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FOREWORD
TO THE FIFTEENTH ANNIVERSARY EDITION OF THE SCR MANUAL

Publication of this 5th Edition marks fifteen years since General
Electric introduced the first commercial SCR. Though still a teenager,
the SCR has grown to be the most prominent semiconductor device for
static power conversion and control.

The fast-growing success of the SCR is paralleled by the growth
of the General Electric SCR Manual. First published as an application
note in 1958, the General Electric SCR Manual has been periodically
revised, maintaining the basic theme of a practical, rather than theo-
retical, circuit and application guide for design engineers, students,
teachers, and experimenters. This Edition is written by a group of
engineers who, figuratively, live in the solid state power conversion
arena. They are in constant touch with equipment designers and, as
such, are exposed to the varied circuit problems and decisions peculiar
to the application of power semiconductor devices. These authors have
gained their insight and experience by contributing to literally thou-
sands of successful design projects involving thyristors in addition to
drawing on the experience and work of their predecessors.

The previous Edition has been completely reviewed in detail.
Much that is new has been added, reflecting the polish that SCR appli-
cations have acquired in the past five years. These changes do not stand
out as new chapters, rather, each chapter has had the additional or
revised information blended in with that which remains current and
valid. For those of you who have used previous editions the format
remains intact to maintain any familiarity you may have developed.

The dual trends of increasing performance in military and indus-
trial SCR’s on the one hand and the shift to fabrication techniques
which lend themselves to very high volume production of consumer and
light industrial SCR’s on the other hand are evident in the revisions to
this manual. Considerably more detail is included on the parameters of
SCR’s along with application tips for the high performance SCR’s.
Information showing the designer how to approach optimum utilization
of high volume, plastic encapsulated SCR’s is also provided. Still, over-
all, considerable effort has been spent in keeping the SCR Manual con-
cise and general in nature. For those desiring in-depth treatment of
highly specialized subjects, we refer them to the comprehensive appli-
cation notes listed on page ??.

I sincerely hope that you will find this new Manual useful and

informative.
Wiﬁ?’/'

H. D. Culley

General Manager
Semiconductor Products Department
Syracuse, New York
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Introduction

INTRODUCTION

We have not changed the SCR Manual for the sake of change.
Rather we have folded into the fourth edition answers to questions
which you, the equipment designers have been asking for the past few
years. We have certainly included the device and circuit innovations of
these past years. Finally, we have continued our past policy of present-
ing information in as clear, concise and uncomplicated a fashion as
possible.

HOW TO LEARN ABOUT THE SCR

If you, the reader, are already familiar with the SCR and wish
guidance in the design of practical applications, this Manual is ideal
for your needs. If you wish more detailed information on a specialized
subject, consider the references listed at the end of each chapter, as
well as the comprehensive list of General Electric application notes
(p.658) which are available on request.

If you wish to explore thyristors in a more analytical sense, either
as a semiconductor or as a circuit element, we refer you to “Semicon-
ductor Controlled Rectifiers . . . Principles and Applications of p-n-p-n
Devices,” a book published by Prentice-Hall, Englewood Cliffs, New
Jersey.

If you have heard of the SCR but would like to start from scratch
in learning how it can help you, we suggest that you obtain a copy of
the General Electric “Electronics Experimenters’ Circuit Manual.” This
manual describes some 40 ingenious circuits and projects useful in
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teaching the fundamentals of electronics while constructing projects
having lasting value in the automobile, home, workshop and campsite.
This book was written by our application engineers on the assumption
that the reader, although learned in his own field of competence, is
new to the SCR and other semiconductors as well.

If you are really impatient to see how a basic thyristor circuit can
work with your equipment load, or if you have no facilities to assemble
vour own circuit from electronic components, you may wish to experi-
ment with one of several standard assemblies available from your G-E
distributor. A typical standard triac variable voltage control is shown
below. They are described further in Chapter 7.

A BRIEF DESCRIPTION OF THE SCR

The SCR is senior and most influential member of the thyristor
family of semiconductor components. Younger members of the thyris-
tor family share the latching (regenerative) characteristics of the SCR.
They include the triac, bidirectional diode switch, the silicon controlled
switch (SCS), the silicon unilateral and bilateral switches (SUS, SBS),
and light activated devices like the LASCR and LASCS. Most recent
additions to the thyristor family are the complementary SCR, the
programmable unijunction transistor (PUT) and the “assymmetrical
trigger.”

Let’s go back to the head of the family after whom this Manual
was named. The SCR is a semiconductor . . . a rectifier . . . a static
latching switch . . . capable of operating in microseconds . . . and a
sensitive amplifier. It isn’t an overgrown transistor, since it has far
greater power capabilities, both voltage and current, under both con-
tinuous and surge conditions, and can control far more watts per dollar.

Vi
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As a silicon semiconductor—the SCR is compact, static, capable of
being hermetically sealed, or passivated, silent in operation and free
from the effects of vibration and shock. A properly designed and fabri-
cated SCR has no inherent failure mechanism. When properly chosen
and protected, it should have virtually limitless operating life even in
harsh atmospheres. Thus countless billions of operations can be
expected, even in explosive and corrosive environments,

As a rectifier—the SCR will conduct current in only one direction.
But this serves as an advantage when the load requires DC, for here
the SCR serves both to control and rectify—as in a regulated battery
charger.

As a latching switch—the SCR is an ON-OFF switch, unlike the
vacuum tube and transistor which are basically variable resistances
(even though they too can be used as on-off switches). The SCR can
be turned on by a momentary application of control current to the gate
(a pulse as short as a fraction of a microsecond will do), while tubes or
transistors (and the basic relay) require a continuous ON signal. In
short the SCR latches into conduction, providing an inherent memory
useful for many functions. The SCR can be tutned ON in about one
microsecond, and OFF in 10 to 20 microseconds; further improvements
in switching speed are being made all along.

Just as a switch or relay contact is commonly rated in terms of
the current it can safely carry and interrupt, as well as the voltage at
which it is capable of operating, the SCR is rated in terms of peak
voltage and forward current. General Electric offers a complete family
of SCR’s with current carrying capacities from %3 amp to 1600 amps
RMS, and up to 2600 volts at this writing. Higher voltage and current
loads are readily handled by series and parallel connection of SCR’s.

As an amplifier—the smallest General Electric SCR’s can be
latched into conduction with control signals of only a few microwatts
and a few microseconds duration. These SCR’s are capable of switching
100’s of watts. The resulting control power gain of over 10 million
makes the small SCR one of the most sensitive control devices avail-
able. With a low cost unijunction transistor firing circuit driving the
larger SCR’s, stable turn-on control power gains of many billions are
completely practical. This extraordinary control gain makes possible
inexpensive control circuits using very low level signals, such as pro-
duced by thermistors, cadmium sulfide light sensitive resistors, and
other transducers.

