer ratio can be re-
lated to the resistance r,, as
follows :

i Th'e

(o — 86
Vo I'v'e + It'e ( )
From practical considerations, it
is known that r,’. is much greater
than r,/.. Eq. (86), therefore, may
be rewritten as follows:
hre | flo = rb'e/rb'c (87)

or

nye = TPe 88
> hrelﬂo ( )
In most practical applications of
power transistors, the resistance
r.. is so large that its effect is
negligible. In those cases for which
the effect of this resistance is sig-
nificant, however, the following
approximation is valid:
heelt1o = 1/Tee (89)

or

Feo ~ — (90)

hoe'flo

Before the capacitance C,’, can
be calculated, the common-base
output capacitance C,, must be

measured. Fig. 125 shows that the '

feedback capacitance is shunted by
the diode overlap capacitance C,,
and the header capacitance Cg.
The capacitance C,’, therefore,
can be determined from the fol-
lowing relationship:

Cob = Cb'c + Coc + CH (91)

Cb'o= Cob - Coc - CH (92)
For small-signal conditions, it is
frequently possible to neglect the
Co,c and Cyg terms so that, as a
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first approximation, the capaci-
tance C,’, may be determined as
follows :

Cb'c i Cob (93)

The remaining capacitance C,’,
may be determined by use of the
high-frequency equivalent circuit
shown in Fig. 133. For this cir-
cuit, the short-circuit current gain
is determined from the following
relationship:

hielni= 20— 8n (g4
tolt i w(Cye + Cpo) ©4)

If the gain-bandwidth product
fp is defined as the frequency at
which hg =1, the following fre-
quency relationships become ap-
parent:

hfef = fT

(95)
htew = wr (96)
o = wr/h 97

If the relationship expressed by
Eq. (96) is substituted into Eq.
(94), the following result is ob-
tained:

wr = Zm/(Cv’e + Cvc)  (98)

Cv'e = (8m/wr) — Cp'e (99)

Eqgs. (78) through (99) demon-
strate how the hybrid-pi parame-
ters may be calculated for a known
operating condition. For conveni-
ence and reference, these relations
are summarized in Table IX.
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Table IX—Hybrid-Pi Parameters

Parameter Relationship
= 41,
Zm KTl i
/e = el fro
gm
l'bhllflo = hielfio — 1
my’ [fhi = 1 (ie)
R, 7"

For w (Cy’e +Cp’e) > > _L,

rbb

I'b'e
Iy =~ —_—
¢ hre Iflo

Tee = hoe[flo

Cye = Cob — Coc
- CH gcob

. = Ba_gy
wTr

Equivalent Input Circuits—Be-
cause of the differences in the
magnitude of the elements of the
hybrid-pi equivalent circuit, it be-
comes convenient to use this cir-
cuit to derive an equivalent input
circuit for a transistor. If R, and
C in the amplifier circuit shown in
Fig. 134 are both very large, their
effects are negligible, and the
equivalent circuit is as shown in
Fig. 135. The node equations for
this circuit can be written as fol-
lows:

r Cp
bb! b! o c
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Vb'e [(l/rb'e) + SCb'e + SCb'c]
— Vo (sCve) = I (100)

Vb'e (gm - SCb'c) + Vo [(]/l'ce)
+ (1/Ry) + sCye] = 0 (101)
where s = jwC.

When conductance terms are
substituted for the resistance
terms, the node equations become

Vi'e [gv'e + 8(Cr’e + Ci'o)]

- Vo (SCb'c) = Ii (102)
Vi'e (8m — sCr’e)
+ Vo (8ee + G 4+ 5Cp%e) = 0 (103)
+Vee
O
O Vo

=

Figure 134. Common-emitter transistor
amplifier.

Eqs. (102) and (103) may be
further simplified by practical con-
siderations. In the second term of
Eq. (102), the sC,’, element repre-
sents feedback from output to in-
put which is necessary and critical.
In Eq. (103), the sC,/, element in

n

1;1

rbl. ::va, l

OV

9m Vble < Tce Ry

Figure 135. Equivalent circuit for common-emitter amplifier.

O
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the first term represents signal fed
forward from the input to the out-
put, which is normally negligible
compared to the signal fed for-
ward by the g,V,’. generator. In
the second term of Eq. (103), the
sC,’. term represents the loading
of the output node, which is nor-
mally negligible. In addition, ex-
cept for very large load resistances,
g.. is much larger than G;. Under
such -conditions, the g, term can
be neglected. When these facts are
taken into consideration, Eqgs.
(102) and (103) may be rewritten
in the following form:

Vi'e (g6 4+ s(Cv'e + Cv'e)]
- Vo (Sch'c) = Ii (104)

Vb'e (gm) + Vo GL =0 (105)
Egs. (102) and (103) can be

solved for the internal input ad-

mittance I,/V, . as follows:

Vo = (gm/vb'e)/GL (106)
Vi'e [gv'e + 5(Coe + Cvo)l
+ [(Vv'e 8n) /Gl (sCpe) = Ii  (107)
Vh'e {gb'e + S[Cb'e + cb'c
A+ga R} =T (108)
y = L = Bh'c + 5 [Cb’e
Vble
+ Cp’e (1 + gmR1)] (109)

Eq. (109) represents an equiva-
lent input circuit that consists of
a resistor r,’, in shunt with an
equivalent capacitance expressed
by the following equation:

Ceq = Clx'e + Cb’c (]- + i I{L) (110)

When the series spreading resis-
tance r,,,’ is added, the total input
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circuit can be represented as
shown in Fig. 136. Eq. (109) was
derived for the case of a purely

Tbb! b

Ceq=Cpet+Cbrc 1+gm RL)

Figure 136. Equivalent input circuit for
common-emitter amplifier.

resistive load; this equation, how-
ever, can be generalized so that it

is applicable to a complex load im-
pedance Z;, as follows:

y = gb'e + S [Cb’e + Cb’c (1 + Zm ZL)]
(111)

A circuit representation of the
generalized input impedance de-
fined by Eq. (111) is shown in
Fig. 1387. The equivalent admit-

rbb!

vi rote  ==Cble [ ] Yeq

O
qu =SCh'¢ (|+9m ZL)

Figure 137. General equivalent input cir-
cuit for a common-emitter amplifier.

tance for this circuit is expressed
by the following equation:

Yea = 8Cv’e (1 + gm Z1) (112)

Eqs. (109) and (111) show that
the small feedback capacitance
Cy’. can have a significant effect
on the frequency response of the
amplifier because of the large
equivalent capacitance reflected at
the input. For example, if the com-
ponent values for the 2N2102
power transistor are used and the
load resistance Ry, is assumed to be
1000 ohms, the reflected capaci-
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tance may be calculated from Eq.
(110) as follows:

Coq = Cb'e + Cb/c (1 + Zm RL)
— 420 pF + 10 pF (1 + 0.4 X 10°)
= 420 pF + 4010 pF = 4430 pF

This calculation shows that the
small 10-picofarad collector-to-base
capacitance C,’, is reflected back
to the input terminals as a 4010-
picofarad capacitance which over-
shadows the C,’, term by a factor
of 10. This reflected capacitance
is analogous to the Miller effect in
vacuum-tube triodes where the
grid-to-plate capacitance reflected
back to the input terminals is mul-
tiplied by (1 4+ gmRy).

Common-Base Equivalent Cir-
cuit—Historically, the common-
base circuit was the first configu-
ration used for transistors. This
circuit configuration, however, of-
fers low input impedance and less
than unity current gain and is no
longer used except in certain spe-
cific applications.

Although the hybrid-pi equiva-
lent circuit is still applicable for
the common-base configuration, it
becomes difficult to take into ac-
count the effects of base-width
modulation which now produce
coupling from the output to the
common terminal. For small volt-
age gain, the base-width modula-
tion effects are negligible, and the
hybrid-pi common-emitter equiva-
lent circuit shown in Fig. 128 can
be redrawn for the common-base
configuration as shown in Fig. 138.
By suitable manipulation of the
circuit equations, it can be shown
that this equivalent circuit reduces
to the common-base “T” equiva-
lent circuit shown in Fig. 139. In
this circuit, the resistance r, and
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Figure 138. Hybrid-pi equivalent circuit for

a transistor used in a common-base con-

figuration (effects of base-width modulation
are neglected).

the current-gain parameter o are
defined as follows:

e = 1p'e || ! ! ~ 1
e e — = = —
m (1/Tye) + 8m  8m
(113)
= Bm (114)
gm + (1/rv’%)
o
re al
VWA aln
eO—I-_oLl. I— ‘ .,E".e:_Oc
It II
1Ay
Cpe Thib Cblc
b
Figure 139. “T" equivalent circuit for a

transistor used in a common-base configu-
ration when the effects of base-width
modulation are neglected.

Common-Collector Equivalent
Circuit — The common-collector
configuration is sometimes used
because it offers high input impe-
dance and current gain. It is pos-
sible to draw the hybrid-pi equiv-
alent circuit for the common-
collector configuration as shown in
Fig. 140. It can be shown that if
the base-modulation, base-spread-
ing, output-loading, and input-
loading terms are neglected, the
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Fb'c
bbb b e
. Il . . o
I
+ -
Che
Tbre =Ob% g Vpie t fce

Oe

Figure 140. Hybrid-pi equivalent circuit for
a transistor used in a_ common-collector
configuration.

common-collector equivalent cir-
cuit can be simplified to the form
shown in Fig. 141, in which the
dependent generator is converted
into a current-dependent source.

Ib_IL

bO—= Qe

==Cb'c I BTy

c

Figure 141. Simplified form of hybrid-pi
equivalent circuit shown in Fig. 140.

Network Properties

In transistor circuit design, one
of the first decisions to be made is
the type of circuit configuration
(common-base, common-collector,
or common-emitter) to be used. In
the preceding section, the equiva-
lent circuits for each of these con-
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figurations were described, and the
way that the network terminal
properties (Zy, Zot, K; and
K., as defined in Table VII) are
affected by the source and load
impedances was discussed. The
terminal properties of any con-
figuration may be calculated as
a function of Z;, and Z, by use of
the equations shown in Table VII.
The calculations are laborious, and
the results are readily available in
the literature. The general quali-
tative results are shown in Table
X. Because the common-emitter
configuration provides the highest
power gain (K,K,), this type of
configuration is normally used un-
less the impedance properties of
one of the other two configura-
tions are required.

Frequency Considerations

In the hybrid-pi model of a
power transistor, the two capaci-
tances C,’., and C,’, define two
critical frequencies f, and f, that
determine the significant elements
in the model at a particular fre-
quency. These two capacitances
also affect the short-circuit cur-
rent gain. For the medium- and
high-frequency equivalent circuit
shown in Fig. 142, the short-cir-
cuit current gain hg, can be deter-
mined from the following equa-
tions:

Table X—Qualitative Comparison of Transistor
Circuit Configurations

Common-
Property Base
Terminal Circuit
Zin low
Zout extremely high
K; low (< 1)
K high

Common- Common-
Collector Emitter
Circuit Circuit
high moderate
moderate high
high high

low (< 1) high
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Vb’ = ii = ii
Yi ls.c. (l/rb'e)+s(cb'e+ Cb'c)
(115)
i, = Zm Vb'e (116)

hfe = ’ig‘ = Em

iy (l/rb'e) + s(Cye + Cv'e)
117
The s term (s = jwC) in Eq.

(117) shows that h,, is a complex
number that has both magnitude

b Co'c
Vs 11y
i S
i Thle =<Ch'e lﬂmvb'c 1: ce |I'®
<

Figure 142. Medium- and high-frequency
common-emitter hybrid-pi transistor model
used for calculation of hne.
and phase. The short-circuit cur-
rent ratio he, has a low-frequency
value of (gur,.), and a single
breakpoint occurs at a frequency
defined by the following equations:

(1/ry%e) = 2 f5 (Cp’e + Co'e) (118)

1

fs = (119)
T on v’ (Cv’e + Co'e)

The beta-cutoff frequency f; is
the frequency at which the short-
circuit current ratio he, (or B) is
reduced to 0.707 of its low-fre-
quency value. At this frequency,
the phase angle of h, is —45°.
This information is used to de-
termine the variations in the mag-
nitude and phase of h;, for the
2N2102 power transistor as a
function of frequency shown in
Figs. 143 and 144. For frequencies
much above f g, the résponse curve
becomes asymptotic to a line that
has a slope of —1 on the log-log
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Figure 143. Magnitude of hte as a function
of frequency for the 2N2102 silicon power
transistor.
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Figure 144. Phase of hre as a function of
frequency for the 2N2102 silicon power
transistor.

scale shown. Extrapolation of this
asymptote to the frequency at
which h¢, = 1 defines another criti-
cal frequency f,, which may be ex-
pressed by the following equation:

g

fp—o, — 8 (120)
* 2T(Cye + Cv'e)

The term f; is called the gain-
bandwidth product. At any fre-
quency along the —1 asymptote
(ie, £ > 3 fg), Eq. (120) can
be rewritten in terms of the op-
erating frequency, as follows:

[ hte | @ = wr (121)

| hee | £ = fr (122)
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For the hybrid-pi model for the
common-base configuration shown
in Fig. 145, the common-base
short-circuit current gain hg, can

9m Vble
m _"ble

Figure 145. High-frequency common-base

hybrid-pi transistor model used for calcula-

tion of hsv (transverse voltage drops in the
base are neglected).

be calculated, for the case when

1, = 0, from the following equa-

tion:

hp =2 = Bm (193
T Whve) 4 Oy 2

The s term in Eq. (123) indicates
that hg, is a complex number that
has both magnitude and phase.
This gain parameter has a low-
frequency value of (g, r,.) and a
single breakpoint. This breakpoint
occurs at a frequency f,, referred
to as the alpha cutoff frequency,
at which hy, is reduced to 0.707 of
its low-frequency value. The fre-
quency f, is determined as fol-
lows:

1
fo —— 124
2m rp’e Cr'e (124)

Variation of Small-Signal
Parameters

During the discussion of the
small-signal equivalent circuits, it
was mentioned that the transistor
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parameters also depend on the
operating conditions, or bias and
temperature. This section provides
a qualitative analysis of this de-
pendence. The hybrid-pi equiva-
lent circuit is particularly useful
for this discussion because the
parameters can be easily related
to physical mechanisms within the
transistor (as given in Table IX),
which in turn can be related to
the properties of the semiconduc-
tor material. It should be noted
that the hybrid-pi equivalent cir-
cuit was derived as a linear, one-
dimensional model, based upon an
assumption of low-level injection
of minority carriers. In particu-
lar, the model does not take into
account transverse voltage drops,
which have been shown to limit
the useful safe area of operation
of some transistors because of sec-
ond breakdown. Over a major por-
tion of the normal operating re-
gion, however, the model is quite
adequate for the analysis.

Bias Dependence—The general
hybrid-pi equivalent circuit shown
in Fig. 125 includes three param-
eters that are associated with the
injection of minority carriers and
the basic gain mechanism in tran-
sistors. These parameters are g,
r,, and C,. Table IX shows that
the transconductance g, may be
defined as follows:

kT

Eq. (125) indicates that g, is
directly dependent upon the col-
lector current and is independent
of the collector voltage V. Table
IX also shows that r,’, may be
determined from the following re-
lationship:
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_ bheeltio _ hreltio

m

Tb'e

(126)
4
kT e |

This equation shows that r,, is
inversely proportional to the col-
lector current. The base charging
capacitance C, is added to the
equivalent-circuit model to ac-
count for the incremental change
in the excess majority carriers
stored in the base. This capaci-
tance is defined by the following
equation:

ire = (Cb d Vie)/dtb

Eq. (127) may be rewritten in the
following form:

(127)

dQb = ipedt = CpdVpe (128)

or
Co = dQb/d Vie (129)
where dQ, is the incremental

change in the excess charge stored
in the base.

Because electrical neutrality is
preserved in the base, dQ, must
also be equal to the incremental
change in the excess minority
carriers stored in the base region.
During normal operation, the ex-
cess minority charge injected at
the collector is very small com-
pared to that injected at the emit-
ter, and may be neglected. Under
these conditions, the minority-
carrier concentration in the base
region of a uniform-base n-p-n
transistor becomes as shown in
Fig. 146. The total base charge
can be found by integration of
Eq. (128), and for this simple
distribution is represented by the
area inside the triangle. The equa-
tion for the total base charge,
therefore, may be written as fol-
lows:

Qb = (q n'b(o) WA)/2 (130)
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Figure 146. Excess minority-carrier concen-

tration in the base region of a uniform-base
n-p-n transistor.

where q is the electronic charge,
n’,,) is the concentration of ex-
cess electrons at the edge of the
base region (X = 0), W is the
base width, and A is the area per-
pendicular to the direction of elec-
tron injection.

An analysis of the diffusion-
current mechanism in transistors
indicates that the collector current
may be determined from the fol-
lowing equation:

Ic = qDnA [M]
W

where D, is the diffusion constant
for minority-carrier electrons.

In charge-control theory, a term
known as the average base-charge
replacement time, Ty, is intro-
duced. This term is defined as fol-
lows:

(131)

Tr = Qv/Ic = W?/2D, (132)
Eqs. (129) through (132) are
combined to obtain the following
equation, which can be used to de-
termine the variation in C, with
incremental changes in Q,:

dQy [ dIc ( W2 )
Q=22 = Vg =Trgm
b dIC (d Vbe) 2Dn & ré

(133)
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It has been shown previously, by
Eq. (125), that g,, is directly de-
pendent upon I; Eq. (133), there-
fore, shows that the same depend-
ence applies for Q.