Most of the foregoing list of assets of the SCR apply equally well
to the other members of the thyristor family as you will see in this
Manual. Meanwhile the shortcomings and limitations of thyristors
become less significant as the years pass. Newly introduced high voltage
and bidirectional types lift the transient and operating voltage barriers.
High speed thyristors allow operation at ultrasonic frequencies and
under severe dynamic conditions, and lower semiconductor costs per-
mit use of higher current rated thyristors instead of critically designed
and expensive overcurrent protection systems.

vil
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Best of -all, SCR’s and thyristors for every type of application . . .
industrial, military, aerospace, commercial, consumer ... are more
economical than ever. Best indication of this is the rapidly increasing
tempo of applications of the new plastic-encapsulated thyristors in high
volume consumer applications where every penny is critical.

Here are just some of the conventional types of controls and ele-
ments that thyristors are busy replacing and improving upon:

Thyratrons

Relays

Magnetic Amplifiers
Ignitrons

M-G Sets

Rheostats

Power Transistors

Motor Starters

Transformers

Limit Switches

Constant Voltage Transformers
Saturable Reactors
Contactors

Variable Autotransformers
Fuses

Timers

Vacuum Tubes

Thermostats :
Mechanical Speed Changers
Centrifugal Switches
Ignition Points

Welcome to the exciting world of the thyristor family, its circuits
and applications. Please bear in mind that the material in this Manual
is intended only as a general guide to circuit approaches. It is not all-
encompassing. However, our years of experience in offering applica-
tion help have shown that, given some basic starting points like those
in this Manual, you the circuit designer inevitably come up with the
best, and often unique, approach for your particular problems.

We, in particular, would like to direct your attention to Chapter
20, “Selecting the Proper Thyristor and Checking the Completed Cir-
cuit Design.” Here, we have tried to pull together a roadmap of the
route to successful design with thyristors avoiding the pitfalls we, and
others, have learned the hard way.

You will find the “Application Index” on pages871 a useful guide
in starting the search for the ideal circuit for your application. The list
of Application Notes starting on page 674 will also provide specialized
help beyond the detail of this Manual.
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CONSTRUCTION AND BASIC THEORY OF OPERATION

CONSTRUCTION AND BASIC THEORY OF OPERATION

1.1 WHAT IS A THYRISTOR?

The name thyristor! defines any semiconductor switch whose
bistable action depends on p-n-p-n regenerative feedback, Thyristors
can be two, three, or four terminal devices, and both unidirectional
and bi-directional devices are available.

1.2 CLASSIFICATIONS OF THYRISTORS

The silicon controlled rectifier (SCR) is by far the best known of
all thyristor devices. Because it is a unidirectional device (current flows
from anode to cathode only) and has three terminals (anode, cathode
and control gate), the SCR is classified as a reverse blocking triode
thyristor. Other members of the reverse blocking triode thyristor family
include the silicon unilateral switch (SUS), the light activated silicon
controlled rectifier (LASCR), the complementary SCR (CSCR), the gate
turn-off switch (GTO), and the programmable unijunction transistor
(PUT). The silicon controlled switch (SCS) is a reverse blocking tetrode
thyristor (it has two control gates), while the Shockley diode is a
reverse blocking diode thyristor. Bidirectional thyristors are classified
as p-n-p-n devices that can conduct current in either direction; com-
mercially available bidirectional triode thyristors include the triac (for
triode AC switch), and the silicon bilateral switch (SBS).

1.3 TWO TRANSISTOR ANALOGY OF p-n-p-n OPERATION?

A simple p-n-p-n structure, like the conventional SCR, can best
be visualized as consisting of two transistors, a p-n-p and an n-p-n inter-
connected to form a regenerative feedback pair as shown in Figure 1.1,

CATHODE

FIGURE 1.1 TWO TRANSISTOR ANALOGUE OF P-N-P-N STRUCTURES
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From this figure, it is evident that the collector of the n-p-n transistor
(along with possible n-gate drive) prov1des base drive for the p-n-p
transistor.

Ig; = I + Igm (1.1)

Similarly, the collector of the p-n-p transistor along with any p-gate
current (I p)) supplies the base drive for the n-p-n transistor.

Ipe = Icy + Igpy (1.2)

Thus, a regenerative situation exists when the positive feedback gain
exceeds one.

—

N
Ig i Ic=aIg + Icgo

“T~¢c

———

{ Ig= (I-a) Ig-Icpo

FIGURE 1.2 COMMON BASE CURRENT RELATIONSHIPS

The p-n-p-n structure may be analyzed in terms of its common
base current gains (o, and «,) and the avalanche multiplication coeffi-
cients of holes and electrons, M, and M, respectively. From 1.2, the
base current for the n-p-n transistor is seen to be:

Ips = Ix (1— on M,) — Ipoge) (1.3)

where Igpo(g) is the collector-to-base leakage current of transistor Q..
However, the collector current of the p-n-p is:

It = ap Mp I + Igpoqy (1.4)
But since
Ips = It + Ig(p) (1.5)

Iy + Iap = Ix + Igm (1.6)
Equations 1.3 to 1.6 can be solved for ’

o M Igp) + Igm (1 — ap My) + Icpony + Iomoc2)
1—o,M, —ay M,

Call “a, M, + a, M,,” the loop gain G.

.7

IA:

With proper bias applied (positive anode to cathode voltage) and
in the absence of any gate signal, M;, and M,, are approximately unity
and the transistor alphas are both low. The denominator of Equation
1.7 approaches one, and 1, is little higher than the sum of the indi-
vidual transistor leakage currents. Under these conditions the p-n-p-n
structure is said to be in its forward blocking or high impedance “off”
state. The switch to the low impedance “on” state is initiated simply
by ralsmg the loop gain to unity. Inspectlon of Equation 1 7 shows that

unity and the circuit starts to regenerate, each transistor drives its mate

2
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into saturation. Once in saturation, all junctions assume a forward bias,
and total potential drop across the device approximates that of a single
p-n junction. Anode current is limited only by the external circuit.