The relationships expressed by
Egs. (125) through (1388) can be
used to predict the effect of col-
lector voltage on each of the three
parameters (i.e., g, Iy and C,)
being considered. Eqs. (125) and
(126) show that g, and r,, are
independent of V. The base width
W is inversely dependent upon
V¢ because, as the reverse bias
across the collector-to-base space-
charge layer is increased, the ef-
fective base width is decreased.
Eqgs. (182) and (1388) show that
Cp is directly proportional to Ty
and, therefore, is inversely pro-
portional to the square of V.

The two junction capacitances
C;e and C;, in the complete hybrid-
pi equivalent circuit, shown in
Fig. 125, are included to explain
the voltage-dependent charge as-
sociated with the dipole space-
charge layer at each junction.
These capacitances are practically
independent of current and vary
with voltage according to the fol-
lowing equation:

Cs = K/(V'/n) (134)

where K is the material constant,
V’ is the voltage across the space-
charge layer, and n is the junction
constant (for an abrupt junction
n = 2; for a graded junction n
= 3).

The ry’,, ¥, and C4 terms in the
hybrid-pi equivalent circuit are
all associated with base-width
modulation effects and are not too
significant in normal applications.

The r,,’ term is included in the
hybrid-pi equivalent circuit to ac-
count for the voltage drops in the
base caused by transverse major-
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ity-carrier currents. At high col-
lector currents, this transverse
voltage tends to concentrate the
emitter injection current at the
emitter edge, an effect termed
“current crowding”. The net re-
sult is that the effective length of
the path for majority carriers is
shortened, the transverse voltage
drop is reduced, and therefore
Ty, is decreased. At high collec-
tor voltages, the collector-to-base
space-charge layer is increased;
as a result, the base width W is
reduced. If ry,’ is considered to be
a bulk resistance, then, from Fig.
147 and a knowledge of resistance
effects, r,,’ can be expressed as
follows :

' = P, X/A = P, X/WY (135)

where Y is the transistor dimen-
sion perpendicular to the flow of
base current in the plane of A.
Since W is reduced as Vg in-
creases, I, should increase with
increased V.

COLLECTOR-BASE
DEFLECTION

INJECTED
ELECTRONS
c B+ [E =
| A
. o L fx* ?_6\ HI
Y

Figure 147. Model of n-p-n transistor show-
ing transverse base field and current-
crowding effect.

Temperature Dependence—The
parameters shown in the hybrid-
pi equivalent circuit are also tem-
perature-dependent. Eq. (113)
shows that g,, is inversely propor-
tional to temperature. It can be
determined from Eq. (126) that
ry’. is proportional to hg|f,, (T).
Because the parameter hglf), in-



Table XI—Summary of Dependence of Model Parameters on Operating Condition. (Except where in parentheses,
statements refer to low-level injection conditions and voltages low enough for no avalanche multiplication effects).

Increasing Ic
« |Ic|

Em (Increases less rapidly at high currents.)
heelzo Constant at moderate currents. Falls at
low currents. (Falls at high currents.)

v Almost o« 1/|I¢] if Bo shows little vari-
be  ation.
" x 1/|Ic|

° (Falls more rapidly at higher currents.)
Tee < 1/ IIC|

e’ Constant (falls at high currents).

« ¢l
C (At higher currents: uniform base, less
b 1 .
rapid increase; graded base, more rapid
increase.)

Cje Weak increase

Cic Inscnsitive
o < |

Increases (steadily for uniform base;
fr  reaches peak and then falls at high cur-
rents for graded base).

Increasing V¢

(slight increase)

Increases steadily (Increases more rapidly
at higher voltages; becomes infinite at sus-
taining voltage.)

Increases steadily. (Becomes infinite at sus-
taining voltage.)

Increases at low voltages. [Falls at higher
voltages (main cffect) due to onset of ava-
lanche multiplication.]

Increases at low voltages; at higher volt-
ages (main effect) falls due to reduction of
base width (and onset of avalanche multi-
plication).

Increases steadily.

Reduces steadily.

Insensitive
o [Vep|™™ approx.
n=3toi
Decreases

Increases somewhat due to reduction in
base width.

Increasing T
o« 1/T

Increases steadily.

Increases more rapidly than o T.

Approximately same as ;.

Insensitive

o Tm+2; for Si and Ge
—03 <m < +07
oo I/DbT
o Tw; where
403 <m < +0.7 for all Si and
for Ge p-n-p
m =~ —0.3 for Ge n-p-n
Insensitive

Insensitive

o Tmtl (see Cyp)

1. Reduces as T™! if Cje and Cp’e
are comparable with Cp, (except
at high currents).

2. Approximately

o« Dy if (Cje+Cb’¢) « Cp.
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creases with temperature over the
normal range of interest, r,’. also
increases with temperature, but at
a rate faster than that at which
the temperature changes. Egs.
(125), (132), and (133) can be
solved simultaneously to show
that C, is proportional to 1/D,T.
When the temperature variation
h,D, is considered, r, ., is propor-
tional to Tm, where m is a ma-
terial constant. The temperature
dependence of ry,’ may be inferred
from Eq. (135) with the knowl-
edge that, for the normal resis-
tivities used, p increases with
temperature, so that r,’ also
increases. The base-modulation
terms show very little tempera-
ture dependence and so are not
discussed here.

It is apparent that the param-
eter variations with temperature
and bias involve many interrelated
mechanisms, and only those of an
elementary nature have been dis-
cussed. The discussion is intended
to serve as a starting point and
to indicate a direction in which
the parameter may be expected to
travel based upon the assumptions
of the equivalent-circuit model.
Table XI summarizes these dis-
cussions, and Figs. 148 and 149

1500 e [ECTOR-TO-EMITTER VOLTS =10
0
o
S
T
e 1000
o
&
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T
5 -
o
& % Crle
9m
of | L I ! I
1.0 2 4 6 800 2 4 50

COLLECTOR CURRENT—mA
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present measured data on the
RCA-2N2102 silicon power tran-
sistor.

LARGE-SIGNAL ANALYSIS OF
POWER TRANSISTORS IN
LINEAR SERVICE

The previous discussions of de-
vice theory and construction have
described in detail the physical
configuration of junction transis-
tors. A junction transistor may
be considered as two p-n junction
diodes coupled back to back with
a common region (the base) of
the same conductivity material be-
tween them. For the purposes of
this discussion, the most import-
ant feature of the base region is
that it is very thin. It was also
pointed out that excess carriers
could be injected or extracted at
either p-n junction by the appli-
cation of an external voltage
across the junction. Because the
base region is so thin, it is pos-
sible for excess minority carriers,
which are injected into the base
by a forward-biased emitter-to-
base junction, to be transported
across the base without recom-
bining with majority carriers.
When they reach the collector

COLLECTOR-TO-
EMITTER VOLTS=10
sor [b'c
50| 2500 600
3 1500 hog
$ 40|53 20004 ryy 5007 10g
30| o 1500 400 | |
kS 300 =
201" 1000] s
oy 200 |°®
10 500 Teo e 100
o o )

12 > 10 2 50
COLLECTOR CURRENT—mA

Figure 148. Hybrid-pi parameters as a function of collector current for the 2N2102
silicon power transistor.
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silicon power transistor.
Figure 149. Hybrid-pi parameters as a function of collector voltage for the 2N2102

junction, the excess minority car-
riers are swept into the collector
region by the electric field that
exists in the space-charge layer.
The base current that flows dur-
ing this transition consists pri-
marily of majority carriers used
for recombination in the base re-
gion and a small amount needed
to supply the majority carriers
injected or extracted across the
two junctions. Both components of
base current are small, however,
so that the total base current is
small in comparison to the emit-
ter or collector current. This dis-
cussion suggests that the emitter
and collector currents can be re-
solved into two independent com-
ponents.

Large-Signal Equivalent Circuits

For large-signal linear service,
the nonlinear characteristics of a
transistor can be represented in
an equivalent-circuit model if it
is assumed that the mechanisms
which control the flow and distri-
bution of carriers in the electri-
cally neutral regions (outside of
the space-charge layers) are
linear; the only nonlinear proper-
ties then are those associated with
the Boltzmann distribution of car-
riers which occurs at the edges of
the space-charge region. This as-

sumption is the basis for the
Ebers and Moll equations which
may be used to describe the large-
signal properties of a transistor
over the entire range of operation
(i.e., from cutoff to saturation).
In the following analysis, the
Ebers-Moll equations for a p-n-p
trangistor are derived. The termi-
nal currents and voltages assumed
for this derivation are shown in
Fig. 150. The emitter and collec-

Figure 150. Terminal parameters for a
p-n-p transistor.

tor terminal currents can both be
resolved into forward and reverse
components. The forward com-
ponents, which are controlled by
the emitter-to-base junction volt-
age, are independent of the col-
lector-to-base voltage and can be
determined from the following
equations:

[
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Ier = Igs[exp (qVes/kT) — 1] (136)

Icr = —arler

(137)

where the subscript F denotes
forward operation, ay is the com-
mon-base forward-current gain
with a short-circuit output, and
I, is the equivalent emitter-diode
saturation current.

In a similar manner, the re-
verse components of current,
which are controlled by the col-
lector-to-base voltage, are defined
as follows:

Icr = lcs [exp (qVer/kT) — 1] (138)

Igr = —oarlcr (139)

where the subscript R denotes re-
verse operation and the remaining
symbols are obvious from previous
definitions. The total emitter and
collector currents are the sum of
the forward and reverse com-
ponents and may be expressed by
the following equations:

Ig=Ir+Igr=1Igs [exp(qVes/kT)—1]
— arlcs [exp (qVes/kT)—1] (140)

Ic = Igp + Ior = — aples [exp
(qVgp/kT) —1] + Igg
[exp (qVep/kT)—1]1 (141)

These two equations, which are
known as the Ebers and Moll
equations, represent the static
current-voltage characteristics of
the idealized transistor model
shown in Fig. 151. This model
represents the processes of in-
jection of carriers by the ideal
diodes having the equivalent diode
saturation currents Igg and Igg;
the processes of minority-carrier
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transport are associated with the
two current-actuated current gen-
erators.

GFIF

Figure 151. Ebers-Moll model of a p-n-p
transistor controlied by diode currents.

By an identical process, it is
possible to arrive at the Ebers-
Moll equations for an n-p-n tran-
sistor. These equations may be
expressed as follows:

Ig = Igp + Iggp = — Igs [exp
(—qVgp/kT)—1] + agrles [exp
(—qVep/kT)—11  (142)

Ic = Iep + Icr = aplps [exp
(—qVgp/kT)—1] — Igg [exp

(—qVep/kT)—1]  (143)
Figs. 152 and 153 show the Ebers-

Moll models for the n-p-n tran-
sistor.

Figure 152, Terminal parameters for an
n-p-n transistor.
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agIg
——

Figure 153. Ebers-Moll model of an n-p-n
transistor controlled by diode currents.

Large-Signal Characteristics

Fig. 154 shows the typical in-
put characteristic (i.e., base cur-
rent I; as a function of base-to-
emitter voltage Vgg) for a 2N3053
silicon power transistor. From
the hybrid-pi model, it is apparent
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Figure 154. Typical input characteristics
for the 2N3053 silicon power transistor.

that the resistance defined by this
characteristic may be determined
from the following calculation:

rp = d Vpu/dls = rv/e + o’ (144)

= el 110 + 1on” (145)

Zm
_ hfe I flo bb/
0.04|Ic] " (146)
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For small values of emitter cur-
rent, the base input resistance is
determined primarily by the first
term of the equations, and vy’ is
negligible. At high currents, the
opposite is true. At extremely high
currents, the current crowding
that occurs further increases ry,".
The base input characteristic is
then caused to “lean over” because
of the large I,ry,’ voltage drop.
Fig. 155 shows typical output
characteristics for a 2N3053 tran-
gistor. These characteristics dis-
play the static or dc value of
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COLLECTOR-TO-EMITTER VOLTACZ — /
Figure 155. Typical output characteristics
for the 2N3053 silicon power transistor.
hpp, which is not the same as the
low-frequency small-signal hg,|f),
used in previous calculations. The
de hpp is useful primarily for es-
tablishment of dec bias conditions.
Fig. 156 shows the dc hpy as
a function of Iy for a.typical
2N3053 transistor. The shape of
the curve may be explained by
analysis of the following equa-
tions:

hrp = a/(1—a) (147)

a=Bvp (148)

where « is the hpy or common-
base short-circuit current gain,
B is the transport factor, vy is the
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Figure 156. Typical dc forward-current

transfer ratio (hre) as a function of col-

lector current for the 2N3053 silicon power
transistor.

emitter efficiency, and w is the
collector multiplication factor. For
silicon transistors at low current,
v is small because the recombina-
tion current in the emitter space-
charge layer is high in compari-
son to the emitter current. As
the current is increased, y in-
creases because the recombination
current remains constant. B also
increases because higher accelerat-
ing fields are produced as the re-
combination sites become filled.
The combination of these two ef-
fects cause hypy to increase.

At high currents, hp decreases
because the increased carrier
density near the emitter junction
increases the rate of recombina-
tion. In addition, the flow of base
current creates a radial transverse
field which tends to forward-bias
the emitter edge more than the
center; this effect increases the
current density and, as a result,
decreases the emitter efficiency.

An increase in the collector-to-
emitter voltage Vi at which hpg
is measured results in an increase
in hpp. This increase results be-
cause of the reduced base width
W produced by the increased V.
The reduced W increases the
transport factor B and, therefore,
increases hpp.
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The effect of temperature on
hpg is also shown in Fig. 156.
This effect is the net sum of
many individual temperature ef-
fects which are complex and are
not necessarily consistent from
one transistor to another. The
best information of this type is
empirical and is normally given
in the transistor manufacturer’s
specifications.

The transconductance curve for
a typical 2N3053 transistor is
shown in Fig. 157. if leakage cur-
rent is considered, the equation
for Vg is as follows:

Vee = (Is — IcBo) ron’ + Ve  (149)

(Ic/hrE) ron’— Icso ton’ + Vi'e
(150)

If variation of these parameters
with temperature is taken into
account, the following effects are
noted: r,,’ increases with tempera-
ture because of an increase in
resistivity; hyy may increase or
decrease with temperature depend-
ing upon the current level; Ispo
increases with temperature; and
V. decreases with temperature
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Figure 157. Typical transfer characteristics
for the 2N3053 silicon power transistor.
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because of the decrease in bar-
rier height. On the basis of these
effects, it can be predicted that,
at low current levels, Vgpp de-
creases with increasing tempera-
ture and, at high current levels,
the trend reverses, and Vygp in-
creases with temperature as shown
in Fig. 158.

Ic

VBE
Figure 158. Typical transconductance char-

acteristics for a_ silicon power transistor at
high currents.

It should be noted that the in-
put characteristic is highly non-
linear at low currents, but the
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output characteristic has lower
hpg at such low currents. These
two effects tend to be compensa-
tory and help produce linear am-
plification in many cases.

POWER TRANSISTORS IN
SWITCHING SERVICE

An important application of
power transistors is power switch-
ing. 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 im-
portant considerations in such
switching applications are the
speed at which the transistor can
change states between saturation
and cutoff and the power dissipa-
tion.

Switching Speed

Fig. 159 shows a typical test
circuit used to measure the switch-

CHANNEL A
CHANNEL B

—

© COMMON
4 DUAL-CHANNEL
SIGNAL SCOPE
GEN.
L

DRIVER STAGE | ~Ves

Figure 159. Test circuit used to measure switching times in power transistors.
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ing times of a power transistor,
and Figs. 160 and 161 show the
base and collector current wave-
forms that result from the
changes in the conducting state of
the transistor. In the test circuit,
transistor Q, is the transistor on

1
Ig I?'

[)
Ig2

Figure 160. Base-current waveform that re-
sults from change in conducting state of a
power transistor.
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Figure 161. Collector-current waveform that
results from change in conducting state of
a power transistor.

which the switching-time meas-
urements are taken. Transistor
Q,, which is used in a driver stage,
has a faster switching speed than
transistor Q,. This driver transis-
tor amplifies the input drive sig-
nal from a conventional pulse
generator. Resistors R;, R,, and
R,, together with the input im-
pedance of transistor Q,, combine
to present a matched impedance
to the pulse generator. Resistor
R4, which is usually much larger
than resistors R; and R,, merely
provides reverse bias-to increase
the switching speed of transistor
Q. Point X on the test-circuit
schematic represents the origin of
the input pulse to the transistor
under test. This input consists of
only a positive pulse of voltage. If
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a generator capable of supplying
the required pulse is available, it
could be attached to the test cir-
cuit directly at point X, and the
driver stage could then be omitted.

The input pulse at point X, re-
sistors Ry, R;, and Rg, and the
voltage Vyp can be adjusted to
provide the required turn-on cur-
rent I, and the required turn-off
current Is,. The value selected for
Vi, however, must be less than
the collector-to-base breakdown
voltage of the transistor to avoid
breakdown of the emitter junction
when the transistor is turned off.
The value of resistor R; is chosen,
together with Vs to provide the
required I,. Usually, switching
times are given for Iy, = Iy, and
a condition of forced beta = 10
is most common.