4

WW--------—-—————

o >

Ig

FIGURE 1.3 EMITTER CURRENT DEPENDENCE OF o IN A SILICON TRANSISTOR

The loop gain G can approach one (1) either by an increase in
M, or M, with increasing voltage or with an increase in the alphas
with either voltage or current. In most silicon transistors, « is quite
low at low emitter currents, but increases fairly rapidly as emitter cur-
rent is increased. This effect (Figure 1.3) is due to the presence in the
silicon of special impurity centers. Any mechanism which causes a
temporary increase in transistor emitter current is therefore potentially
capable of turning on a p-n-p-n device. The most important of these
mechanisms are:

1. Voltage. As the collector-to-emitter voltage of a transistor is
increased, eventually a point is reached where the energy of the (leak-
age) current carriers arriving at the collector junction is sufficient to
dislodge additional carriers. These carriers in turn dislodge more car-
riers, and the whole junction goes into a form of avalanche breakdown
characterized by a sharp increase in collector current. In a p-n-p-n
device, when the avalanche current makes G — 1, switching takes
place. This is the turn-on mechanism normally employed to switch four
layer diodes into conduction.

2. Rate of change of voltage. Any p-n junction has capacitance —
the larger the junction area, the larger the capacitance. Figure 1.2
shows the collector-to-base capacitance dotted in. If a step function of
voltage is impressed suddenly across the collector-to-emitter terminals
of the transistor, a charging current i will flow from the emitter-to-
collector to charge the device capacitance

i=Cdv/dt (1.8)

In Figure 1.1, the charging current flowing in the p-n-p represents
base current for the n-p-n so that G can rapidly approach 1, switching
on the device.

3. Temperature, At high temperatures, leakage current in a re-
verse biased silicon p-n junction doubles approximately with every 8°C
increase in junction temperature. When the temperature generated
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leakage current in a p-n-p-n structure has risen sufficiently for G — 1,
switching occurs.

4. Transistor Action. Collector current is increased in conven-
tional transistor manner by temporarily injecting additional (“gate”
current carriers into a transistor base region. This is the machanism
normally employed to turn-on SCR’s and other p-n-p-n devices which
have an external connection (“gate” lead) to one or more of the tran-
sistor bases.

By convention, SCR’s that are turned on by injecting current into
the lower p-base (via an external connection to this base) are called
“conventional” SCR’s, while those that withdraw current from the upper
n-base are called “complementary” SCR’s. The four-terminal silicon
controlled switch (SCS) has connections made to both bases and either
or both bases may be used to initiate switching. More external gate
current is required to trigger a p-n-p-n device via the n-gate rather
than the p-gate for two reasons:

a) The upper n-base region is of high resistivity silicon (the upper

p-n junction supports the major part of any applied reverse
voltage) so that ), is very small.

b) From Figure 1.1, n-base drive necessarily removes current from

the loop and therefore reduces G.

5. Radiant energy (“light”). Incident radiant energy within the
spectral bandwidth of silicon impinging on and penetrating into the
silicon lattice releases considerable numbers of hole electron pairs. When
the resultant device leakage current climbs above the critical level for
G — 1, triggering will ensue. This triggering mechanism makes pos-
sible the light activated SCR. In these devices a translucent “window”
is provided in the device encapsulation in order that “light” may reach
the silicon pellet. The LASCR, because it is provided with a gate
lead, may be triggered either by light or by electrical gate current.
Chapter 14 is devoted to light activated thyristors.

1.4 REVERSE BLOCKING THYRISTOR (SCR) TURN-OFF MECHANISM

When a reverse blocking thyristor is in the conducting state, each
of the three junctions of Figure 1.4 are in a condition of forward bias
and the two base regions (Bp, By) are heavily saturated with holes and
electrons (stored charge).

Ep By Bp Ey
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FIGURE 1.4 THYRISTOR BIASED IN CONDUCTING STATE (GATE OPEN CIRCUITED)
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To turn-off the thyristor in a minimum time, it is necessary to
apply a reverse voltage. When this reverse voltage is applied the holes
and electrons in the vicinity of the two end junctions (J;, J3) will diffuse
to these junctions and result in a reverse current in the external circuit.
The voltage across the thyristor will remain at about +0.7 volts as long
as an appreciable reverse current flows. After the holes and electrons in
the vicinity of J; and J; have been removed, the reverse current will
cease and the junctions J; and J3; will assume a blocking state. The
reverse voltage across the thyristor will then increase to a value deter-
mined by the external circuit. Recovery of the device is not complete,
however, since a high concentration of holes and electrons still exists
in the vicinity of the center junction (J,). This concentration decreases
by the process of recombination in a manner which is largely inde-
pendent of the external bias conditions. After the hole and electron
concentration at |, has decreased to a low value, J, will regain its block-
ing state and a forward voltage (less than V 5q,) may be applied to the
thyristor without causing it to turn-on. The time that elapses after the
cessation of forward current flow and before forward voltage may safely
be reapplied is called the thyristor “turn-off time,” t, and can range
from several microseconds to as high as several hundred microseconds
depending upon the design and construction of the particular thyristor.

1.5 IMPROVEMENTS FOR DYNAMIC SCR OPERATION

Ever since its introduction, circuit design engineers have been
subjecting the SCR to increasing levels of operating stress and demand-
ing that these devices perform satisfactorily there. Different stress
demands that the SCR must be able to meet are: ,

1) Higher blocking voltages

2) More current carrying capability
3) Higher di/dt’s

4) Higher dv/dt’s

5) Shorter turn-off times

6) Lower gate drive

7) Higher operating frequencies

There are many different SCR’s available today, which can meet one
or more of these requirements. But as always, an improvement in one
characteristic is usually only gained at the expense of another. It is
constructive to consider five device attributes which in combination
determine the thyristor’s current rating and switching capability.

1. Voltage. There are four methods to increase the voltage rating
— surface contouring, increasing the B, base width and/or its resistivity,
and/or its lifetime.

a) Surface contouring or beveling allows higher voltage operation
by reducing the electric fields at the surface of the silicon pel-
let. It is the most advantageous since it achieves this with no
other sacrifice in SCR operation except for a slight current
derating due to decreased emitter area. Beveling techniques
generally are used only on premium-type industrial devices,

5
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requirement that the pellet be round for maximum beveling
effectiveness can be justified. Consumer type devices whose
pellets generally are “scribed” into square or rectangular shapes
for lowest cost are generally not beveled. Beveling effectiveness
here is destroyed by field concentration effects at the pellet
corners. ) '
The most obvious way to increase the voltage rating is to
increase the base width B, (see Section 1.4) or its resistivity.
However, these actions will also increase the “on-state” voltage
drop so that the allowable current decreases. High frequency
performance is degraded because the di/dt rating goes down
and turn-off time increases due to increased stored charge in
this base.

A more subtle way is to increase the minority carrier lifetime
in B,. This decreases the thermally generated leakage current
in the depletion region (Igpo). Additional benefits are lower
“on-state” voltage and better di/dt rating. Of course, turn-off
time will also increase and dv/dt withstand capability decreases
(see also Section 5 below, Turn-Off Time).

Current. The allowable current through a device depends pri-

marily upon the “on-state” voltage. Any variable that decreases this
voltage drop (and hence, internal power dissipation), will raise the cur-
rent limit. Favorable effects are larger pellets, smaller B, base w1dth
higher lifetimes, and lower silicon resistivity.

3.

di/dt. The problem of di/dt failures is well recognized today

Essentially the SCR is trying to conduct too much current through too
small a pellet area during the initial turn-on and the resultant, localized
junction temperature rise burns it out. The obvious answer is to have
the SCR turn on more area initially and this is precisely the objective
of the newer gate structures discussed below.

a)

Conventional Side Gate or Point Gate (Figure 1.5(a)). This is
inherently the simplest gate structure and provides adequate
performance for low di/dt applications. The area initially
turned on is quite small and depends upon the amplitude of
the gating signal. All of the early SCR’s had a point contact
gate and it is still the most common gate amongst the consumer
and light industrial SCR’s.

Conventional Center Gate (Figure 1.5(b)). Same as the con-
ventional side gate except the di/dt ratings are generally higher
due to the fact that a small circle rather than a point is turned
on. Di/dt capability is still quite a strong function of gate drive.
Field Initiated (F.1.) Gate (Figure 1.5(c)). This gate structure
is designed to turn on a definite length of SCR emitter periph-
ery even with soft gate drive. The F.I. gate is a double switch-
ing type gate. That is, from an equivalent circuit view, it
behaves as a main SCR triggered by a small pilot SCR. A
portion of the anode current of the pilot SCR becomes the
gate drive to the main: By this technique, only a small amount
of gate drive is required to initiate conduction in the pilot por-
tion of the SCR. With this type of structure, delay time is a
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FIGURE 1.5(a) CONVENTIONAL SIDE GATE SCR

FIGURE 1.5(b) CONVENTIONAL GATE SCR

+ -
W t=r N W tt=—x
4 —7AM444 P G 4 740444 P 6
LRI BRI
N — N

FIGURE 1.5(c) F-1 GATE SCR
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FIGURE 1.5(d) N+ GATE SCR
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FIGURE 1.5(f) THE INTERDIGITATED AMPLIFYING GATE STRUCTURE IS SHOWN ON THE
LEFT COMPARED TO THE CIRCULAR AMPLIFYING GATE

strong function of gate drive. Even though high di/dt is
achieved with soft drive, the circuit designer may be forced to
provide a stiff gate drive to achieve relatively short delay time.

d) N+ Gate (Figure 1.5(d)). This gate structure is designed to

]
~

turn-on a definite length of line, but not with soft gate drive;
here a stiff drive is required. However, with this structure a
consistently short delay time is achieved. This enhanced param-
eter along with others makes SCR’s fabricated with the N+
gate ideal for applications requiring series and/or parallel
operation of SCR’s.

Amplifying Gate (Figure 1.5(e)). The principals involved in
the amplifying gate are quite similar to those employed in the
F.I structure. That is, double switching is employed but opti-
mized to the point where the main SCR portion switches imme-
diately after conduction is initiated in the pilot portion of the
device. The anode current of the pilot portion of the device
causes rapid turn-on of a significant portion of the main current-
carrying portion of the device. The three most important criteria
to building an optimized amplifying gate SCR are:

1. Complete turn-on of the emitter periphery of the main
current-carrying area to insure low switching loss density.

2. Instantaneous turn-on of the main current-carrying area
after turn-on of the pilot area.

3. Complete turn-on of the pilot portion of the device.

The design of the amplifying gate structure optimizes these
three criteria. To initiate turn-on, only a relatively small amount
of conventional gate current is required due to the pilot SCR
action — thus the term “amplifying.” Schematically, the ampli-
fying gate SCR looks like a main power handling SCR triggered
by a small “pilot” SCR. The area of immediate turn-on is size-
able as shown on the plan-view of the pellet structure as shown
in Figure 1.5(e). '
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f) Distributed Amplifying Gate (Figure 1.5(f)). Although it is
possible to turn on a ring around the amplifying gate as pre-
viously described, a finite spreading velocity requires a finite

period of time before conduction moves out from the periphery
of the amplifying gate to cause the entire annular portion of
the thyristor to be “on.” Depending on the designed voltage
and speed characteristics of a thyristor, the spreading velocity
can range anywhere from 3000 to 8000 cm/second.? This rep-
resents spreading times of 50 useconds for a 110 ampere device
to better than 300 useconds for a 550 ampere device. One can
appreciate that for narrow pulses (less than the above times)
something less than the entire pellet is in conduction and wide
pulse current capability cannot be realized.

The solution employed to extend the amplifying gate
principle to thyristors designed for narrow pulse application is
interdigitation. Figure 1.5(f) shows the extension of the ampli-
fying gate technology to include interdigitation. The fingers
extending out into the cathode area increase the gate periphery
from something a little better than 2 cm to about 33 centi-
meters. The distance now which spreading must traverse is
much reduced so that total turn-on occurs in something on the
order of 10 to 30 useconds. Of course the region for conduction
is much reduced with interdigitation but “who cares?”; you
wouldn’t use any more for narrow pulses and you wouldn’t use
an interdigitated device for wide pulses. The previously men-
tioned non-interdigitated devices are much superior for wide
pulse applications.

4. dv/dt. It was mentioned in Section 1.3 that a rapidly rising
voltage waveform could switch on an SCR. Since this can lead to spuri-
ous operation, SCR’s to be used in circuits with high dv/dt’s should be
of the “shorted emitter” construction with its intrinsic high dv/dt with-
stand capability.?

Figure 1.6 shows a “shorted emitter” thyristor structure. Exter-
nally applied gate current Ig flows from gate to cathode laterally
through the gate p-region. The voltage drop developed across the lateral
base resistance of p forward biases the right hand edge of the cathode
junction. If gate current is sufficiently large, electrons are injected from
this point, and the device turns on in normal p-n-p-n fashion when
regeneration begins.