When the common point of the
oscilloscope is connected to the
base of transistor Q., the turn-on
current Iy, and the turn-off cur-
rent I, can be sampled on channel
B. The waveform appears as
shown in Fig. 160. When the com-
mon point of the oscilloscope is
connected to ground, the collector
current I; can be viewed. Fig. 161
shows the collector waveform. (It
is, of course, inverted.) The wave-
forms for I; and I shown in Figs.
160 and 161 indicate that switch-
ing times consist of four com-
ponents, as follows:

1. Delay Time (t;) represents
the time for the collector
current to go from an OFF
state to 10 per cent of its
final ON value after the
turn-on base pulse is ap-
plied.

2. Rise Time (t,) represents
the time for the collector
current to go from 10 per
cent of its final ON value
to 90 per cent of its final
ON value.
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3. Storage Time (t;) repre-
sents the time for the col-
lector current to go from
its final ON value to 90 per
cent of its final ON value
after the turn-off base pulse
is applied. :

4. Fall Time (t;) represents
the time for the collector
current to go from 90 per
cent of its ON value to 10
per cent of its ON value.

Turn-on time T,, and turn-off
time T, are defined by the fol-
lowing equations in terms of the
preceding four components:

Ton = ta + t: (151

Tots = ts + t¢

If the correlation of switching
times is to be accurate, exact cir-
cuits must be used. These circuits
must include all voltages and all
resistors. One reason for this re-
quirement is obvious, if only tg
and t; are considered. These
switching times depend primarily
on Iy, but the shape of Iz, de-
pends upon how closely Iy, ap-
proaches a current generator. As
previously stated, the approxima-
tion of Iy, as a current generator
is limited by the BVygpo break-
down rating. Hence, a specifica-
tion of Iy, and Iy, does not totally
define the Iy, source impedance
and, therefore, does not guarantee
equivalent switching times.

(152)

Qualitative Description of
Switching Times—All switching
times can be explained in terms
of transistor physics; accurate es-
timates of switching times from
parameter measurements, how-
ever, are more difficult.

Delay time t; arises from a
stored charge at the emitter and
collector junctions. The emitter is
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reverse-biased by Vgg(off); as a
result, charge is stored in the de-
pletion layer around the emitter.
Similarly, the collector is reverse-
biased by Vo + Vgg(off) and has
an associated capacitance. The de-
pletion layers, and thus the ca-
pacitance, change when Vg (off)
switches to Vg (on). The time re-
quired to effect this change in
charge is termed t, and can be
considered as the time required to
charge the junction capacitances
to new values.

The rise time t, involves the
same capacitances discussed above,
plus other factors. The junction
capacitances are still changing be-
cause the collector voltage is de-
creasing and Vgg(on) is increas-
ing. The rise time is also affected
by the base transit time and the
charging of the collector capaci-
tance through the collector series
resistance.

The storage time t, depends
upon the time required for minor-
ity carriers in the base and collec-
tor to recombine and produce a
charge distribution that exists
when the transistor is just ready
to come out of saturation.

Fall time t; can be considered
as the reverse process of rise
time; thus, the charges in the
emitter and collector junction ca-
pacitances are again important.

Quantitative Relationships for
Switching Times—The concept of
a trangsistor as a charge-controlled
device is useful for prediction of
switching-time phenomena. This
concept views the transistor as a
device in which the terminal cur-
rents (I, Ig, and Iy) are con-
trolled by the charge in the base.

Transistor theory predicts that
Is, Ip, and Ig are linearly related
to the base charge. As a result,
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three separate time constants can
be defined:

1. Emitter time constant,

e = (Qp/IEr) (153)
2. Base time constant,
8 = (Qn/In) (154)

3. Collector time constant,

7c = (Qp/Io) (155)
The time constant 7 represents
the effective minority-carrier life-
time in the base. This time con-
stant is related to the time con-
stant 7y, as follows:

1. For a uniform base, . °
TE = TB (]—a) =~ 1. 2/0)], (156)

2. For a graded base,
T =78 (1—a) = 0.6/w, (157)

where , is the base cutoff fre-
quency (i.e., the frequency at
which the base transport factor is
0.707 of its original value).

The time constant 7¢ can be de-
fined in terms of 7y by the follow-
ing equation:

Tc = T/ (158)

The basic equation of charge
continuity for transistors may be
written as follows:

Is = (dQg/dt) + (Qs/TB)

where I; is the base current,
dQg/dt is equal to the change in
base charge, and Qp/7y can be in-
terpreted as the recombination
rate.

Eq. (159) can be integrated
with respect to time to obtain the
following result:

(159)

133
t Qt
/ Ipgdt = / dQs
0 Qo
t
+ / (Qadt/7R)
0 60)

Eq. (160) states that the charge
delivered to the base is equal to
the change in the base charge
necessary to establish a new cur-
rent level, plus the charge needed
to maintain Qp against recom-
bination.

The total base-charge variation
can be expressed by the following
equation, which is derived from
the charge-continuity equation
[Eq. (159)]:

¢ Vomg
[ Ipdt = f Cre dVpr
0 v,

BB1

Vncz Qg2
+/ CTchCB+f dQg
Veny Q

B1

¢
+[ (Qpdt/Ts) (161)
0

where C, and Crp, are emitter and
collector transition capacitances.
Because Cyp, and Cyp, depend on
Ve and Vg, respectively, the fol-
lowing assumptions can be made:

Cre = C'1e Vpg~? (162)
(step-junction assumption)
Cre = C'1e Vst (163)

(reasonable assumption for step or
graded junction)

where the prime capacitances in-
dicate a measurement of Cp, and
Cr. at a total voltage of 1 volt.
(This total voltage includes the
junction voltage and the junction
contact potential.)

The notations in Eqs. (162) and
(163) are used and the indicated
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integrations in Eq. (161) are per-
formed to obtain the following
expression:

ta = (2/Is1) {C'1e [VBEin]}
+ C'1c [(Ver + VEomn)?

— Veell} (164)

The important conclusions that
can be drawn from Eq. (164) are
that t; increases with Vg (off),
decreases with increased Ig;, and
depends primarily on the emitter
transition capacitance when V¢
>> Vyg(off).

Rise time starts at the edge of
conduction and ends just short of
saturation. The charge equation
is given by

dQre , dQr. , dQs , Qs
Jpg= 224 2220 22 L X2 (165
P=ae Toar Tt Ty

After a number of simplifying
assumptions are made the follow-
ing equation can be obtained:

t, ~ hrg <-1- + 1.7 Ry, CTc) In
(OM

hrg In;

hrelpr — 0.9 Ic (166)
where wr is the current-gain
bandwidth at the edge of satura-
tion. All terms, except Cq, are
given at the edge of saturation.
The equation indicates that rise
time is reduced for small ratios
of Io/Ig. In addition, transistors
that have a high f; (cutoff fre-
quency) with Ry, as a load produce
the lowest rise time.

Storage time is determined by
the length of time required to re-
move excess base charge over that
required to maintain I, Addi-
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tionally, charge must be removed
from the collector. The collector
charge depends on the forward
bias at the collector and on the
collector resistivity.

The charge-control equation is
as follows:

TB Ts d% dt

where Iy is the base current, Qg
is the base charge required to
maintain I, Qgpg is the excess
stored base charge, dQg/dt is the
current that results from a change
in Qp, and dQgg/dt is the current
that results from a change in Qgg.

If Qg is constant and is equal
to 7¢le, the derivative dQg/dt is
zero because Qg is the charge that
is required to maintain I; and is
not changed.

If Iy, is substituted for Iy in
Eq. (164), the equation may be
rewritten in the following form:

Ipy = 1€ Ic + Qns + dQss (168)
TB TS dt

If Eq. (168) is integrated with
respect to time, the following
equation is obtained:

/’ ° dlp
Ist-1e2 1B2 — Ic (Tc/78)— (Qs/7s)
= / At (g4
o (dQps/dIs)

With the additional information
that 7o/7p is equal to 1/hgg and
that dQpg/dly is equal to 7g, the
final expression for t, becomes

Igi— I .
BL™ °B2 _ where Ips is

m negative
(170)

ts = 7sln
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The term 7g in this equation is
the storage time constant, and its
value depends on the structure of
the transistor. The equations used
to determine 74 for different tran-
sistor types are tabulated below:

1. For alloy-type transistors
having no collector storage charge,

75 = 2.4/wp(l—a) 171)

where w, is the base cutoff fre-
quency and ¢ is the grounded-base
current gain, both measured at
the edge of saturation.

2. For diffused-base alloy tran-
sistors,

s = 3/wp(1—a) (172)

3. For graded-base mesa or
planar transistors,

s = (0.6/wv) + (7mc/2) (173)

where 7. is the minority-carrier
lifetime in the collector.

From the equation for 7, it is
apparent that an increase in Iy,
causes a decrease in 7, an in-
crease in Iy, (more overdrive)
causes an increase in 7, and the
limiting value for t, is approxi-
mately 0.77g.

The equation for fall time t; can
be derived in a manner similar to
that used to derive the rise-time
equation. The same charges must
be moved, but the limits are dif-
ferent. The result is as follows:

t = hrg (i +17Re cTc> In
wr

Ic — hrg Ips (174)
0.1 Ic — hrglp:
Because Iy, is negative, Eq. (174)
indicates that t; increases with
hpy but decreases as the ratio
I./1;. decreases.
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Switching-Time Reduction
Techniques

From the previous discussion,
it is obvious that a proper choice
of the ratio I¢/I; can minimize
switching time for a given tran-
gistor. In addition, some circuit
techniques are available that fur-
ther improve switching speed. Two
common techniques for this pur-
pose are the use of “collector-
catcher” circuits and of speed-up
capacitors.

A typical “collector-catcher”
circuit is shown in Fig. 162. Im-
provement in switching speed is
obtained because the transistor is
not allowed to go into saturation;
storage time, therefore, is dras-
tically reduced. With no input

+ Vcc

\ REFERENCE
IN
~Ves
Figure 162. ‘Collector-catcher” circuit.

pulse applied to the circuit, the
transistor is initially biased off
by —Vgg. A positive pulse of volt-
age turns the transistor on and
the collector voltage begins to
drop from +V.q toward +Vy. If
Vi is greater than the sum of
the voltage drop across CR and
Ver just out of saturation, then
the collector is clamped at some
value of voltage which maintains
the transistor out of saturation.

The difficulty with this circuit
is that the maximum I, is essen-
tially beta-dependent and, be-
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cause beta varies with tempera-
ture, this circuit is not very stable.
Burn-out of the diode or transistor
is possible.

More practical circuits are
shown in Figs. 163(a) and
163 (b). In these circuits, the bat-
tery Vg and the diode keep the
transistor out of saturation as
before. However, the feedback ar-
rangement tends to keep Iy con-
stant by automatic variation of
the base drive. For example, if
beta increases and I, tends to
rise, the collector voltage begins
to decrease, but the base drive
is decreased and the circuit is re-
turned to near its original condi-
tion.. The only disadvantage of
this circuit is the isolated bat-
tery Vg.

Ve _r
o— A'A%A%
o—AMNW—¢-
ve T

Figure 163. ‘‘Collector-catcher” circuits in
which feedback is used.

A practical circuit is shown in
Fig. 164. Operation is similar to
that described above. The drop
across CR, acts as the Vg supply.
The diode pair CR, constitutes the
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~Ves

Figure 164. Practical ‘‘collector-catcher”
circuit.

feedback arrangement. The func-
tion of CR; is to keep the tran-
sistor turned off under conditions
of low Vg voltage (to reduce de-
lay time). C acts as a speed-up
capacitor. The use of the proper
speed-up capacitor effectively in-
creases turn-on drive and turn-off
drive without supplying large
amounts of “on”” base current. As
a result, faster rise times and
faster fall times are achieved
without the penalty of long stor-
age time.

An example of a circuit that
uses a speed-up capacitor is shown
in Fig. 165. Waveforms for this
circuit are shown in Fig. 166.

Ry 1l IB
> —
¢ —-'\N\'—J
> Vs R
Figure 165. Circuit that uses speed-up

capacitor to reduce transistor switching
times.
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The optimum value of C for
fastest response can be found ex-
perimentally. If Vg is large com-
pared to Vgpp and R, can be
neglected, then the charge stored
on the capacitor while the transis-
tor is ON is V. This charge should
equal the stored base charge for
best response. Practical values for
R,, Vg, and Vi will modify this
relation.

i
o

Figure 166. Waveforms for circuit shown
in Fig. 165: (a) source voltage Vs; (b) base
current Is; (c) collector current lc.

Power Dissipation

An important consideration for
transistors being used in a switch-
ing mode is power dissipation.
Dissipation can be handled in four
parts: (1) average dissipation;
(2) saturation dissipation; (3)
cutoff dissipation; (4) switching
transient dissipation.

Average dissipation is the av-
erage power that must be handled
over a complete cycle of opera-
tion and basically determines the
heat-sink requirements for a
given transistor case temperature.
It is the average of saturation,
turn-off transient, cutoff, and turn-
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on transient dissipations for the
case where a transistor is con-
tinuously turning on and off. Un-
der such conditions, the average
power can be expressed by the
following general equation:

t1
Pavg = (I/T) / VCE(SM) IC(sat) dt
0

+ (1/7) / 2VCE (&)ott Ic (t)oss dt

ty

ts
+ (1/T) / Vereotn Loty dt

ty

T
+ (I/T) /; VCE (t)on IC (t)on dt

(175)
where T = total switching
period
t; = time interval the
transistor is ON
to-t; = turn-off time
ty-to = time interval the
transistor is OFF
T-t; = turn-on time

Ve (off) = Vi while transistor

is OFF

I, (off) = current flowing
while transistor is
OFF [Iogx at Vg
(off) ]

Ver(t)on = Vi as a function of
time while transistor
is turning on

I.(t)on = I; as a function of
time while transistor
is turning on

Vi (sat) = Vi while transistor
is ON

I.(sat) = I, while transistor is
ON

Ver(t)off = Vg as a function of
time while transis-
tor is turning off

Io(t)off = I; as a function of

time while transistor
is turning off
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Base power is usually very small
and is neglected in the equation
for average power. If required,
however, an IzgVgg(t) term can be
included for each interval of time.
It should be noted that the. four
integrals in Eq. (174) are, respec-
tively: (1) saturation dissipation,
(2) turn-off dissipation, (3) cut-
off dissipation, and (4) turn-on
dissipation.

Evaluation of the four integrals
usually requires the use of simpli-
fying assumptions or a graphical
approach. If a particular circuit
has been constructed and average
power is to be calculated, two ap-
proaches are available:

(1) The instantaneous voltage-
current characteristic can be plot-
ted, and the integrations per-
formed graphically.

(2) The heat-sink temperature
can be measured under normal op-
eration. A controlled source of
power (for example, dc power)
can then be applied to the transis-
tor until the steady-state tempera-
ture of the heat sink is equal to
the normal operating temperature.
The amount of power necessary to

[
©

COLLECTOR
CURRENT (I¢!)
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establish this heat-sink tempera-
ture is the average power.

If average power is to be calcu-
lated for a tentative design, some
simplifying assumptions must be
made. For example, if a particular
transistor is used to switch a re-
sistive load with equal turn-on and
turn-off base currents (the ideal-
ized waveforms are shown in Fig.
167), the following assumptions
can be made:

1. base power is negligible,

2. turn-on and turn-off switch-
ing times are equal,
collector voltage and current
vary linearly with time
during the switching transi-
ent.

On the basis of these assumptions,
P,., can be determined as follows:

3.

1 ("
Pavg = — / IP VCE(sat) dt
T Jo

ON
1 [*" t > t \q
| 11— 1) vp (-2 )dt
-I_’P/;1 ° ( Tsw ? (TSW>
TURN-OFF

-
(2]
m
x

<
©

T

Vee (sat)

COLLECTOR-TO-
EMITTER VOLTAGE (Vcg)

TIME (1)
Figure 167.

Idealized collector current and voltage waveforms for a transistor that has

equal turn-on and turn-off currents.
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t3

+ L 1emx Voat
s 4
orF
P ) ()
+ 2 L () ve(1- ) as
T ~/ts ’ TSW rsw
TURN-ON

_ Ip Vorgat) Ton + Icex Vp Tost
T T

+ IPVvP Tsw
37

From Eq. (176), it is obvious

that the average power dissipated

in the transistor can be reduced,

and the efficiency can therefore be

increased, by use of a transistor

that has the following characteris-

ties: low Vg (sat), low Iggo, and

fast switching characteristics (i.e.,
minimum Tgy).

(176)

Load-Line Analysis

An analysis of the transistor
load line is an important consider-
ation in achievement of maximum
reliability in a high-power switch.
In general, the load is a combina-
tion of resistive and reactive ele-
ments. It is almost never purely
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analysis can be assumed to be
purely inductive.