" sHorTep" __ CATHODE GATE :& Rg
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FIGURE 1.6 SHORTED EMITTER STRUCTURE
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The effect of the partial gate to cathode short is the same as plac-
ing a resistor in paraliel with the gate cathode junction of a conven-
tional non-shorted emitter device.?2 This resistor (Rg in Figure 1.6)
diverts some of the thyristor’s thermally generated leakage current
and/or dv/dt induced capacitive charging current around the gate-cath-
ode junction, by providing an alternative lower impedance path to the
cathode. Regeneration is reduced and a shorted emitter thyristor has,
as a result, superior high temperature characteristics and dv/dt capa-
bility. Emitter shorts reduce the emitter area that can conduct principle
current and also interfere with the turn-on of the device, thereby
reducing di/dt.5

5. Turn-off Time (t,). Section 1.4 pointed out that the stored
minority charge in the B, base must decay to zero by recombination
before forward voltage may be applied to the SCR without its turning
on. This recombination effect can be represented by the simple formula

dp, _ _Pn
dt recomb =~ 7, : (1.9)

where p,, is the excess minority charge (holes in this case) and 7, is the

lifetime of holes in the B, base. Representative values of =, range from

0.1 to 1000 pseconds and depend upon purity, structure and doping of

- the silicon. High frequency operation requires short turn-off times so
that r, must be made small. The usual way is by gold doping, i.e. the

* introduction of gold impurities into B, which act as additional recom-
bination centers. However, as mentioned before, as 7, goes down, so
does the voltage and current ratings. a;, also is reduced so that more
gate drive may be required as well.

6. Gate Current. In designing thyristors for high frequency appli-
cations, almost all of the structure changes which are introduced tend
to require greater gate drive. Lowering the carrier lifetime to obtain
short turn-off time, introducing a shorted emitter to obtain improved
dv/dt, increasing the amount of cathode periphery, use of an n+ gate
to reduce delay time, all of these modifications require increased gate
current. The amplifying gate mentioned above overcomes some of
these problems.

7. High Frequency Operation. High frequency operation stretches
all of the SCR ratings to their limits. The circuit subjects the SCR con-
currently to high di/dt’s, high dv/dt’s, and short turn-off times, not to
mention high voltage and current. From the previous discussion, it
should be evident that short turn-off times often conflict with low
on-state voltages; shorted emitter construction which allows high dv/dt,
lowers di/dt. Thus the device designer’s goal is to provide a design
which has a balanced set of attributes to maximize the power switching
capability of the device while maintaining gate trigger control.

‘I.G V-1 CHARACTERISTICS OF REVERSE BLOCKING TRIODE
OR TETRODE THYRISTORS

Figure 1.7 illustrates the V-1 characteristics of a typical gate-
controlled reverse blocking thyristor. In the forward blocking region,

10
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increasing the forward voltage does not tend to increase leakage cur-
rent until the point is reached where avalanche multiplication begins
to take place. Past this point, the leakage current increases quite rapidly
until the total current through the device is sufficient to raise the inter-
nal loop gain =1. At this point the device will go into the high conduc-
tion region, provided that anode current remains in excess of a minimum
value called the holding current. When anode current drops below the
holding current, the internal loop gain goes to less than 1 and the
p-n-p-n device reverts to its forward blocking state. In the reverse
direction, the p-n-p-n structure looks like two reverse-biased p-n junc-
tions in series, so that it exhibits characteristics very similar to an ordi-
nary back-biased silicon rectifier. For most commercially available
devices (SCR, SCS, LASCR, four layer diode), the peak reverse voltage
capability is designed to be at least equal in magnitude to the mini-
mum forward breakover voltage.

+Ia
/—HIGH CONDUCTION REGION

MAXIMUM

REVERSE  HOLDING le2 ~1g1 16=0
VOLTAGE  CURRENT |
f +Vak
[ REVERSE FORWARD
BLOCKING BLOCKING FORWARD
REVERSE REGION REGION BRE
AVALANCHE VOLTAGE
REGION (FORWARD AVALANCHE REGION)

FIGURE 1.7 V-1 CHARACTERISTICS OF A REVERSE BLOCKING THYRISTOR

For increasing magnitudes of gate current, the region of charac-
teristics between breakover current and holding current (Figure 1.7)
is narrowed and the forward breakover voltage is reduced. For suffi-
ciently high gate currents, the entire forward blocking region is re-
moved, and the V-I characteristics are essentially identical to those of
a p-n rectifier.

In typical operation the reverse blocking thyristor is biased well
below its minimum forward breakover voltage, and triggering is accom-
plished by injecting current into the gate lead. (“Light” is of course
used in place of gate current to trigger the LASCR.) This is a very
advantageous mode of operation, since it is possible to use a device
with a forward breakover voltage much higher than any voltage likely
to be encountered in the circuit, and to use only a moderate amount
of trigger power to start the high conduction state. Circuit design and
reliability are thus greatly enhanced. Once the gate has been used to
trigger the thyristor into conduction it loses control, and the only
method of turning a conducting device off is to reduce anode current
below the holding current level. *(This applies to LASCR likewise,
once it has been triggered.) Typically a two to fifty microsecond gate
pulse will initiate conduction.

*The gate turn-off switch (GTO), as its name suggests, can be turned off by means of
its gate terminal. See Section 1.7.

11
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As already mentioned, leakage current through a thyristor increases
with temperature. The forward breakover voltage therefore tends to be
quite temperature sensitive. At a high enough temperature (well above
its maximum rated temperature) the thyristor loses completely its ability
to block forward voltage and assumes characteristics just like a p-n
diode.

In smaller SCR’s, SCS’s, or LASCR’s this temperature effect on
the breakover voltage can be minimized by extracting the forward
leakage current from the gate. This prevents current from passing
through the emitter of the n-p-n section of the device and maintains a
low alpha in this section. It is also possible to actually increase. the for-
ward breakover voltage point on some small SCR’s by this means. The
effect of negative gate current on the forward blocking characteristics,
however, becomes negligible on higher current SCR’s (except for inter-
digitated gate structures) due to the ineffectiveness of the gate in
removing leakage current from the entire broad area of the n-p-n base
region. (See also Chapter 4, for more details.)

As might be expected, the gate cathode V-I characteristics of a
gate-operated thyristor are essentially those of a p-n junction diode.
Since the increase in hgpg with current is utilized, these devices are
current triggered as opposed to voltage triggered, like a gas thyratron.
This distinction must be kept in mind when designing triggering cir-
cuits, in that a relatively low impedance voltage source or a current
source is required.

1.7 GATE TURN-OFF SWITCH OR GATE CONTROLLED- SWITCH

The gate turn-off switch is a four layer p-n-p-n device similar in
construction to the SCR. Like the SCR, the GTO is triggered into con-
duction by raising its loop gain to unity. In the simple two transistor
p-n-p-n analogue of Figure 1.1 with the device switched on, assume
that a, equals @, so that equal currents flow in each transistor section.
If the p-n-p transistor’s collector current were diverted away from the
n-p-n transistor’s base region and out of the gate lead, the n-p-n tran-
sistor would be cut-off, and the p-n-p-n device would revert to its for-
ward blocking state. Turn-off gain, defined as the ratio of anode
current flowing prior to turn-off to negative gate current required to
effect turn-off, would be at least two (2) in this case. If @, is now made
much less than unity when the device is in its “on” state, and «, is
made about equal to unity to maintain a, + «, = 1, only a small per-
centage of the total anode current will flow in the collector of the p-n-p
transistor. It is this current that is withdrawn to turn the GTO “off.”
For a typical device, gains from 5 to 25 are realizable depending on
current, temperature gate pulse duration and other variables. Because
of the difficulties in ensuring that control can be maintained by the
gate contact at high cathode cwrrent densities (due to cross-biasing
effects), gate turn-off devices operate at much lower current densities
than SCR’s and are therefore less economical. In addition, the recent
availability of high voltage high gain silicon power transistors with
superior saturation (“on” voltage) characteristics has tended to reduce
the demand for gate turn-off devices.

12
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1.8 THYRISTOR USED AS A REMOTE BASE TRANSISTOR

As already described, a reverse blocking thyristor structure may
be visualized as consisting of two interconnected transistors. When the
structure is conventionally biased, i.e., positive anode to cathode volt-
age, positive gate to cathode voltage, the transistors act as a regenera-
tive pair and give the p-n-p-n device its normal bistable characteristics.
A p-n-p-n structure may be biased, however, so that the transistors are
unable to regenerate, and in this case the bistable action is eliminated.
The device, when so biased, exhibits the linear characteristics of an
amplifier. Referring to Figure 1.8, a negative bias on the base lead
with respect to the emitter lead causes electrons to be injected across
junction J3 for collection at J2. Upon collection at ]2 these electrons
furnish base drive for the p-n-p section in much the same way as if a
lead were attached directly to it. Hence the name “remote base” tran-
sistor. When the anode is biased positively, junction J; is forward
biased and the SCR acts just like a normal n-p-n transistor. Common-
emitter current gains (beta) vary from much less than unity to above
five (5), depending on the characteristics of the parent p-n-p-n device,
specifically holding current. Since in most cases @, is small compared
to a,, the devices are also usable as symmetrical AC amplifiers or
switches.
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FIGURE 1.8 REMOTE BASE TRANSISTOR
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1.9 THYRISTOR CONSTRUCTION

The successful and reliable operation of a thyristor is predicated
on its proper design and construction. The fabrication methods chosen
for a particular thyristor type depend a great deal therefore on the
service expected from that type. A seventy ampere SCR destined for
use in a harsh military environment may differ radically in design from
a six ampere triac intended for the light industrial or consumer markets.
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FIGURE 1.9 ALL-DIFFUSED PELLET FORMATION

1.9.1 Pellet Fabrication

The heart of a p-n-p-n device is its multi-layered “pellet” of alter-
nate p and n type semiconductor material. This semiconductor is
almost always silicon, although germanium has been used. Pellets may
be fabricated by any one of several methods, depending on the desired
characteristics, complexity, and size of the finished device. The most
popular pellet fabrication methods are:

Alloy diffused
Diffused
Planar-diffused

The manufacture of both alloy-diffused and all-diffused p-n-p-n pellets
starts with the preparation of large area p-n-p wafers. These are formed
by gaseously diffusing p-type impurities simultaneously into both faces
of a thin wafer of n-type silicon. Where specific device characteristics
require it, a second diffusion step is used to complete the final p-n-p-n
structure, To do this, each p-n-p wafer is selectively masked (on one
side only), and subsequently diffused with n-type impurities through
the windows in the mask. The finished p-n-p-n wafers are then diced
into individual pellets. Triacs and other more complex structures are
fabricated using similar techniques. In the manufacture of some higher
current SCR’s, where only a limited number of pellets (sometimes only
one) can be obtained from each wafer, it is often more convenient to
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pelletize the original p-n-p wafers before adding the final n-region.
Where this is the case, precision alloying techniques are used after
pelletizing to fuse a gold-antimony preform into each p-n-p pellet,
thus forming the required p-n-p-n structures. Figure 1.9 shows the
cross section of a typical all-diffused SCR structure, while Figure 1.10
is a pictorial of an alloy-diffused type.
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FIGURE'IJO ALLOY-DIFFUSED PELLET FORMATION

A planar structure describes a type of pellet where all the p-n
junctions come out to a single surface on the silicon pellet. The princi-
pal advantage of planar construction is that junction information always
takes place (see Figure 1.11) underneath a thin layer of silicon dioxide
grown over the silicon wafer before diffusion commences which pre-
vents contamination of the silicon surfaces. As a result planar pellets
are to a large degree protected from the outside environment — hence
the term “planar-passivated.” Disadvantages of planar construction are
that more silicon is required per ampere of current carrying capability,
and that more wafer processing steps are needed. Planar structures are
best suited therefore to low current devices where many pellets can
be obtained from a single wafer.
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FIGURE 1.11 TYPICAL PLANAR PNPN PELLET FABRICATION (Geometry exaggerated for clarity)

1.9.2 Pellet Encapsulation

Pellet encapsulation methods vary widely, depending upon the
in-service environment and circuit operating conditions imposed upon
the finished device and on the type of pellet being encapsulated.

Two different encapsulation methods are used to house pellets
which must operate over a very wide temperature range, or where
severe thermal cycling is expected. The older, more traditional method
is to hard solder the pellet between a pair of thermally matched back-up
plates, one of which is then hard soldered to a copper stud. The copper
stud serves as one terminal, the base for the device housing, and the
thermal path for conducting heat losses to the ambient. For this latter
reason the stud is usually threaded or bolted to a heatsink. Use of hard
solder with this type of construction minimizes the possibility of thermal
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fatigue destroying the joint between copper and back-up plate when
the thyristor is subjected to the temperature induced stresses of wide
and frequent thermal cycling. Hard solder is used for the joint between
cathode-plate and cathode terminal for the same reason. Figure 1.12
shows a section through a typical thermal-fatigue-resistant high cur-
rent SCR.
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FIGURE 1.12 THERMAL FATIGUE RESISTANT SCR CONSTRUCTION

The second method of encapsulation involves replacement by
pressure contacts” of the top solder joints between the copper, the
tungsten (or molybdenum) back-up plate and the semiconductor pellet
and the bottom copper-to-tungsten joint, shown in Figure 1.12. The
elimination of the top hard solder joint between the silicon and the
back-up plate relieves much of the thermally induced stress upon the
pellet, This in turn makes the device much more thermal fatigue resist-
ant and it is the only practical method to encapsulate pellets more than
one inch in diameter.

17



SCR MANUAL

The force required to develop the necessary pressure to ensure
adequate electrical and thermal contacts at the joints may be either
retained internally to the encapsulating housing or retained external
to the encapsulation. A particular advantage to retaining the force
externally is that this method allows cooling the semiconductor pellet
assembly from both sides for improved heat transfer.