A simple test circuit for obser-
vation of a load line is shown in
Fig. 168. The current-sensing re-
sistor in the collector circuit
should be non-inductive and should
have a resistance value much
+Vee

VERTICAL

Figure 168. Test circuit used to determine
transistor load lines.

smaller than any other impedance
in series with the transistor. A
typical load line (Vg as a func-
tion of I) for this circuit is shown
in Fig. 169(a). If the inductance
is reduced so that L(di/dt) <
Verxsus)» the circuit has a load
line as illustrated in Fig. 169 (b).
[The Vgpx sy CUrve in both cases
should be determined under the
bias conditions of the circuit.]
However, in most applications, and
certainly for the worst-case de-
sign, the load line of Fig. 169(a)

resistive, and for ‘“worst-case” is applicable.
- (b)
O
H
(=
z
w
3 v
3 TURN OFF '\, CEX (aus)
x /
; :
3 \runu OoN § TURN ON !
o OFF OFF \,BVCEX
vee Vee
COLLECTOR-TO-EMITTER VOLTAGE (VCE)
Figure 169. Inductive load line for the test circuit shown in Fig. 168; (a) typical load

line; (b) load line when L(di/dt) < Vcex(sus).
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Fig. 170 shows typical voltage
and current curves as a function
of time for this switch, with the
load line indicated in Fig. 169(a).
From these curves, the peak and
average power dissipation, voltage
limitations, and secondary-voltage-
breakdown energy can be deter-
mined, as follows:

Pk = Veex (sus) Ik a77n

1 ("
Pove = = / Icex Vee dt

—_—

ON

t2 Ipk
+ l / Ep_ (L)szsat) dt
T 1

v
TURN-ON

I
+ _/ ka (kaRsat) dt
T t2

~
OFF

1 ("I
+ = / 2% (Vorx (su9) dt
T Jis 2
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I

~ - 3 (VCEX(sus)) dt (178)
LA 2

Because Icgx and Ry are small,
the following approximation is
valid:

ty— b3 = tost
- f Ir L di
Temx VCEX(sus) - VCC
LIp

~ — 179
Veex(sus) — Veo (179)

The average power dissipated in
the switch shown in Fig. 168 is
then given by

Pavg = tL“ (ll",) VCEX(sus)
T \2

1 (LIp? [ VCEX (sus) :l
== )| —CEXeu) | watts
2 ( T ) Veex(sus) — Voo

(180)
The turn-off energy is expressed
by the following equation:

VcEX(sus) ]
Veoexsus) — Veo

(181)

Etogt = % (LIpz)[

di (Veex (susy—Vee ]

Vee
' Ifi;

WHERE Ry= TOTAL

COLLECTOR AND
ta EMITTER RESISTANCE

TURN-OFF
(a)
w
1
?g VCEX (sus) .
a3 hah S
e>
i
35 Vee
oz VCE(S_G_OI_ — IcR(sat) |
i t
- (o) | b I
z P I
5 | (I |
3 R I |
s T
=4 91=Vcc
§ dr dt L
]
I
8 Toex_ '
OFF | toN |0N | 10FF |
"otz 3
TIME (¢t)

Figure 170. Voltage and current waveforms for the switching circuit shown in Fig. 168.
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This energy must not exceed the
Egy/,, rating of the transistor.

Preceding discussions have been
directed toward the calculation of
average power. Although this cal-
culation is important, the peak
power during switching is usually
most critical. Whether the transis-
tor can handle the peak power
pulses during switching can be de-
termined from safe-area-of-opera-
tion curves.

The general procedure for de-
termination of the safe area of
operation is as follows:

1) The voltage and current are
plotted as a function of time.

2) An average junction temper-
ature is calculated on the ba-
sis of average power and
known case temperature.

3) The safe-area curves are de-
rated on the basis of an effec-
tive case temperature which
is equal to true case tempera-
ture plus the average junc-
tion-to-case temperature.

4) The load line of voltage as a
function of current is plotted
on the derated safe-area
curve, and it is determined
that this load line does not
remain in any area longer
than the safe-area curve in-
dicates.

5) If the voltage at any point
reaches the sustaining re-
gion, all power dissipated in
the sustaining region is con-
sidered as reverse-bias sec-
ond-breakdown energy. This
energy should not be allowed
to exceed the Eg/, rating.
(See section on Safe-Area
Ratings for clarification of
Eg/, and Ig/, safe-area
curves.)
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Analysis of Inductive-Load
Switching

Inductive switching requires
rapid transfer of energy from
the switched inductance to the
switching mechanism, which may
be a relay, a transistor, a com-
mutating diode, or some other de-
vice. Often, it is necessary to cal-
culate accurately the energy that
will be dissipated in the switching
device. This type of calculation is
especially important when the
switching element is a semicon-
ductor device that may not be
able to handle the amount of en-
ergy involved safely.

Most inductive switching cir-
cuits can be represented by the
basic equivalent circuit shown in
Fig. 171(a). This circuit shows
the situation at the instant of
turn-off. Variation of this basic
circuit for three methods of turn-
off are shown in Figs. 171(b),
171(c) and 171(d).

In the circuits of Fig. 171, V¢
is the voltage source in series
with the turn-off device and its in-
ductive load, R and L are the
series resistance and inductance,
I, is the current flowing at the
instant of turn-off, and V, repre-
sents the breakdown voltage of
the turn-off device.

The energy dissipated in the
turn-off device depends on V,, Vi,

1,, R, and L. For purposes of

analysis, V is assumed to remain
constant during the turn-off tran-
sient [a reasonable assumption
for the circuits of Figs. 171(b),
171(c), and 171(d)].

Five theoretical cases—The
five cases to be analyzed are
shown in Fig. 172. The energy
equations for each case and cor-
responding current and voltage
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TURN-OFF
DEVICE

=
(e) Vs=LVcex

Figure 171.

waveforms for the switching de-
vice are also shown.

In case 1, shown in Fig. 172(a),
the energy is given by the famil-
iar expression for energy stored
in an inductor, as follows:

E, = (1/2) L 12 (182)
where E; is the energy for case 1,

L is the circuit inductance, and I,
is the initial current.

Case 2, shown in Fig. 172(b),
differs from case 1 in that energy
is supplied to the switching de-
vice by the battery during turn-
off. For case 2, the turnoff energy,
E,, is given by the following ex-
pression:

E=ﬂﬂﬂdf( v,

Vs - VCC> (183)

TURN-OFF
DEVICE_"

TURN-OFF r
DEVICE
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Iol

-

==

Vs =Vp+Vz
Vee=0

Basic switching circuits with inductive loads.

To show that case 2 is a modifica-
tion of case 1, a multiplying factor
k, can be defined as follows:

E, = 1/2) LI2k, (183a)
where the factor k, is given by

Ve 1
VS—VGC_]-—p

k, = (183b)

Fig. 173 shows a curve of k, as a
function of the ratio Vqo/V.,.

Case 3, shown in Fig. 172(ec),
causes an energy dissipation E,
given by the following expres-
sion:

In( 1 )
1 +@TR)/(Vs — Vce)

1
@R/ (Vs = Voo

(184)
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CASE 5
Figure 172. Equivalent circuits, energy equations, and voltage and current waveforms
for the five basic circuit configurations.
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Eq. (184) can be rearranged,
as was Eq. (183), to show that it
is a modification of case 1. This
rearrangement introduces a new
multiplying factor ki, which is a
function of both the voltage ratio
VCC/VS and the ratio IOR/Vcc. Eq.
184 then becomes:

E. = 1/2) LI2k,  (184a)
where the factor k; is defined as
follows:

ks = (LR/Vee, Veo/Vs)
2
" IR/Veo) »

In( 1 )
1 + (IOR/V(‘,C) » Ko
(I.R/Vece) » ke

+1

(184b)

Fig. 173 shows curves of k3 as
a function of the ratio Vye/V, for
several values of I.R/Vgs. When
the ratio I,R/Vgs becomes less
than 0.01, k; can be approximated

100

IoRA
Vee ]
=001

N

MULTIPLYING FACTOR
o\ %

N 5
q ™~ 10
ol \ AN
N 50
~~—__100
00!

0O 02 04 06 08 10
P=Vee/Vs

Figure 173. Multiplying factors (ke, ks, ks)
as a function of the ratio Vcc/Vs.
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by k,. Case 3 then reduces to case
2.

Case 4, shown in Fig. 172(d),
is a special form of case 3. The
condition I,R = Vi arises when
there is negligible voltage drop
across the switching device, in
the ON state, and the current is
limited only by the circuit re-
sistance. The energy dissipation
E, is then given by:

13( 1 )
1 +V./ (Vs = Vo)
Vcc/ (V3 - VCC)

+1

(185)

Again, it is convenient to define
a multiplying factor k, which is
a function of the ratio Voo/V,, as
follows:

E4 = (1/2) L 14)2 k4 (1853)
where
ol b1
ke = 1) =—| A+, 8
| —— e+ 1
P k2
(185b)

Fig. 173 includes a curve of
k, plotted as a function of p. This
curve corresponds to the curve
of ky for I R/Vyq = 1. As Vo ap-
proaches V, the multiplying fac-
tor approaches its maximum value
of two. Therefore, for any induc-
tive switch in which Vo= IR,
the maximum energy that must be
handled by the switching device
is L 1,2, or twice the energy of
(1/2) L I2 for case 1.

Case 5, shown in Fig. 172(e),
can also be regarded as a special
form of case 8. A practical ex-
ample of case 5 is shown in Fig.
171(d). Note that there is no volt-
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age source in series with the in-
ductance and the commutating
diodes; therefore Vy; = 0. For

this case, the energy E; is given
by

L
E5 = V3 In ‘R

lnflf (I1 R/V

X + 9 s)
@RV 1
(186)

Because Voo = 0, any IR term
gives an infinite I,R/Vy ratio.
Therefore, case 5 cannot be plot-
ted by the method used in Fig.
173. However, a new multiplying
factor k5 can be defined in terms
of I,R/V, instead of I,R/Vc.
When this new independent vari-
able is used, Eq. 186 becomes

E; = (1/2) LI2k;, (186a)
where
ks = £ (I,R/V,)
I T (IlR/V)
" (T.R/Vs) 0,R /\?'J 41
(186D)

Fig. 174 shows a curve of ky as
a function of the ratio I,R/V,.
(Because ks can be defined as a
function of I,R/V, obviously ks
could also have been defined in
terms of p and I,R/V,, instead of
p and I,R/Vie. The choice was
arbitrary, and was made on the
basis that IR/Vye is usually a
more meaningful ratio from a cir-
cuit standpoint.)

The preceding analyses show
that energy dissipated in an in-
ductive switch can, in general, be
considered as a modification of
the simple (1/2) LI 2 relationship.
Each specific case requires a dif-
fereént multiplying factor k. The
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Figure 174. Multiplying factor ks as a

function of the ratio IR/Vs.

constants ks, k3, k, and k5 can be
easily determined from Figs. 173
and 174 for most practical cir-
cuits.

Four practical examples—The
following examples illustrate the
use of the equations given for
the five theoretical cases.

Example 1: The two circuits
shown in Fig. 175 are identical
except that R, in Fig. 175(b) is
greater than R, in Fig. 175(a).

Vee = ToR| VEe = ToR2
O
R2
101 R2>R|
L

(a) (b

Figure 175. Circuits used in Example 1 to
demonstrate the use of case-4 equations.

The problem is to decide in
which circuit the switching de-
vice must handle the most energy.
Because Voo = I R, case 4 applies
for both circuits. I, and V, remain
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constant; therefore, (1/2) LI2is
the same for both circuits.

To determine the switching en-
ergy, it is necessary first to de-
termine how k; varies. Fig. 173
indicates that as V./V, increases
(i.e., as Vo increases), k, also
increases. Because E, = (1/2) L
I,2k,, an increase in Vg increases
the energy requirement of the de-
vice. Thus, for a given circuit
with a specified I, such as shown
in Fig. 175, minimum energy is
obtained with the lower resist-
ance in series with the inductor
(because a lower Vo is needed to
establish I,).

Example 2: The circuits shown
in Fig. 176 demonstrate the dif-
ference between cases 3 and 4.

The circuit of Fig. 176(a) rep-
resents a turn-off condition after
the circuit has reached steady
state (because IR = V). There-
fore, this circuit corresponds to
case 4.

Ve =70V Vec =70V

R=200 R=IQ
To=35A To=35A
L=40mH L=40mH
Vs =80V Vs=80V
(@) (b)
E=l/2L12k4 E=l/2L1.2k3
IoR= Vcc 'OR <Vec

Figure 176. Circuits used in Example 2 to
show the difference between cases 3 and 4.

The circuit of Fig. 176(b) rep-
resents a turn-off condition be-
fore the circuit has reached
steady state (because IR < Vp).
Therefore, this circuit corre-
sponds to case 3.
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The energy requirement for the
circuit of Fig. 176(a) is calcu-
lated as follows: The ratio V¢o/
V, = 70/80 = 0.875. The corre-
sponding k, multiplying factor
(from Fig. 173) is approximately
1.6. The energy E, is then given
by
E, = (1/2) LIz
(1/2) (40 x 10-®) (3.5): (1.6)
= 400 millijoules

[Calculation of E, directly from
Eq. (185) yields a value of 393
millijoules.]

To find the energy requirement
for the circuit of Fig. 176(b)
both the V¢./V, ratio and the
I,R/V ratio must be used. The
Veo/V, ratio is again 0.875. The
ratio I.R/V¢e = 38.5/70 = 0.05.
From Fig. 173 the interpolated
value for k, is approximately 6.5.
From Eq. (184a), the energy for
this circuit is determined as fol-
lows:

E, = 1/2) LI, k
1/2 (40 x 10-%) (3.5) (6.5)

1590 millijoules

[Calculation of E, directly from
Eq. (184) yields a value of 1570
millijoules.]

It should be noted that the en-
ergy requirement for the circuit
of Fig. 176(b) is considerably
larger than L I 2. The expression
L I,2 only represents the maxi-
mum that occurs when IR = V¢
(as in case 4).

I

Example 3: The circuit shown
in Fig. 177 is an example of case
5 because there is no battery volt-
age in series with L and the
diodes. When the switch is
opened, current circulates in the
loop consisting of R, L, and the
diodes, until the energy stored in
L is dissipated.
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20V
@,
RS4q Vo=!V
I°=5Al \) Vz,=50V
L
40 mH VZ| =50V
Vs = 101 V
SWITCH °
Figure 177. Circuits used in Example 3 to

demonstrate the use of case-5 equations.

The problem is to find the en-
ergy dissipated in each of the
diodes. It is assumed that the for-
ward diode voltage V, remains
constant at 1 volt during the
switching transient.

The multiplying factor k; can
be obtained from I,R/V, and Fig.
174. The ratio I R/V, = 20/101, or
approximately 0.2; from Fig. 174,
the corresponding value of kj is
0.88. Therefore, the energy dissi-
pated by the diode combination
is given by

E, = (1/2) L I,%k;
1/2 (40 x 10-%) (5)2 (0.88)
= 445 millijoules

[l

Because the same current flows
through each of the diodes, the
energy divides in proportion to
the voltage drop. Therefore, the
energy dissipated in each diode
is given by

Vau

Enw=o—o  xE,
“ Vu +Ve +Vy X K
50 i45mI = 220mJ
T 50 +50 +1 md = zazim
E;, Vi X Es

- Va +Ve +Vy
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50
=mx445mJ—220mJ
Vo

Ep =777 E.
P Vi + Ve +an ’
S X 445 mJ = 5 mJ
© 50 +50 +1 B

Example 4: Fig. 178(a) shows
a typical power-inverter circuit.
The problem is to find the energy
requirement for transistor Q. At
the instant that Q, turns off, the
circuit can be represented by the
equivalent circuit shown in Fig.
178(b).

The following parameter values
are assumed for this example:

L. = 100 microhenries
I, = 15 amperes

R, = 0.2 ohm

VE = 40 volts

LVCEX = 100 VOltS

The Dbase-turnoff voltage
Vegon and the base-circuit re-
sistance Ry establish the value of
100 volts for the breakdown volt-
age LVypx of Q; (or V). The in-
duced voltage from the Q, side of
the inverter approaches Vy and is
assumed to be equal to V. R, rep-
resents the cumulative series re-
sistance in the collector circuit,
and L, represents all leakage and
uncommutated inductance.

The circuit of Fig. 178(b) is
similar to case 3. The equivalent
circuit is shown in Fig. 178 (c).

First the ratios Vgo/V, and
I,R/Voe are calculated as fol-
lows:

Vee/Ve = 80/100 = 0.8

_(15) (0.2)
LR/Veo = ~—gr—
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Rs  Lp
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+
}chsx

VE
=l

(b)

VINDUCED®VE

:,T'Vag OFF

Vec = 2VE=80V

R=020

I°=l5A1

LL =100 pH

Vs =LVcgx =100V

(c)

Figure 178. Typical power inverter circuit and equivalent circuits used in Example 4
as an application of case-3 equations.

8.0 _ 0.0375

IR/Vee = 30

Then interpolating from Fig.
173, the value of k;, which is 4.5,
is obtained. The energy E; for the
circuit is then given by

E, = 1/2) LI2k,

= (1/2) (100 x 10-%) (15)? (4.5)
(50 x 10-%) (225) (4.5)
51 millijoules

Il

[Calculating E; directly from Eq.
(184) gives 46 millijoules.]

The energy requirement for the
transistor Q; in Fig. 178 (a), there-
fore, is almost five times the value
that would be estimated by use. of
the simple energy relation (1/2)
L I,2, and it has been determined
that Q; must handle approxi-
mately 50 millijoules in the
LV gx mode for each cycle of in-
verter operation.

This type of calculation pro-
vides a conservative estimate of
the LV gx-mode energy require-
ment, because the finite switch-
ing times of Q, allow some of the
energy to be dissipated in the ac-
tive region.



HE current and voltage rela-

tionships for silicon rectifiers
vary for different types of circuit
configurations. The particular cir-
cuit in which a rectifier is used is
chosen on the basis of the require-
ments for a specific application.

Silicon rectifiers are used in a
continually broadening range of
applications. Originally developed
for use in such equipments as dc-
to-dc converters, battery chargers,
mobile power supplies, radio and
TV transmitters, and electroplat-
ing service, silicon rectifiers are
also used in power supplies for
radio and television receivers and
phonograph amplifiers, as well as
in such applications as line-type
modulators, hold-off and charging
diodes, pulse-forming networks,
and brushless alternators. They
are also being used in many air-
craft applications because of their
small size, light weight, and high
efficiency.

The most suitable type of recti-
fier circuit for a particular appli-
cation depends on the dc voltage
and current requirements, the
amount of rectifier “ripple” (un-
desired fluctuation in the de output
caused by an ac component) that
can be tolerated in the circuit, and
the type of ac power available.
Figs. 179 through Fig. 185 show
seven basic rectifier configurations.
(Filters used to smooth the recti-
fier output are not shown for each
circuit, but are discussed later.)
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These illustrations also include the
output-voltage waveforms for the
various circuits and the current
waveforms for each individual rec-
tifier in the circuits. Ideally, the
voltage waveform should be as flat
as possible (i.e., approaching al-
most pure dec). A flat curve indi-
cates a peak-to-average voltage
ratio of one. '

The single-phase half-wave cir-
cuit shown in Fig. 179 delivers
only one phase of current for each
cycle of ac input voltage. As shown
by the current waveform, the

:3< -

RECTIFIER
OUTPUT
VOLTAGE CURRENT

AyA

=i ol

Figure 179. Single-phase half-wave circuit.

single rectifier conducts the entire
current flow. This type of circuit
contains a very high percentage
of output ripple.

Fig. 180 shows a single-phase
full-wave circuit that operates
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from a center-tapped high-voltage
transformer winding. This circuit
has a lower peak-to-average volt-
age ratio than the circuit of Fig.
179 and about 65 per cent less
ripple. Only 50 per cent of the
total current flows through each
rectifier. This type of circuit is
widely used in television receivers
and large audio amplifiers.

@-4

Eqy

| S

o-

OUTPUT RECTIFIER
VOLTAGE CURRENT
° k—— —sl © !
1 ”" 2 ns L—

Figure 180. Single-phase full-wave circuit
with center-tapped power transformer.

The single-phase full-wave
bridge circuit shown in Fig. 181
uses four rectifiers, and does not
require the use of a transformer
center-tap. It can be used to sup-
ply twice as much output voltage
as the circuit of Fig. 180 for the
same transformer voltage, or to
expose the individual rectifiers to
only half as much peak reverse
voltage for the same output volt-
age. Only 50 per cent of the total
current flows through each recti-
fier. This type of circuit is popular
in amateur transmitter use.

The three-phase circuits shown
in Figs. 182 through 185 are usu-
ally found in heavy industrial
equipment such as high-power
transmitters. The three-phase
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OUTPUT RECTIFIER
VOLTAGE CURRENT

o m 0

Figure 181. Single-phase full-wave circuit

without center-tapped power transformer
(i.e., bridge-rectifier circuit).

Y half-wave circuit shown in Fig.
182 uses three rectifiers. This cir-
cuit has considerably less ripple
than the circuits discussed above.
In addition, only one-third of the
total output current flows through
each rectifier.

Fig. 183 shows a three-phase
full-wave bridge circuit which
uses six rectifiers. This circuit de-
livers twice as much voltage out-
put as the circuit of Fig. 182 for
the same transformer conditions.
In addition, this circuit, as well
as those shown in Figs. 184 and
185, has an extremely small per-
centage of ripple.

In the six-phase “star” circuit
shown in Fig. 184, which also uses
six rectifiers, the least amount of
the total output current (one-
sixth) flows through each output
rectifier. The three-phase double-
Y and interphase transformer cir-
cuit shown in Fig. 185 uses six
half-wave rectifiers in parallel.
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OUTPUT
VOLTAGE

Y Y

° le—1~—
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.y

RECTIFIER
CURRENT

Figure 182. Three-phase ““Y" half-wave circuit.

This arrangement delivers six cur-
rent pulses per cycle and twice as
much output current as the circuit
shown in Fig. 182.

Table XII lists voltage and cur-
rent ratios for the circuits shown
in Figs. 179 through 185 for re-
sistive or inductive loads. These
ratios apply for sinusoidal ac in-
put voltages. It is generally rec-
ommended that inductive loads
rather than resistive loads be used
for filtering of rectifier current,
except for the circuit of Fig. 179.
Current ratios given for inductive
loads apply only when a filter

choke is used between the output
of the rectifier and any capacitor
in the filter circuit. Values shown
do not take into consideration
voltage drops which occur in the
power transformer, the silicon rec-
tifiers, or the filter components
under load conditions. When a par-
ticular rectifier type has been se-
lected for use in a specific circuit,
Table XII can be used to deter-
mine the parameters and charac-
teristics of the circuit.

In Table XII, all ratios are
shown as functions of either the
average output voltage E . or the

QUTPUT
VOLTAGE

Y'Y Y Y YN

Ol«——lfv-—»’

(o)

|
)
(4

[

AT

RECTIFIER
CURRENT

Figure 183. Three-phase ““Y" full-wave circuit.
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Figure 184. Six-phase ‘‘star” circui
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Figure 185. Three-phase “double-Y’’ and interphase-transformer circuit.
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Table Xll—Voltage and Current Ratios for Rectifier Circuits Shown
in Figs. 179 Through 185. Fig. 179 Uses a Resistive Load, and Figs.
180 Through 185 an Inductive Load

CIRCUIT RATIOS
Output Voltage:

Fig. 179 Fig. 180 Fig. 181 Fig. 182 Fig. 183 Fig. 184 Fig. 185

A.Verage ........... E.v E.. E.v E. Euv Eav E.
Peak (x Eav) ...... 314 157 157 121 1.05 1.05 1.05
RMS (x Eav) ... .. 1.57 111 111 1.02 1.00 1.00 1.00
Ripple (%) ....... 121 48 48 18.3 4.3 4.3 4.3
Input Voltage (RMS):
Phase (x E.v) .. ... 2.22  1.11* 1.11 0.855° 0.428° 0.74° 0.855°
Line-to-Line (x E.v) 222 222 111 148 0.74 148} 1.71%
Average Output (Load)
Current ........... L. L L L. Loy j L
RECTIFIER CELL RATIOS
Forward Current:
Average (x I.v) 1.00 0.5 0.5 0.333 0.333 0.167 0.167
RMS (x IL.v):
resistive load .. .. 1.57 0.785 0.785 0.587 0.579 0.409 0.293
inductive load .. .. — 0.707 0.707 0.578 0.578 0.408 0.289
Peak (x I.v):
resistive load .. .. 3.14 157 157 121 105 1.05 0.525
inductive load . ... — 1.00 1.00 1.00 1.00 1.00 0.500
Ratio peak to average:
resistive load . ... 3.14 314 3.14 3.63 3.15 6.30 3.15
inductive load .. .. — 2,00 200 3.00 3.00 6.00 3.00
Peak Reverse Voltage:
x Eave ... 3.14 3.14 1,57 2.09 1.05 242 2.09
XEims ... 141 282 1.41 245 245 283 2.45

* to center tap ® to neutral
average dc output current I,
both of which are expressed as
unity for each circuit. In practical
applications, the magnitudes of
these average values will, of
course, vary for the different cir-
cuit configurations.

FILTERING

Filter circuits are generally
used to smooth out the ac ripple in
the output of a rectifier circuit.
Filters consist of two basic types,
inductive ‘“choke” input and ca-
pacitive input. Combinations and
variations of these types are often
used; some typical filter circuits
are shown in Fig. 186.

The simplest of these filtering
circuits is the capacitive input.

+ maximum value

i maximum value, no load

This type of filtering is most often
used in low-current circuits in
which a fairly large amount of
ripple can be tolerated. Such cir-
cuits are usually single-phase,
half-wave or full-wave. In this
type of filter, the capacitor charges
up to approximately the peak of
the input voltage on each half-
cycle that a rectifier conducts. The
current into the load is then sup-
plied from the capacitor rather
than from the power supply until
the point in the next half-cycle
when the input voltage again
equals the voltage across the ca-
pacitor. A rectifier circuit that
uses a smoothing capacitor and the
voltages involved are shown in
Fig. 187.

Higher average dc output volt-
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Figure 186. Typical filter circuits.

ages and currents can be obtained
from this type of circuit by the
use of larger capacitors. A larger
capacitor also tends to reduce the
ripple. However, care must be
taken that the capacitor is not so
large that excessive peak and rms
currents cause overheating of the
rectifier. The effects of capaci-
tive loading on a rectifier circuit
are discussed in detail in the sec-
tion on Capacitive-Load Circuits.

The next simplest filter is the
inductive input filter. This filter
performs the same function as a
capacitive input filter in that it
smooths the load current by stor-
ing energy during one part of the
cycle and releasing it to the load
during another part of the cycle.
However, the inductor acts in a
different way by extending the
time during which current is
drawn from a rectifier. When a
smoothing inductor is wused in
series with a full-wave rectifier
circuit, the conduction period of
each rectifier may be extended so
that conduction does not stop in
one rectifier until the other recti-
fier starts conducting. As a result
of this spreading action, any in-
crease in inductance to reduce rip-
ple results in a decrease in the

average output voltage and cur-
rent.

The smoothing capabilities of
capacitors and inductors can be
combined as shown in the other
filters of Fig. 186 to take advan-
tage of the best feature of each.
Filters which provide maximum
output and minimum ripple and
use reasonably small components
can thus be designed.

R

X~ " X~
Ve \ 7 /7 \
/ N/ \/ \
yi \'} \'A A

Figure 187. Bridge-rectifier circuit with
capacitor input fiiter.
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CAPACITIVE-LOAD CIRCUITS

When rectifiers are used in cir-
cuits with capacitive loads, the
rectifier current waveforms may
deviate considerably from their
true sinusoidal shape. This devia-
tion is most evident for the peak-
to-average-current ratio, which is
somewhat higher than that for a
resistive load. For this reason,
capacitive-rating calculations are
generally more complicated and
time-consuming than those for re-
sistive-load rectifier circuits. How-
ever, the simplified rating system
described below allows the de-
signer to calculate the characteris-
tics of capacitive-load rectifier cir-
cuits quickly and accurately.

Fig. 188 shows typical half-
wave and voltage-doubling recti-

Rs
150
c R
E = 0.2
PEAK 25uF > MEGOHM

(a)

(b)

Figure 188. Typical rectifier circuits using
capacitive loads: (a) half-wave rectifier
circuit; (b) voltage doubler.
fier circuits that use capacitive
loads. In such circuits, the low
forward voltage drop of the sili-
con rectifiers may result in a very
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high surge of current when the
capacitive load is first energized.
Although the generator or source
impedance may be high enough to
protect the rectifier, additional re-
sistance must be added in some
cases. The sum of this resistance
plus the source resistance is re-
ferred to as the total limiting
resistance R,. The magnitude of
R, required for protection of the
rectifier may be calculated from
surge rating charts such as those
shown in Figs. 189 and 190. Each
point of these curves defines a
surge rating by indicating the
maximum time for which the de-
vice can safely carry a specific
value of rms current.
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Figure 189. Universal surge rating charts
for RCA rectifiers.
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Figure 190. Typical coordination chart for
determination of fusing requirements: Curve
A—surge rating for 20-ampere rectifier;
Curve B—expected surge current in halsf-
wave circuit; Curve C—opening character-
istics of protectlve device; Curve D—result-
ing surge current in modified circuit.

‘With a capacitive load, maxi-
mum surge current occurs if the
circuit is switched on when the
input voltage is near its peak
value. When the time constant
R,C of the surge loop is much
smaller than the period of the in-
put voltage, the peak current I,
is equal to the peak voltage E ...
divided by the limiting resistance
R,, and the resulting surge ap-
proximates an exponentially de-
caying current with the time con-
stant R,C.

Surge-current ratings for recti-
fiers are often given in terms of
the rms value of the surge current
and the time duration t of the
surge. For rating purposes, the
surge duration t is defined by the
time constant R,C. The rms surge
current I, is then approximated
by the following equations:

I =07 (E peakC/RsC)
=0.7 (Epo'\ko/t) (187)
and
Timst = 0.7 Epeak C (188)

where E, ., and C are the values
specified by the circuit design.
This equation may then be plotted
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on the surge-rating chart, which
has axes labeled I, and t. Be-
cause R,C is equal to t, any given
value of R, defines a specific time
t, and hence a specific point on the
plot of the equation for I, t
However, R, must be large enough
to make this point fall below the
rating curve for the rectifier used.

The following example illus-
trates the use of this simplified
procedure for the half-wave recti-
fier circuit shown in Fig. 188(a),
which has a frequency f of 60
Hz and a peak input voltage E .,
of 4950 volts. The values shown
for E,... and C are substituted in
the equation for I, .t as follows:

Trmst = 0.7 (4950) (2.5 X 107F)
= 0.0086

When this value is plotted on the
surge-rating chart of Fig. 191, the
resulting line intersects the recti-
fier rating curve at 3.3 x 10—+ sec-
ond. The minimum limiting resis-
tance which affords adequate
surge protection is then calculated
as follows:

R.C >33 X 10~*

3.3 x 10

Cu

g
e,
R

N e,
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)

104 103 102
SURGE DURATION—S

Figure 191. Surge rating chart for stack.
rectifier CR210,

Therefore the value of 150 ohms

shown for R, in Fig. 188(a) pro-

vides adequate surge-current pro-

tection for the rectifier.

1075
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The design of rectifier circuits
having capacitive loads often re-
quires the determination of recti-
fier current waveforms in terms of
average, rms, and peak currents.
These waveforms are needed for
calculation of circuit parameters,
selection of components, and
matching of circuit parameters
with rectifier ratings. Although
actual calculation of rectifier cur-
rent is a rather lengthy process,
the current-relationship charts
shown in Figs. 192 and 193 can be
used to determine peak or rms
current if the average current is
known, or vice versa.

The ratios of peak-to-average
current (I,../I,,) and rms-to-
average current (I,,./I,.,) are
shown in Fig. 177 as functions of
the circuit constants nwCR; and
R./nR;. The quantity wCRy, is the
ratio of resistive-to-capacitive re-
actance in the load, and the quan-
tity R,/R;, is the ratio of the
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limiting resistance to the load re-
sistance. The factor n, referred to
as the ‘“charge factor,” is simply
a multiplier which allows the chart
to be used for various circuit con-
figurations. The value of n is equal
to unity for half-wave circuits, to
0.5 for doubler circuits, and to 2
for full-wave circuits. (These
values actually represent the rela-
tive quantity of charge delivered
to the capacitor on each cycle.)

In many silicon rectifier cir-
cuits, R, may be neglected when
compared with the magnitude of
R;. In such circuits, the calcula-
tion of rectifier currents is simpli-
fied by use of Fig. 193, which gives
current ratios under the limitation
that R,/R,, approaches zero. Even
if this condition is not fully satis-
fied, the use of Fig. 193 merely
indicates a higher peak and higher
rms current than will actually flow
in the circuit, i.e., the rectifiers
will operate more conservatively

"“’CRL
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Figure 192. Relationship of peak, average, al’:lf' rms rectifier currents in capacitor-input
circuits.
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than calculated. As a result, this
simplified solution can be used
whenever a rough approximation
or a quick check is needed on
whether a particular rectifier will
fit a specific application. When
more exact information is needed,
the chart of Fig. 192 should be
used.

Average output voltage E,, is
another important quantity in ca-
pacitor-input rectifier circuits be-
cause it can be used to determine
average output current I,,. The
relationships between input and
output voltages for half-wave,
voltage-doubler, and full-wave cir-
cuits are shown in Figs. 194, 195,
and 196, respectively. Fig. 197
shows curves of output ripple volt-
age (as a percentage of E,.) for
all three types of circuits.

The following example illus-
trates the use of these curves in
rectifier-current calculations. Both
exact and approximate solutions
are given. For the half-wave cir-
cuit of Fig. 188(a), the resistive-
to-capacitive reactance wCR; is
given by

wCRL = 27 X 60X 2.5 X 1076 200,000
=189

For an exact solution using Fig.
192, the ratio of R, to Ry, is first
calculated as follows:

BE = 150 = 0.075
Ri 200,000
100r 05
r /‘/———-—r.s
90 /. Hi
r 2
~ 8of %Rg/R = 4
g L a
@ I /1 >
Z 70f 8
s . /] :{2)5
<ng 60| 2
w Y
g o
F 30
£« 3?,
o L / 50
\> 30/7/‘ 80
o
= 100
1
of
oluts M
ol 1 10 100 1000

wCR_(C IN FARADS,R| IN OHMS)

Figure 194. Relationship of applied ac
peak voltage to dc_output voltage in half-
wave capacitor-input circuit.
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The values for wCR;, and Ry /Ry,
are then plotted in Fig. 194 to de-
termine the average output volt-
age E,, and the average output
current I, as follows:

Eav/Epeax = 98 per cent

Ea.v = 0.98 X 4950 = 4850 volts

Iav = Eav/ RL

T,y = 4850 volts/200,000 ohms
= 24.2 milliamperes

This value of I,, is then substi-
tuted in the ratio of I.,/I,, ob-
tained from Fig. 192, and the
exact value of rms current I ¢ in
the rectifier is determined as fol-
lows:

Irms/Iav =44
Iims = 4.4 X 24.2
= 107 milliamperes.