Figure 1.13 shows such a Press Pak encapsulation for a semicon-
ductor pellet assembly suitable for double-sided air or water cooling.

FIGURE 1.13(a) PRESS PAK ENCAPSULATION FOR A 550 AMPERE
SEMICONDUCTOR PELLET ASSEMBLY
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FIGURE 1.13(b) INTERNAL CONSTRUCTION DETAILS

When a thyristor is designed specifically for use in the light indus-
trial and consumer markets, environments usually characterized by
limited temperature excursions and an absence of wide range cyclical
loading, the premium-type structures described above are not required.
Here, the silicon pellet is mounted directly onto the copper stud, or
case, with a special tin-lead solder alloy. The solder joint then absorbs
the stresses set'up by differential expansion between silicon and copper.
Providing these stresses are not too great, this “soft solder” construction
is satisfactorily thermal fatigue free. In addition to making possible a
lower-cost device, the method allows better heat transfer from silicon
to copper, which reduces cell heatsinking requirements.

The entire thyristor assembly is fabricated in a super-clean environ-
ment to assure long term stability of the SCR’s electrical characteristics.
To maintain the stability of these characteristics throughout the long
life of the thyristor, the finished assembly is sealed off from the outside
atmosphere by welded hermetic seals. Electrical connections are also
made by welding. Extensive electrical and mechanical tests at room
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temperature and both extremes of the operating temperature range
assure that the individual thyristors meet their specification sheet
ratings and characteristics. Cycled life tests on significant samples con-
tinuously monitor and control the long-term reliability of all devices
coming off the production line.

Because planar or glassivated type pellet fabrication inherently
give a large degree of environmental protection to the pellet electrical
characteristics, hermetic glass-metal packaging is often not required
for these type of devices. Pellets so passivated generally are encapsu-
lated in a transfer-molded, silicone plastic package, which provides
good mechanical integrity to the finished device. Figure 1.14(a) is a
cutaway view of a four ampere planar SCR while Figure 1.14(b) shows
a higher power plastic package used for glassivated triacs and SCR’s.

COPPER ELECTRODES

agﬁ:gggu STAMPED FROM
ER RIBBON

CASE BY ‘ corP

TRANSFER
MOULDING

HEATSINK AND
ANODE

GOLD CONNECTING

PLANAR OR WIRES

GLASS PASSIVATED
SILICON PELLET

CATHODE
ANODE
GATE

FIGURE 1.14(a) C106 PLANAR SCR IN THE POWER TAB PACKAGE

SILICONE COMPOUND
MOULDED CASE BY
TRANSFER MOULDING

HEAT
SINK 8 ANODE
STAMPED FROM
COPPER STOCK

GLASS
PASSIVATED
SILICON PELLET

FORMED COPPER
CONNECTORS

COPPER WIRE

FIGURE 1.14(b) PICTORIAL VIEW OF THE POWER PAC ASSEMBLY
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Another long sought for means of pellet passivation has recently
:become feasible — glass passivation. A thin coating of low temperature
glass is fused onto the silicon chip and performs the same function as
the SiO, layer mentioned above. Glass passivation is superior to SiO,
(in actuality also a glass) since it can be applied in thicker coatings,
thus giving superior passivation and allowing higher voltage ratings.
Since glassivation is a post-diffusion passivation process, it can be
readily applied to mesa-type pellet structures. In general, much higher
blocking voltages can be obtained from mesa structures than from the
planar process and additionally, silicon utilization (amps/sq cm) is
much greater. Thus, mesa structures are more desirable for high volt-
age high current devices like large thyristors.

1.10  COMPARISON OF THYRISTORS WITH OTHER POWER
SEMICONDUCTORS

It will be noted that the low current « of the p-n-p and n-p-n parts
of a thyristor must be low in order to have the device block in the
forward direction. In an ordinary three layer silicon power transistor,
it is desirable to have a as high as possible in order to achieve a high
current gain. Unfortunately, however, high ¢ is obtained in most sili-
con transistors by using very thin base regions, and a thin base between
two low resistivity regions is incompatible with high voltage. The wide
base regions in the thyristor necessary to achieve low ¢ are compatible
with high voltages so that the thyristor is inherently a higher voltage
device. The use of wide base regions is also an advantage from the
standpoint of ease of manufacture and reproducibility of characteristics.
An advantage of the thyristor over power transistors is the amount of
drive necessary to full conduction. In many silicon power transistors,
it is necessary to inject up to half an ampere of continuous base current
in order to conduct 5 amperes from collector to emitter. In a thyristor,
the amount of current conducted is dependent only on the external
circuit once the device has been triggered. Thus a trigger current of
50 ma applied for only a few microseconds is all that is necessary to
allow conduction of any current from a few milliamperes to hundreds
of amperes. The high current capabilities of the thyristor, as contrasted
to a transistor, are due to more effective use of junction area for current
conduction.
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SYMBOLS AND TERMINOLOGY

2.1 SEMICONDUCTOR GRAPHICAL SYMBOLS

Fig. 2.1 shows graphical symbols of the types of semiconductors
discussed and employed in the circuits of this Manual. These symbols
are mostly popular usage ones, and conform to existing and most prob-
able future standards as much as possible. The symbols are circuit-
oriented. The V-I characteristic of a device in four-quadrant repre-
sentation relates the graphical symbol to its basic terminal electrical
characteristic of interest to the circuit engineer rather than to its semi-
conductor device geometry.

NAME OF GRAPHICAL SYMBOLS MAIN TERMINAL
SEMICONDUCTOR USED IN v-I
DEVICE THIS MANUAL CHARACTERISTIC
DIODES
Ia
A K {
RECTIFIER DIODE o—Pp—o
Va+
SCHOTTKY
1| [ ta—cON-
/ VENTIONA
A K /
SCHOTTKY DIODE o—Pp}—
? v

PREFERRED:

BREAKDOWN DIODE
(ZENER AND AVALANCHE)

a) UNIDIRECTIONAL ALTERNATE:

$ 94
1.
i

OR

PREFERRED:

b) BIDIRECTIONAL
(ALSO USED FOR THYRECTOR

SELENIUM AC VOLTAGE .
SUPPRESSOR) ALTERNATE: T_

i

TUNNEL DIODE

? 9
=

FIGURE 2.1 SEMICONDUCTOR GRAPHICAL SYMBOLS
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NAME OF GRAPHICAL SYMBOLS MAIN TERMINAL
SEMICONDUCTOR USED IN' v-I
DEVICE THIS MANUAL ! CHARACTERISTIC

jodes (cont.)
i N

A
PHOTO DIODE

%

%
LIGHT EMITTING DIODE, OR A K
SOLID STATE LAMP o——@-—o Vo
TRANSISTORS Ve-
E c
Ipi
PNP
8 Ign -Ic
Ign>Ipi
+Ic
NPN

m
o

(2]
oW
2 9

&
+

Ign> Ip
+
DARLINGTON AMPLIFIER

o

©
m
-
|

<
0’ [
+l & @&
-3

+I¢ Ip+H

LIGHT SENSITIVE TRANSISTOR
(PHOTO TRANSISTOR)

4
m

Vet

Y

+Ic Ig+H

LIGHT SENSITIVE DARLINGTON
PHOTO AMPLIFIER

Ve+.