For a simplified solution using
Fig. 193, it is assumed that the

RMS ripple voltage in capacitor-input circuits.

average output current I,, is ap-
proximately equal to the peak in-
put voltage E . divided by the
load resistance Ry, as follows:

Iav = Epeak/RL
I.v = 4950/200,000
= 24.7 milliamperes

This value of I,, is then substi-
tuted in the ratio of I.,./I,, ob-
tained from Fig. 193, and the
approximate rms current is de-
termined, as follows:

Tims/Iav = 5.7
Irms = 5.7 X 24.7
= 141 milliamperes

Current-versus-temperature rat-
ings for rectifiers are usually
given in terms of average current
for a resistive load with 60-Hz
sinusoidal input voltage. When the
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ratio of peak-to-average current
becomes higher (as with capaci-
tive loads), however, junction
heating effects become more and
more dependent on rms current
rather than average current.
Therefore, capacitive-load ratings
should be obtained from a curve
of rms current as a function of
temperature. Because the ratio of
rms-to-average current for the
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rated service is 1.57 (as shown by
I/l at low wCR on Figs. 192
and 193), the current axis of the
average-current rating curves for
a sinusoidal source and resistive
load can be multiplied by 1.57 to
convert the curves to rms rating
curves. Fig. 198 shows an example
of this conversion for RCA stack
rectifier rating curves.
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Figure 198. Current-temperature ratings for silicon stack rectifiers.
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Conversion

IN many applications, the op-
timum value of voltage is not
available from the primary
power source. In such instances,
dc-to-dec 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-con-
version 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 con-
verter. The purpose of the conver-
ter is then to change the magni-
tude of the available dec voltage.

Power-conversion circuits, both
inverters and converters, consist
basically of some type of ‘“‘chop-
per,” which is used to develop a
wave shape that is acceptable to
a transformer, and the trans-
former. The design of the trans-
former is an important consid-
eration because this component
determines the size and frequency
of the converter (or inverter),
influences the amount of regula-
tion required after the conversion
or inversion is completed, and
provides the transformation ratio
necessary to assure that the de-
sired value of output voltage is

delivered to the load circuit. The
chopping or switching function in
the inverter circuit is usually per-
formed by high-speed transistors
or SCR’s connected in series with
the primary winding of the out-
put transformer.

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 de-
tection devices. Similarly, convert-
ers may be used to provide the op-
erating voltages for equipment
that requires a de supply.

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

TRANSISTOR INVERTERS

Several types of transistor cir-
cuits may be used to convert a
steady-state dc voltage into either
an ac voltage (inversion) or an-
other dc voltage (conversion). The
simplest converter circuit is the
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blocking-oscillator, or ringing-
choke, power converter which con-
sists of one transistor and one
transformer. More complex cir-
cuits use two transistors and one
or two transformers.

Basic Circuit Configurations

Fig. 199 shows the basic circuit
configuration for a ringing-choke
dc-to-de converter. In this con-
verter, a blocking oscillator (chop-
per circuit) is transformer-
coupled to a half-wave rectifier

+Vee
Ti CRy

Figure 199. Basic circuit configuration for
a ringing-choke dc-to-dc converter.
type of output circuit. The recti-
fier converts the pulsating oscilla-
tor output into a fixed-value dc

output voltage.

When the oscillator transistor
Q, conducts (as a result of either
a forward bias or external
drive), energy is transferred to
the collector inductance pre-
sented by the primary winding
of transformer T,. The voltage
induced across the transformer
feedback winding connected to
the transistor base through re-
sistor Ry increases the conduc-
tion of Q,; until the transistor is
driven into saturation. The recti-
fier diode CR; in series with the
secondary winding of trans-
former T, is oriented so that no
power is delivered to the load
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circuit during this portion of the
oscillator cycle.

With transistor Q; in satu-
ration, the collector current
through the primary inductance
of transformer T, rises linearly
with time (—di/dt = E/L) until
the base drive supplied by the
transformer feedback winding
can no longer maintain Q, in
saturation. As the current
through Q, decreases from the
saturation level, the voltage in-
duced into the feedback winding .
decreases, and transistor Q, is
rapidly driven beyond cutoff.
The energy stored in the collec-
tor inductance (primary of trans-
former T,) is released by the
collapsing magnetic field and
coupled by the secondary wind-
ing of transformer T,, through
rectifier diode CR;, to the load
resistance R; and filter capaci-
tor C;. The filter capacitor stores
the energy it receives from the
collector inductance. When no
current is supplied to the load
circuit from the oscillator (i.e.,
during conduction of transistor
Q,), capacitor C; supplies cur-
rent to the load resistance R;
to maintain the output voltage
at a relatively constant value. The
switching action of rectifier diode
CR; prevents any decrease of the
energy stored by capacitor C; be-
cause of the negative pulse coupled
from the oscillator during the
periods that transistor Q; con-
ducts.

The operating efficiency of the
ringing-choke inverter is low, and
the circuit, therefore, is used pri-
marily in low-power applications.
In addition, because power is de-
livered to the output circuit for
only a small fraction of the os-
cillator cycle (i.e., when Q, is
not conducting), the circuit has
a relatively high ripple factor
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which substantially increases
output filtering requirements.
This converter, however, pro-

vides definite advantages to the
system designer in terms of design
simplicity and compactness.

The push-pull switching inver-
ter is probably the most widely
used type of power-conversion cir-
cuit. For inverter applications,
the circuit provides a square-wave
ac output. When the inverter is
used to provide dec-to-de conver-
sion, the square-wave voltage is
usually applied to a full-wave
bridge rectifier and filter. Fig.
200 shows the basic configuration
for a push-pull switching conver-
ter. The single saturable trans-
former 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-ampli-
tude dc output voltage.

When the voltage V¢ is applied
to the converter circuit, current
tends to flow through both switch-
ing transistors Q; and Q.. It is
very unlikely, however, that a per-
fect balance can be achieved be-
tween corresponding active and
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passive components of the two
transistor sections; therefore, the
initial flow of current through
one of the transistors is slightly
larger than that through the
other transistor. If transistor Q,
is assumed to conduct more heav-
ily initially, the rise in current
through its collector inductance
causes a voltage to be induced in
the feedback windings of trans-
former T; which supply the base
drive to transistors Q; and Q..
The base-drive voltages are in the
proper polarity to increase the
current through Q; and to de-
crease the current through Q,. As
a result of regenerative action,
the conduction of Q, is rapidly
increased, and Q. is quickly driven
to cutoff.

The increased current through
Q; causes the core of the collec-
tor inductance to saturate. The
inductance no longer impedes the
rise in current, and the transistor
current increases sharply into the
saturation region. For this con-
dition, the magnetic field about the
collector inductance is constant,
and no voltage is induced in the
feedback windings of transformer
T,. With the cutoff base voltage
removed, current is allowed to flow

T

Q

)

Q2

- +
+—O Vee

1

Figure 200. Basic circuit configuration of a single-transformer push-pull switching
converter.
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through transistor Q,. The in-
crease in current through the col-
lector inductance of this transis-
tor causes voltages to be induced
in the feedback windings in the
polarity that increases the current
through Q. and decreases the cur-
rent through Q;. This effect is
aided by the collapsing magnetic
field about the collector inductance
of Q, that results from the de-
crease in current through this
transistor. The feedback voltages
produced by this collapsing field
quickly drive Q, beyond cutoff and
further increase the conduction of
Q. 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 switching
action of transistors Q,; and Q,
is coupled by transformer T, to
the bridge rectifier and filter,
which develop a smooth, constant-
amplitude dc voltage across the
load resistance R;,. The small
ripple produced by the square
wave greatly simplifies filter re-
quirements.

Push-pull transformer-coupled
converters with full-wave rectifi-
cation provide power to the load
continuously and are, therefore,
well suited for low-impedance,
high-power applications. Although
not as economical as the ringing-
choke design, the push-pull con-
figuration provides higher effi-
ciency and improved ‘regulation.

Fig. 201 shows a four-transis-
tor, single-transformer bridge
configuration that is often used
in inverter or converter applica-
tions. In this type of circuit,
the primary winding of the out-
put transformer is simpler and
the breakdown-voltage require-
ments of the transistors are re-
duced to one-half those of the
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Figure 201. Basic circuit configuration of
a four-transistor, single-transformer
bridge inverter.

\—

transistors in the push-pull con-
verter shown in Fig. 200.

Fig. 202 shows the schematic
diagram for a two-transistor, two-
transformer converter. In this
circuit, a small saturable trans-
former provides the base drive
for the switching transistors, and
a nonsaturable output transformer
provides the coupling and desired
voltage transformation of the out-
put delivered to the load circuit.
With the exception that it uses
a separate saturable transformer,
rather than feedback windings on
the output transformer, to provide
base drive for the transistors, this
converter is very similar in its
operation to the basic push-pull
converter shown in Fig. 200. The
saturable-transformer technique
may also be applied in the de-
sign of a bridge converter, as
shown in Fig. 203.

Transformer Considerations

The selection of the proper core
material in the design of a trans-
former to be used in an inverter
depends on the power-handling re-
quirements, operating frequency,
and operating temperature of the
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Figure 202. Basic circuit configuration of a two-transformer push-pull switching converter.
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Figure 203. Basic configuration of a four-

transistor bridge inverter that uses a
saturable output transformer.
inverter. For high-frequency ap-
plications, the ferrite core is su-
perior to the iron type in both
performance and economy. Even
at low frequencies, ferrite cores
may be more economical because
the iron type must be made in
thin laminations or in the form

of a tape-wound toroid.

Power loss in ferrite is ap-
proximately a linear function of
frequency up to 40 kHz. Above
this frequency, eddy-current
losses decrease the efficiency of
most ferrites. Laminated iron
cores are normally restricted to
frequencies below 10 kHz.

The operating temperature of
the transformer is an important
consideration in the choice of the

particular ferrite core. For many
ferrite cores, the Curie tempera-
ture is low. The manufacturer’s
data on ferrite material indicate
the maximum operating tempera-
ture which, together with the
variation in flux density as a
function of temperature and the
desired flux density (B), must be
considered to select the proper
core.

Another important considera-
tion is the efficiency of the trans-
former. The transformer effi-
ciency desired can be used to
obtain an approximation of allow-
able magnetic power, P, dissi-
pated by the transformer. When
Py, and the core loss factor are
known, the maximum volume of
core material which can be used
is estimated. The core loss factor
at the operating frequency is ob-
tained from the manufacturer’s
data.

The remaining design consid-
erations follow the conventional
rules of transformer design. The
size of the wire must be large
enough to ensure that copper
losses are low. The selection is
made on the basis of a 50-per-cent
duty cycle. If the wire size is too
small, copper losses will be ap-
preciable and cause an increase
in core temperatures. In high-
power, high-frequency inverters,
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a large number of turns in the
primary should be avoided to
minimize copper losses and main-
tain a low value of leakage induct-
ance. Moreover, because of the
relatively small size of the core
and the large size of wire that
must be used, a large number of
turns may be physically im-
possible. Good balance and close
coupling between primaries is
normally achieved by the use of
bifilar windings.

Additional Considerations

In addition to the previous con-
siderations for ringing-choke-type
and transformer-coupled types of
de-to-de  converters, there are
other factors which may require
consideration in practical designs,
such as starting-bias methods, the
use of voltage-multiplication tech-
niques, and maximum operating
temperature. Excellent starting
under heavy load conditions may
be obtained by the use of a tran-
sistor-type switch which will pro-
vide a large starting bias and
then be cut off by the buildup of
the output voltage. It is also pos-
sible to obtain satisfactory start-
ing by the use of a fixed bias
resistance, provided the value of
this resistance is high enough so
that it does not materially affect
normal switching.

For dec output voltages higher
than those given in the particu-
lar design procedure, a voltage-
multiplier-type rectifier circuit
may be used to avoid use of larger
transformer step-up ratios. Al-
though the use of a voltage-
multiplier circuit results in a
reduction in over-all efficiency,
this condition is more acceptable
than one which results in higher
copper losses, magnetic-coupling
problems, and higher core losses
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that may result from the use
of higher transformer step-up
ratios.

The transistor requirements
given later in Tables XIII through
XVI are for operation at a case
or flange temperature of 55°C. To
convert case or flange tempera-
ture to ambient temperature, it
is necessary to know the thermal
resistance between the transistor
and free air. This resistance is
a function of the contact resist-
ance between the transistor case
or flange and the chassis; the
thermal resistance of any insulat-
ing washer used; the size, thick-
ness, and material of the chassis;
and the method used to cool the
chassis (for example, forced-air
cooling, water cooling, or simple
convection cooling).

To assure reliable operation at
any permissible ambient tempera-
ture, care must be taken that the
collector-junction temperature of
the transistor is not greater than
that specified by the manufacturer.
The average temperature of the
junction Tj;,,, is equal to the
ambient temperature plus the
product of the average power dis-
sipated in the transistor and the
thermal resistance between junc-
tion and case plus the case-to-air
thermal resistance as indicated by
the following equation:

Travy=Ta~+Pav Os_c+6c_a (189)

The average junction tempera-
ture calculated by use of Eq.
(189) is equivalent to the effec-
tive case temperature Tgess)
usually given on transistor safe-
area-rating charts. The effects of
switching on the instantaneous
temperature must be evaluated
by use of standard safe-area
techniques, as described in the
section on Safe-Area Ratings.
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Design of Practical
Transistor Inverters

The design of practical inverter
(or converter) circuits involves,
essentially, selection of the
proper transistors and design of
the transformers to be used. The
particular requirements for the
transistors and transformers to
be used are specified by the indi-
vidual circuit design. The follow-
ing paragraphs discuss the design
of three basic inverter circuits:
the simple one-transistor, one-
transformer (ringing-choke) type
and two push-pull switching con-
verters (a two-transistor, one-
transformer type and a two-tran-
sistor, two-transformer type).
The operation of each circuit is
described, design equations are
derived, and a sample design is
presented.

One-Transistor, One-Trans-
former Converter—Fig. 204(a)
shows the basic configuration for

PRIMARY
WINDING

RECTIFIER
DIODE

Vout

ICout

BASE
WINDING
(@)
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a practical circuit of a ringing-
choke converter, which is basically
a one-transistor, one-transformer
circuit. Fig. 204(b) shows the
waveforms obtained during an
operating cycle.

During the “ON” or conduction
period of the transistor (t,,), en-
ergy is drawn from the battery
and stored in the inductance of
the transformer. When the tran-
sistor switches OFF, this energy
is delivered to the load. At the
start of t,, the transistor is
driven into saturation, and a sub-
stantially constant voltage, wave-
form A in Fig. 204(b), is im-
pressed across the primary by the
battery. This primary voltage
produces a linearly increasing
current in the collector-primary
circuit, waveform B. This in-
creasing current induces substan-
tially constant voltages in the
base windings, shown by wave-
form C, and in the secondary
winding.

¢ O !
YN TorF ]
(E)

(b)

Figure 204. Ringing-choke converter circuit: (a) Schematic diagram; (b) Typical operating
waveforms in a ringing-choke converter—(A) primary voltage; (B) primary current;
(C) base-to-emitter voltage; (D) secondary current; (E) magnetic flux in transformer core.
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The resulting base current is
substantially constant and has a
maximum value determined by the
base-winding voltage, the external
base resistance Ry, and the input
conductance of the transistor. Be-
cause the polarity of the secondary
voltage does not permit the recti-
fier diode to conduct, the secondary
is open-circuited. Therefore, dur-
ing the conduction period of the
transistor t,,, the load is supplied
only by energy stored in the out-
put capacitor C,y.

The collector-primary current
increases until it reaches a maxi-
mum value I, which is determined
by the maximum base current and
base voltage supplied to the tran-
sistor. At this instant, the tran-
sistor starts to move out of its
saturated condition with the re-
sult 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 discharge 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 increase
until the voltage across the sec-
ondary winding exceeds the volt-
age across the output capacitor.
At this instant the diode rectifier
starts to conduct and to transfer
the energy stored in the induct-
ance of the transformer to the
output capacitor and load. Because
the output capacitor tends to hold
the secondary voltage substan-
tially constant, the secondary cur-
rent decreases at a substantially
constant rate, as shown by wave-
form D in Fig. 204(b). When this
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current reaches zero the transis-
tor switches “ON” again, and the
cycle of operation repeats.

DESIGN EQUATIONS: In the
following derivation of the equa-
tions used to design the one-
transistor, one-transformer inver-
ter, all references to transformer
windings, circuit components, volt-
ages, and currents are for the cir-
cuit shown in Fig. 204(a). All
references to time periods and
waveforms apply to those shown
in Fig. 204(b).

The average value of the current
in the primary winding of the
transformers Ip,v, may be ex-
pressed as follows:

Ipavy = Tout (Vout/n Vin)

where I, is the load current in
amperes, V,,; is the dc output
voltage in volts, 7 is the circuit-
efficiency factor as given in Table
XIII, and V,, is the dc input volt-
age in volts.

The peak value I, of the tri-
angular waveform of primary
current, waveform B in Fig.
204(b), is expressed by the fol-
lowing equation:

Tr = 2Ipavy (T/ton)
= (2T /7 ton) (Vout/Vin) Tous (191)

(190)

where T = t,, + to and is in
seconds.

If the saturation resistance of
the transistor (R, and the re-
sistance of the primary winding
(R,) are sufficiently small, essen-
tially the full dc input voltage
Vi, is impressed across the pri-
mary during t,, and the re-
quired primary inductance L; in
henries may be determined from
the following relation:

Lp (dIP/dt) = V;n (192)
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For the triangular current wave-
form, waveform B in Fig. 204 (b),
the following equation relates the
rate of change of primary cur-
current (dIp/dt) to peak current
(Ip) and the transistor conduc-
tion period t,,:
dIp/dt = Ip/ton (193)
When this relationship [Eq.
(193)] is used, Eq. (192) may be
rewritten in the following form:

Le = (Vin/Tp) ton (194)

With I, defined as indicated in
Eq. (191), the primary inductance
L, may then be expressed as fol-
lows:

V, 2 t 2
Lp = N Vin” Ton
i 2 Vout Iout T

~(2) (5) (1)
2 Pout/ \T* / \'f (195)

where f is the operating frequency
in hertz, and is equal to 1/T.

Before Eq. (195) can be evalu-
ated, the ratio t,,/T must be de-
termined. From Eq. (194) the
conduction period of the transis-
tor t,, is given by

ton = LPIP/Vin (196)

An equation for the OFF period
(tos) can be derived from the fol-
lowing relationship:

VIout = Lp (dIs,/dt) (197)

where I is the secondary current
referred to the primary [I; =
I (Ny/Np) 1, Vo is the secondary
voltage referred to the primary
[V’out = Vout (No/Ns)]r NP is
the number of turns on the pri-
mary, and N, is the number of
turns on the secondary.

The derivative dI//dt defines
the slope of the secondary cur-
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rent (referred to the primary) as
a function of time (i.e., dI//dt =
ip/toee). The OFF period, there-
fore, may be determined as fol-
lows:

tott = Lp (Ip/Vout) (198)

The total period of oscillation
(T = t,, + to), as determined
from the summation of Egs.
(196) and (198), is given by the
following equation:

1 1
T =Lplp ( =— + — 199
plp <Vin + V'ou) (199)

The ratio of ON time to total
period of oscillation, therefore,
can be expressed as follows:

1
ton Lele (V—)

T LPiP(—1‘+ 1 )

Vin V,out
— V,out
Vin + Vout (200)
This relationship is used in Eq.
(195) to obtain the following ex-

pression for the required primary
inductance:

V. 2
Lp = N Vin
* (2 Pout f)

(Np/Ns)? Vout®
[Vin2 + (Np/Ns)? ]

+ 2 Vin Vout (NP/NS)
(201)

The required primary induct-
ance Lp can also be expressed in
terms of the maximum permissible
flux-density swing in the trans-
former core, which is given by

Ad _ g (41r NP> [ 1 :I
A ® 10 li/ﬂi + la/#a

(202)
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where A is the cross-sectional area
of the core in square centimeters,
l; is the length of the magnetic
path in centimeters, 1, is the
length of the air gap in centi-
meters, u; is the permeability of
the core material, and u, is the
permeability of air (u, = 1).

The maximum permissible flux-
density swing may also be ex-
pressed as follows:

A_d’ — ¢(max) - d)(res)
A

A A (203)

where ¢ .y is the saturation flux
density for the core material and
G resy 18 the residual flux density
in the core. The primary induct-
ance can be defined in terms of
A¢ by means of the following re-
lation:

A¢p = (Lp Ip/Np) X 108 (204)

or
Lp = (Np A¢ X 107%)/Ip  (205)

Eqgs. (202), (204), and (205) can
be combined to provide the fol-
lowing expression for the re-
quired primary inductance:

o ——
10° (li/ﬂi) A+ (la//»‘a)

(206)

The length of air gap 1, should be
adjusted to assure operation of
the core near but not in the satura-
tion region (i.e., at a maximum
flux density slightly less than the
saturation value for the core ma-
terial used). The value of the flux
density can be checked by means
of Eq. (204).

The induced voltage in the base
windings must provide a base-to-
emitter voltage sufficiently large
to supply the required peak pri-
mary current for any transistor
of the type to be used in the cir-

m

cuit. The primary voltage Vp at
the end of the conduction time
t,n 18 expressed by the following
equation:

VP = Vin - IP (Rsat + RP + Rsupply)
(207)

The required number of turns for
the base winding is given by

Np Vg
Vin - iP (Rsat + RP + Rsupply)

(208)

V3 is chosen to be twice the neces-
sary Vppmay for the transistor
used. One-half of the voltage Vg
is dropped across Ry. This volt-
age division helps compensate for
variations in Vg from one tran-
sistor to another and at different
temperatures. Eq. (208) may be
rewritten to express Ny in terms
of Vy as follows:

2NP VBE(max)
Vin - IP (Rsat + R'P + Rsupply)

(209)

The required number of turns for
the secondary Ng is determined
from the relationship of input
voltage Vj;,, output voltage V.,
number of turns on the pri-
mary Np, and maximum allowable
collector-to-base voltage Vg max)
for the transistor (the value dur-
ing tere), as follows:

VCB(max) = Vin + (NP/NS) Vout (210)

or

Np =

Ng =

NS _ NP Vout

—_DNeVour oy
VCB(max) - Vin

The external base resistance Ry
is necessary to compensate for in-
dividual differences in base-to-
emitter voltage Vyp of the tran-
sistors used. The required value
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for this resistance may be de-
termined from the following re-
lationship:

RB = VBE(max)/IB (212)
where Vpg(mayy 18 the maximum
allowable value of Vgg for the
transistor type used and Iy is the
typical value of base current re-
quired to provide the peak primary
current I, at a Dbase-to-emitter
voltage V. Transient losses that
occur during switch-off because of
hole-storage effects can be mini-
mized if the value of Ry is main-
tained as small as possible.

The peak secondary current i
and the peak secondary voltage
V. can be expressed by the fol-
lowing equations:

Is =1Ir (Np/Ng) (213)

Vs = (Venmen— Vin) (Ns/Np) (214)

The value of the output capaci-
tor C,;; should be such that the
time constant C,,; Ry, is at least
10 times larger than t,, to assure
that the output voltage V.. re-
mains essentially constant. The
capacitance value required for
this condition is determined as
follows:

RL = Vout2/Pout
Cou';I{L =10 ton
Cout = (10 ton Pout)/vout2

The optimum ratio of primary-
to-secondary winding space K2 for
the transformer is determined
from the following expression:

(215)

K= 1
'\/(NS/NP) (Vin/Vout)'l'l

SAMPLE DESIGN: The appli-
cation of the relationships de-
rived in the preceding section to

(216)
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the design of a practical ringing-
choke inverter can best be illus-
trated by use of a numerical
example. In this example, a con-
verter is designed to convert 12
volts de to 150 volts dc with a
maximum power output of 1 watt.

The first step in the design of
any converter is the selection of
the transistor(s) to be used. For
the ringing-choke circuit, the list
of typical design parameters given
in Table XIII provides an excel-
lent basis for this selection. For
specified values of dc output volt-
age V.. output power P, ,, and
de input voltage Vy,, this table in-
dicates the maximum allowable
transistor saturation resistance
R, and the minimum transistor
rating requirements for collec-
tor-to-base breakdown voltage
Vensat)y, peak collector current
Lok, and maximum allowable
power dissipation P,. The tran-
sistor selected must satisfy these
basic requirements.

For V,,; = 150 volts, P,,, =
1 watt, and V;, = 12 volts, Table
XIII indicates that the transistor
used in the converter should have
a saturation resistance R, that
does not exceed 10 ohms, a col-
lector-to-base breakdown voltage
Vermaxy 0of at least 85 volts, a
peak collector current rating I¢
of at least 400 milliamperes, and
a dissipation rating P, at 55°C
of at least 80 milliwatts. The col-
lector-to-emitter voltage of the
transistor must also be considered.
During the transistor OFF period,
the worst-case value of this volt-
age is equal to the product of
the base-winding-to-primary-wind-
ing turns ratio (N/Ny) and the
maximum collector-to-base voltage
[Vepmax 1. If this product ex-
ceeds the base-to-emitter break-
down voltage of the transistor, a
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Table XlIll—Typical Design Parameters For Ringing-Choke-Type
DC-To-DC Converters That Have Output Ratings Up To 50 Watts.

APPLICATION TRANSISTOR
REQUIREMENTS REQUIREMENTS
Max. DC Max.  Min. Min.
Pout  Vout Vin Rsat Vce(max) lc(pk)
W) W) ) (@) ) (R)
250 6-10 5 25 0.5
1 500 1015 10 3 0.4
750 1520 20 45 0.3
250 6-12 1 30 3
5 500 1220 2 45 2
750 20-28 8 60 1
300 6-12 08 30 6
10 500 1218 1 4 4
750 1828 12 60 2
400  10-18 05 45 10
25 600 1826 08 60 6
750 26-36 1 80 3
50 200 1224 05 60 15
750  24-36 05 80 8

* Case or Flange Temperature — 55°C.

diode must be inserted in series
with the base.

A suitable transistor for use in
the 12-to-150-volt converter is the
RCA-2N3053. This transistor has
a peak-collector-current rating of
700 milliamperes, a maximum col-
lector-to-base voltage rating of
60 volts, a maximum saturation
resistance of 9.5 ohms, and a
maximum dissipation rating at
25°C of 5 watts. [The maximum
saturation resistance is not given
in the published data on the tran-
sistor, but is readily determined
from the maximum rating for
the collector-to-emitter saturation

VOltag‘e VCE(sat) = 1.4 volts at a
collector current I, of 150 milli-
amperes.]

Table XIII also provides data
on the required cross-sectional
area A and length of magnetic
path 1; for the transformer core
and on the expected circuit effi-
ciency factor 7. The data in Table
XIV provide a basis for selection
of the core material for a suit-
able operating frequency. For the
specified converter operating con-

TRANSFORMER-CORE CIRCUIT
PARAMETERS EFFICIENCY

Min. Area Length Factor
Pp* I 7
W) (cm?) (cm)
0.1
0.08 0515 2510 0.75
0.07
1.15 0.5-5 2.5-12 0.75
0.5 0.55 2.5-12 0.7

3

% 1-7.5 2.5-15 0.7
10

g 1-10 515 0.65
20
75 2-15 7.5-20 0.6

dition (i.e., Vo, = 150 volts, Vy,
= 12 volts, and P,,; = 1 watt),
the data in these tables indicate
that a suitable transformer would
use a ferrite core that has a cross-
sectional area A of 1.3 square
centimeters, such as Ferroxcube
Part No. 9F520 (E type core,
type 3C material) or equivalent.
A suitable operating frequency is
8 kHz, and the expected circuit
efficiency is 75 per cent.

After a suitable transistor has
been selected and the parameters
of the magnetic core have been
determined, the following step-by-
step procedure is used to complete
the design of the transformer and

Table XIV—Optimum Core
Materials For Different
Operating Frequencies.

Transformer Operating Frequency

Material (kHz)
Ferrite 1-20
Silicon Iron
(Grain-Oriented) 0.1-1
Silicon Steel 0.1-1
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to determine the constants for the
output rectifier and filter:

1. The transformer secondary-
to-primary turns ratio N /Np is
determined from Eq. (211) on the
basis of the desired dc output
voltage V., the available dc in-
put voltage V;,, and the transistor
collector-to-base breakdown volt-
age rating Vep(max), as follows:

_I\_I_S_ — Vout
NP VCB(ma) - Vin
150
e -1z -

[The use of the 60-volt Vg (max)
rating of the RCA-2N3053 rather
than the 35-volt value obtained
as the minimum Vggmay rating
from Table XIII reduces the re-
quired step-up ratio.]

2. The value determined for
N/Np and Eq. (201) are used in
the following calculation of the
required primary inductance:

(0.7(12)°
2)(1)8 X 10%)

(150/3.1)2
(12)% + (150/3.1)?
+ 2(12) + (150/3.1)
=4 mH

3. The required number of pri-
mary turns N, is calculated, for
an air-gap length 1, of 0.01 cm,
from Eq. (206) as follows:

3
N, — \/4 X 10~
4

(o + ) o
<1.3 <10 T 13

= 63 turns
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4. From Eq. (200), the ratio of
conduction time t,, to the total
period of oscillation T is calculated
as follows:

ton Vout (Np/Ns)

T Vin + Vout (Np/Ns)

__150/31 o
12 + 150/3.1

5. From Eq. (191), the peak
primary current is calculated to
be

-
P n Vin on

2 (1)

= _—— " = (.3 ampere
(0.7)(12)(0.78)

6. The maximum flux density in
the transformer core is deter-
mined on the basis of the relation
expressed by Eq. (204) from the
following calculation:

By =29 _ 108
M=X TN, AN
(4 X 10-)(0.3)
= @ X107900.3) _ go9
63(1.3) gauss

This calculation shows that the
Ferroxcube 9F520 core is accept-
able as the core material because
the calculated value of flux density
does not exceed the saturation
value of this core, which is 4600
gauss. (Table XV shows typical
values of magnetic parameters for
commercial transformer-core ma-
terials.)

7. From the published data on
the RCA-2N3053 transistor, the
typical values of Vpg and Ip re-
quired for a peak primary current
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Table XV—Typical Values Of Magnetic Parameters For
Commercial Transformer-Core Materials.

Maximum Maximum
Material Permeability Flux Density
(tm) (Bn)—Gauss
Ferrite 1000-4000 2000—5000
Silicon Iron
(Grain-Oriented) 8500 10,000—15,000
Silicon Steel
(“Hi-Mu” Type) 30,000 15,000—20,000
Nickel-Iron Alloy 70,000 15,000—20,000

I, of 0.3 ampere are, respectively,
1.2 volts and 4.3 milliamperes. The
maximum values for these param-
eters are 2.3 volts (this value in-
cludes the drop across the diode
which must be used in series with
the base, as shown below) and 11
milliamperes, respectively.

If R, + Ryppy is assumed to
be 2 ohms, which is generally the
case, the required number of turns
for the base winding is calculated
from Eq. (209), as follows:

2 Np VBE(max)

Ng =
® Vin - IP (Rsat + RP + Rsupply)

_ _(63) 23) (2)

— = 34 turns
10 — (0.3) (12)

8. The following calculation is
used to determine the base-to-
emitter voltage of the transistor:

VBE = (NB/Np) VCB(max)
= (34/63) 60 = 32.5 volts

Because this value exceeds the
base-to-emitter breakdown-voltage
rating of the 2N3053, a diode must
be used in series with the base.

9. From Eq. (212), the required
value of the external base resist-
ance is calculated to be

Re = VeEmax/Is
= (2.3)/(11 X 1073) = 210 ohms

10. From Eq. (211), the re-
quired number of turns for the
secondary winding is calculated
to be

NS = Np (Vout)/[VCB(max)—Vin]
= 63(150)/(60— 12) = 200 turns

11. The calculation of the peak
secondary current and the peak
secondary voltage, from Eqgs.
(218) and (214), respectively,
vields the following results:

Is = Ip (Np/Ns)
= 300/3.1 = 0.097 ampere
Vs [VCB(max) - Vin] (NS/ND)

(60—12)(3.1) = 150 volts

12. The values obtained for i,
and V dictate that the diode se-
lected for use in the rectifier cir-
cuit must be capable of handling
a peak current of 0.097 ampere
and must have a peak-inverse-volt-
age rating of more than 150 volts.
The RCA-1N1763A silicon recti-
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fier has a maximum peak-inverse
rating of 400 volts and a maxi-
mum dec-forward-current rating
of 3.5 amperes and, therefore, ful-
fills these requirements.

13. The value of an output ca-
pacitor C,,; capable of storing the
energy required by the load and
delivering this energy to the load
during the conduction period t,,
at a substantially constant voltage
can be calculated from the follow-
ing relationship [Eq. (215)]:

Cout _>.. (10 ton Pout)/vout.2

From Step 5, the ratio of “ON”
time to total period of oscillation
was calculated as t,,/T = 0.78.
The period of oscillation T, how-
ever, is the reciprocal of the op-
erating frequency (f = 8 kHz).
The value of t,,, therefore, can be
determined as follows:

ton = (0.78/8) X 1073 — 97 X 10~

From the initial conditions, the
output power P, is 1 watt and
the output voltage V,, is 150
volts. The value of the output ca-
pacitor then is calculated to be

Cout > 10 (97 X 10-%)(1)

T TS [t

A RETMA standard value of 0.047
microfarad would be suitable.
15. From the peak currents in
the primary, secondary, and base
windings (the peak base current
i; is the maximum I; required
to produce the necessary value of
1,), the wire sizes based on the
conservative rating of 700 circular
mils per ampere are as follows:
Primary = No. 26 for I, of
0.300 ampere
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Secondary = No. 32 for Ig
of 0.097 ampere
Base = No. 36 for i
of 0.011 ampere
16. From Eq. (216), the opti-
mum ratio of primary-to-second-
ary winding space K is calculated
as follows:

K — 1
vV (Ns/Np)(Vin/Vour) + 1

—— 1 —
C V/BD2/150) + 1 09

The best coupling is achieved
when the winding order with re-
spect to the core is primary, base,
and secondary.

The design described could be
improved by use of a transformer
core having a cross-sectional area
greater than 1.8 square -centi-
meters. Because such a core would
permit the use of fewer turns on
the primary, base, and secondary
windings, and a larger window
area or winding space, it would be
possible to use wires of larger
sizes, and thus to achieve a sub-
stantial reduction in copper loss
with only a slight increase in core
losses because of the larger core.

Two-Transistor, One-Transfor-
mer Converter—Fig. 205 shows
a push-pull, transformer-coupled,
de-to-de converter that uses one
transformer and two transistors.
Fig. 206 shows the waveforms
obtained from this 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. 206. At the start of the
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Figure 205. Two-transistor, one-transformer push-pull switching converter.

conduction period for one transis-
tor, the flux density in the core is
at either its maximum negative
value (—Bg;) or its maximum
positive value (+B,).

For example, transistor A
switches “ON” at —B,,;. During
conduction of transistor A, the
flux density changes from its ini-
tial level of —B,,, and becomes
positive as energy is simultane-
ously stored in the inductance of
the transformer and supplied to
the load by the battery. When the
flux density reaches +B,, tran-
sistor A is switched “OFF” and
transistor B is switched “ON.”
The transformer ensures that en-
ergy 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 ap-
plied to saturate transistor A. As
a result, a substantially constant
voltage, waveform B in Fig. 206,
is impressed across the upper half
of the primary winding by the dc
source V;,. This bias voltage can
be a temporary bias, a small fixed
bias, or even a small forward bias

Figure 206. Typical operating waveforms
for a two-transistor, one-transformer switch-

ing converter: (A) flux density in trans-
former core; (B) collector voltage of one
transistor; (C) collector current of one tran-
sistor; (D) base voltage of one transistor;
(E) primary current; (F) secondary current.
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developed across the bias winding
as a result of leakage and satura-
tion current flowing in the trans-
former primary. The constant
primary voltage causes a dc com-
ponent and a linearly increasing
component of current, waveform
C in Fig. 206, to flow through
transistor A. As in the ringing-
choke converter, the linearly in-
creasing primary current induces
substantially constant voltages,
waveform D in Fig. 206, in the
base winding and secondary
winding. The induced voltage
in the base winding limits the
maximum value of the base cur-
rent and, therefore, of the col-
lector current.

In the push-pull transformer-
coupled converter, 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 collec-
tor current remains constant.
When the transformer core satu-
rates, however, the inductance de-
creases rapidly toward zero, with
the result that the time rate of
change of the collector current in-
creases 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 re-
peated.

DESIGN EQUATIONS: If it
is assumed that the full de supply
voltage is impressed across one-
half of the primary winding, the

- current flowing in the collector
circuit of the conducting transis-
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tor may be determined by means
of the following equation:

Lp (dIp/dt) = Viq (217)

where L, is the inductance of one-
half the primary winding in hen-
ries, dIp/dt is the rate of change
of primary current in amperes per
second, Ip is the magnitude of the
change in collector current dur-
ing one conduction interval, and
Vin is the dc supply voltage in
volts.

For the triangular current
waveform, waveform C in Fig.
206, the instantaneous rate of
change of current can be ap-
proximated as follows:

dIp/dt = 21p/0.5T = 4Ip/T = 4flp
(218)

where T is the total period of os-
cillation in seconds and f is the
operating frequency in hertz
 =1/T).

Eqs. (217) and (218) are com-
bined and terms are re-arranged
to obtain the following expression
for the peak value of the current
in the collector of the conducting
transistor:

Ip = Vin/4f Lp (219)

The average value of collector
current in the conducting transis-
tor is given by:

IAV = Pout/") Vin (220)
The maximum primary current
then can be expressed by the fol-
lowing equation:

Ip(many = Ip + Iy
= (Vin/4f Lr) + (Pout/n Vin)
(221)

The required inductance for
one-half of the primary is de-
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termined from the following re-
lationship:

Lp = (NpA¢/Ip) X 108 (222)

In the push-pull transformer-
coupled converter, however, the
swing on the B-H saturation
curve is symmetrical about the
origin. The residual flux density
0.../A, therefore, is zero, and the
maximum permissible magnetic
swing is determined as follows:

% = ¢max — d)res — ¢max
A A A A

= Bmax

(223)

The required inductance for one-
half of the primary may, there-
fore, be expressed in terms of the
maximum flux density B, as
shown in the following equation:

Lp = (NP Bmax A X 10—8)/iP (224)

where B, ,, is expressed in gauss.

If Eq. (219) is substituted into
Eq. (224), the following result
can be obtained:

Vin =4 l\IPf Bmax A X 10—8

(225)

Eq. (225) may be rewritten to ob-
tain the following expression for
the required number of turns in
the primary:

Nep = (Vin X 108)/4f Brax A (226)

Because no air gap is required,
the required inductance for one-
half the primary is given by

Lp= (47 Np?/10°) (usA/L)  (227)

To determine the required num-
ber of turns for each section of
the base winding, it is necessary
to know the maximum base-to-
emitter voltage Vgg(max) at
which the transistors provide the
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peak primary current 1. This volt-
age may be obtained from the pub-
lished data for the transistor type
used or from the transistor manu-
facturer. The number of turns
for each half of the base winding
is then expressed as follows:
Np = Np [2 VBE@maxn/Via]  (228)
The required number of turns
for each half of the secondary
winding is expressed as follows:

NS = (NP/Vin) (Vout + Rout Iout)
(229)

where R,,, is the resistance of
the secondary and reflected pri-
mary resistance. Because R, is
usually very small in transformer-
coupled converters, it can be
neglected in the initial calcula-
tions.

The value of the external base
resistance Ry; is found in the same
manner as for the ringing-choke
converter. If extreme flexibility of
operation is desired, a separate
external resistor may be used in
each base circuit.

In the push-pull transformer-
coupled circuit, the maximum al-
lowable dc input voltage V,, is
limited by the collector-to-base-
voltage rating for the transistor
type used. The maximum permis-
sible supply voltage V,, is given
by

Vinmax) < [VeBmax) — VBEwing]/2
(230)

where Vg (max) is the maximum
collector-to-base-voltage rating for
the transistor type used and
Vg (wind) is the induced voltage
in one-half of the base winding.
Eq. (230) is based on the assump-
tion that the leakage inductance
in the transformer is zero. In
practice, V;, should not be more
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than about 90 per cent of the value
given in Eq. (230).

The peak secondary current is
approximately equal to the dc load
current, i.e.,

IS = IR.L = Pout/vout (231)

and the peak secondary voltage is
given by

Vs = Via (Ns/Np) (232)

For good filtering of the output
voltage, the value of C,,; should
be chosen so that the output time
constant is at least 10 times the
period of the oscillator; i.e.,

Ry Cout = 10T = 10/f
or

Cout = 10/RL f

where the load: resistance Ry is
determined as follows:

(233)

Ry = (Vs/Is) (234)

The starting resistor R, is
chosen so that a voltage of 0.6
volt appears at the center tap of
the feedback winding when the
supply voltage is applied, i.e.,

Vin— 0.6
Re = (Yin =00} p
S < 0.6 ) i

Slightly higher starting voltages
may be required for operation at
low temperatures.

SAMPLE DESIGN : The design
data shown in Table XVI can be
used as the starting point in the
design of a practical single-trans-
former type of push-pull conver-
ter. For specified operating condi-
tions (application requirements),
the data in the table provide the
criteria used in the selection of
the converter transistors, give the
parameters of the transformer
core, and indicate the expected
circuit efficiency. When these de-

(235)
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sign data are used as the starting
point, a practical single-trans-
former push-pull converter can be
designed by proper application of
the design relationships derived
in the preceding section, as shown
by the following numerical ex-
ample.

In the example, it is assumed
that the converter circuit to be
designed is required to develop a
dec output voltage V,; of 110 volts
and a de power output P, of 100
watts from a dec input voltage of
13.6 volts. For these application
requirements, the data in Table
XVI indicate that the transistor
selected for use in the converter
should have a maximum satura-
tion resistance R,,, less than 0.5
ohm, a collector-to-base breakdown
voltage V. (max) greater than 45
volts, a minimum collector-current
rating I, of at least 15 amperes,
and a minimum dissipation rating
of 15 watts at a temperature of
55°C. The published data on the
RCA-40251 transistor indicate
that it would be suitable for use
in the converter circuit. This
transistor has a maximum satura-
tion resistance R.; of 0.2 ohm
[i.e,, Vepan = 1.5 volts at a col-
lector current of 8 amperes], a
collector-to-base breakdown volt-
age Vop(max) of 50 volts, a peak
collector current rating Iq. of
15 amperes, and a dissipation rat-
ing of 117 watts at a case tem-
perature of 25°C.

If a suitable operating fre-
quency for the converter is as-
sumed to be 3.5 kHz, Table XIV
indicates a ferrite-core type of
transformer should be used. From
Table XVI it is determined that
the core should have a cross-sec-
tional area A of 3 square centi-
meters and a magnetic path length
1; of 25 centimeters. On the basis
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Table XVI—Design Data For Push-Pull, Transformer-Coupled

DC-To-DC Converters.

APPLICATION TRANSISTOR TRANSFORMER-CORE CIRCUIT
REQUIREMENTS REQUIREMENTS PARAMETERS EFFICIENCY
Max. DC Max. Min. Min. Min. Area Length Factor

Pout  Vout Vin Rsat Vcs(max) I(‘(nk) Pp* A I »

B N @ W W W em) (em
250 612 230 05 01

250 1220 I 04 oors 04 2510 085
400 1218 15 45 2 1

U TP 3 & 1 o5 055 2510 0.5
100 1218 1 45 5 3

B 60 1828 2 60 3 15 19 515 0.8
2% 818 05 45 12 10

5 50 1828 08 60 8 5 275 1520 0.85
800 2838 1 8 5 2
200 1218 05 45 18 15

00 600 1828 05 60 10 10 312 1025 0.85
80 2838 05 8 75 5
00 1224 02 60 20 25

200 600 243 02 8 15 15 515 1535 038
800 3648 05 100 10 10 752 075

*Case or Flange Temperature = 55°C.

of these data, a core such as the
Allen-Bradley T3000 H106B (or
equivalent) should be used. This
core is a toroid of Allen-Bradley
RO-3 ferrite material (or equiva-
lent) ; it has a flux density B,
of 4000 gauss and a permeability
i of 3500. (Because the trans-
former core must be operated in
the saturation region, an air gap
1, is not normally required.) The
expected circuit efficiency 7,
given in Table XVI, is 85 per cent.

After the transistor type to be
used, the magnetic-core parame-
ters, and the expected circuit
efficiency have been determined,
the following step-by-step proce-
dure results in the design of a
practical converter circuit.

1. From Eq. (230), the maxi-
mum permissible value of sup-
ply voltage V;, is calculated as

Vin < 0.9 [VCB(max) —2' VBE(max)]

_ 0.9 (50—3.5)
2

= 21 volts

0 20-40

The desired supply voltage of 13.6
volts is substantially less than this
maximum permissible value.

2. From Eq. (226), the re-
quired number of turns for each
half of the primary is calculated
as

Np = (Vin 108)/4fAB(snt)
_ (13.6) (10%)
135)(10)3) @) (10)

= 8 turns

The total number of primary
turns, therefore, is given by

2 N, = 2(8) = 16 turns
3. The required inductance for

one half of the primary is deter-
mined from Eq. (218) as follows:

L, = (47 N,%/10°) (A /L)
_ [41r (64)] [(3500) (3)]
L0 25
= 0.335 mH

4. From Eq. (221), the maxi-
mum primary current is deter-
mined as follows:
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Ip = (Vin/4pr) + (Po/'fl Vin)
_ 13.6
(4)(3.5)(10%)(0.335)(1073)

+ 100 11.5 amperes

(13.6)(485)

5. The published data on the
RCA-40251 give the maximum
values of base-to-emitter voltage
Ve and base current I; as fol-
lows:

VBEmax = 2.5 volts

IB(maxy = 0.8 ampere

6. From Eq. (228), the required
number of turns for each section
of the base winding then may be
determined from the following
calculation:

Ng = Np [._2 VBVE:(mﬂX)]

8 (2.5)2
13.6

= 4.1 turns

7. The required value for the
external base resistance Ry is
equal to Vgpg(max)/I; where
Vig(max) and I; are the values
required to obtain a primary cur-
rent I, of 11.5 amperes for the
40251 transistor. The resistance
Ry, therefore, is calculated as fol-
lows:

Rp = 2.5/0.8 = 3 ohms
8. From Eq. (229), the required

number of turns for each half of

a center-tapped secondary wind-
ing or the total number of turns
for an untapped secondary wind-
ing is given by

N; = Np (Vout/Vin) = 8(110)/13.6
= 66 turns
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9. From Eqs. (231) and (232),
the peak secondary current I, and
the peak secondary voltage V,
are calculated as follows:

is = IRL = Pout/Vout = 100/110
= 0.9 ampere

Vo = Vin (No/N,) = (13.6)(66)/(8)
= 110 volts

The load resistance Ry, is then cal-
culated to be

Ry = 110/0.9 = 125 ohms

10. On the basis of the values
calculated for the peak secondary
current and voltage, the RCA-
1N1202A diffused-junction silicon
rectifier is determined to be suit-
able for the rectifier diodes. For
a single-phase, full-wave rectifier
circuit that does not use a center-
tapped secondary winding, four
of these rectifiers are required.

From Eq. (233), a suitable
value for the output capacitor
Cout is calculated as follows:

Cout = 10/Ry, f
- 10 _
(125)(3.5) (10%)
11. The value of the starting

resistor R, is determined from Eq.
(234) to be

_ (136 — 0.6)@3)
0.6

2.3 uF

R, = 65 ohms

Fig. 207 shows the circuit sche-
matic and Fig. 208 shows the per-
formance curves for the 13.6-to-
110-volt converter.

Two-Transistor, Two-Trans-
former Converter—There are
three basic disadvantages asso-
ciated with the two-transistor,
one-transformer inverter. First,
the peak collector current is inde-
pendent of the load. This current,
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Figure 207. Schematic diagram of 13.6-to-
110-volt transformer-coupled push-pull

converter.
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Figure 208. Output voltage and efficiency
as a function of power output for the
converter circuit shown in Fig. 207.
therefore, depends on the available
base voltage, the gain of the tran-
sistor, and the input character-
istic of the transistor. Second,
because of the dependence of the
peak current on transistor char-
acteristics, the circuit perform-
ance depends on the particular
transistor used because there is
a wide spread in transistor char-
acteristics. Third, the trans-
former, which is relatively large,
must use expensive square-loop
material and must have a high
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value of flux density at saturation.
These disadvantages can be over-
come by the use of two trans-
formers in various circuit ar-
rangements, such as that shown
in Fig. 209.

In this type of circuit, a satur-
able base-drive transformer T,
controls the inverter switching
operation at base-circuit power
levels. The linearly operating out-
put transformer transfers the out-
put power to the load. Because
the output transformer T, is not
allowed to saturate, the peak col-
lector current of each transistor
is determined principally by the
value of the load impedance. This
feature provides high circuit effi-
ciency. The operation of the in-
verter circuit is-described as fol-
lows:

It is assumed that, because of
a small unbalance in the circuit,
one of the transistors, Q; for ex-
ample, initially conducts more
heavily than the other. The re-
sulting increase in the voltage
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Figure 209. Two-transistor, two-transformer
push-pull switching converter.
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across the primary of output
transformer T, is applied to the
~ primary of base-drive transformer
T, in series with the feedback re-
sistor Rg,. The secondary wind-
ings of transformer T, are ar-
ranged so that transistor Q; is
driven to saturation. As trans-
former T; saturates, the rapidly
increasing primary current causes
a greater voltage drop across feed-
back resistor Ry,. This increased
voltage reduces the voltage ap-
plied to the primary of trans-
former T,; thus, the drive input
and ultimately the collector cur-

rent of transistor Q, are de-
- creased.
In the circuit arrangement

shown in Fig. 209, the base is
driven hard compared to the ex-
pected peak collector current
(forced beta of ten, for example).
If the storage time of the tran-
sistor 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. 209, the storage time could
conceivably be quite long because
there is no turn-off bias (the
drive voltage only decreases to
zero) for Q, until the collector
current of Q, begins to decrease.

Two methods of overcoming
this problem by decreasing the
storage time are shown in Fig.
210. In Fig. 210(a), a capacitor
is placed in parallel with each base
resistor R;,. When V. is positive,
the capacitor charges with the
polarity shown. When V decreases
to zero, this capacitor provides
turn-off current for the transis-
tor. In Fig. 210(b), a feedback
winding from the output trans-
former is placed in series with
each base. The base-to-emitter
voltage V;; is then expressed as
follows :
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Ve = Vs~ Vi, — Vp (236)
If Vg decreases to zero and the
collector current does not begin
to decrease, then the base-to-
emitter voltage is expressed sim-

ply by

Vg = Vi, — Vo (237)
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 in-
verter-circuit switching to be ac-
complished without any possibility
of a “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 variations that
may cause slight overloading of
the circuit. Under such conditions,
the base power decreases; how-
ever, 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 in-
creases. Although this increase
results in a greater transient dis-
sipation, 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 oscilla-
tion.
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Figure 210. Two-transistor,
transistor-storage times are reduced:

§

two-transformer push-pull switching converters in which
(a) Capacitor_in parallel with each base resistor

assures sharp turn-off of associated transistor; (b) Feedback winding from output trans-
former in series with base of each transistor assures sharp cutoff characteristics.

DESIGN EQUATIONS AND
PROCEDURE: The design of a
high-speed two-transistor, two-
transformer converter is based on
the available supply voltage, the
required output voltage and
power, and the range of ambient
temperature over which the con-
verter is required to operate.
Moreover, the converter specifica-
tions usually provide additional
preliminary design information
such as size and weight limita-
tions, operating frequency, and

stability requirements for the op-
erating frequency.

The first step in the design of
a practical converter is the selec-
tion of the transistors to be used
in the circuit. After suitable tran-
sistors have been chosen on the
basis of the pre-established cri-
teria, a value for the maximum
case temperature T is deter-
mined, and the transistor parame-
ters given in the manufacturer’s
data for this value are then used
in the following step-by-step pro-
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cedure to design the converter
circuit:
1. The power input to the out-

put transformer T, (P, is
computed as follows:
P,out = Pout/”l2 (238)

where P, is the required output
power of the inverter circuit and
7. is the transformer efficiency (a
transformer efficiency of 90 to 95
per cent is usually assumed).

2. An estimate of the transistor
collecto