VE

UJT (UNIJUNCTION TRANSISTOR)
(N-TYPE BASE)

99
m

Ig

FIGURE 2.1 SEMICONDUCTOR GRAPHICAL SYMBOLS
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CUJT (COMPLEMENTARY UNIJUNCTION
TRANSISTOR)

(P-TYPE BASE)

NAME OF GRAPHICAL SYMBOLS MAIN TERMINAL
SEMICONDUCTOR USED IN -
DEVICE THIS MANUAL CHARACTERISTIC
Transistors (cont.)
B2 8

_IE
;"Vs-sl

BIDIRECTIONAL
TRIGGER DIAC (NPN TYPE)

I

—~

9]

LAPUT (LIGHT ACTIVATED PROGRAMMABLE
UNIJUNCTION TRANSISTOR)

THYRISTORS Ia
PUT (PROGRAMMABLE UNIJUNCTION A K
TRANSISTOR) T——
6
Y
A K

—

iDlAC (BIDIRECTIONAL DIODE THYRISTOR)

>
[~]
x

IAI-
Jsus (SILICON UNILATERAL SWITCH) ?—;av_*_
A
A2 Al 1 [
|sBS (SILICON BILATERAL SWITCH) —em=m
G ]
I
A2 Al [
ASBS (ASSYMMETRICAL SILICON ———fmma
BILATERAL SWITCH) G 7 v

FIGURE 2.1 SEMICONDUCTOR GRAPHICAL SYMBOLS
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SCR (SILICON CONTROLLED RECTIFIER)
REVERSE BLOCKING TRIODE

*NAME OF GRAPHICAL SYMBOLS MAIN TERMINAL
SEMICONDUCTOR USED IN v-I
DEVICE THIS MANUAL CHARACTERISTIC
Thyristors (cont.) 1,
A K

THYRISTOR 6 7 a+
Ia
LAS (LIGHT ACTIVATED SWITCH) A N K l
LIGHT ACTIVATED REVERSE °_@—° =
BLOCKING DIODE THYRISTOR f Vat+
I
LASCR (LIGHT ACTIVATED SILICON A N K A
CONTROLLED RECTIFIER)
LIGHT ACTIVATED REVERSE TN
BLOCKING TRIODE THYRISTOR R r' Vat
I
T2 Ti
TRIAC (BIDIRECTIONAL TRIODE
THYRISTOR) —=w=ree=r-
G ]
62 Ia
Hscs (SILICON CONTROLLED SWITCH) A X
REVERSE BLOCKING TETRODE e
THYRISTOR r Vat
Gl
62 Ia
LASCS (LIGHT ACTIVATED SILICON
CONTROLLED SWITCH) AN K
LIGHT ACTIVATED REVERSE C e
BLOCKING TETRODE THYRISTOR f Vat
(<] '
A - ANODE E- EMITTER
B - BASE G - GATE
C—COLLECTOR K~ CATHODE

NOTE!

CIRCLES AROUND GRAPHICAL SYMBOLS ARE OPTIONAL EXCEPT

WHERE OMISSION WOULD RESULT IN CONFUSION.

CIRCLE DENOTES AN ENVELOPE THAT EITHER ENCLOSES A NON-
ACCESSIBLE TERMINAL OR TIES A DESIGNATOR INTO SYMBOL.

FIGURE 2.1
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2.2 SCR TERMINOLOGY

The following tabulation defines the terminology used in SCR
and triac specifications. As in the case of graphical symbols (Section
2.1) we try to conform to existing standards wherever possible.

2.2.1 Subscripts

The following letters are used as qualifying subscripts for thyristor
letter symbols.

A Anode, Ambient
(AV) Average Value
(BO) Breakover

(BR) Breakdown

C Case

D Off-State, Non-Trigger

d Delay

G Gate

H Holding

K Cathode

L Latching

M Maximum Value

(o) Open Circuit

q Turn-off

R Reverse or, as a second subscript, Repetitive

(RMS) Total Root Mean Square Value

r Rise

r Reverse Recovery

S Short Circuit, or as a Second Subscript, Non-Repetitive
(Infrequent)

T On-State, Trigger

(&) Thermal

W Working

2.2.2 Characteristics and Ratings

A characteristic is an inherent and measurable property of a
device. Such a property may be electrical, mechanical, thermal, hydrau-
lic, electro-magnetic or nuclear and can be expressed as a value for
stated or recognized conditions. A characteristic may also be a set of
related values, usually shown in graphical form.

A rating is a value which establishes either a limiting capability
or a limiting condition (either maxima or minima) for an electronic
device. It is determined for specified values of environment and opera-
tion, and may be stated in any suitable terms.

Principal Voltage-Current ~ The function, usually represented graph-

Characteristic (Principal ically, relating the principal voltage to

Characteristic) the principal current with gate current,
where applicable, as a parameter.
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Anode-to-Cathode Voltage-
Current Characteristic
(Anode Characteristic)

On-State

Off-State

Breakover Point

Negative Differential
Resistance Region

Reverse Blocking State
(of a Reverse Blocking
Thyristor)

Off-Impedance

On-Impedance

Reverse Blocking Imped-
ance (of a Reverse Blocking
Thyristor)

28

A function, usually represented graph-

ically, relating the anode-to-cathode volt-

age to the principal current with gate

current, where applicable, as a parameter.

NOTE: This term does not apply to bi-
directional thyristors.

The condition of the thyristor correspond-
ing to the low-resistance, low-voltage
portion of the principal voltage-current
characteristic in the switching quadrant(s).

The condition of the thyristor correspond-
ing to the high-resistance, low-current
portion of the principal voltage-current
characteristic between the origin and the
breakover point(s) in the switching quad-
rant(s).

Any point on the principal voltage-current
characteristic for which the differential
resistance is zero and where the principal
voltage reaches a maximum value.

Any portion of the principal voltage-
current characteristic in the switching
quadrant(s) within which the differential
resistance is negative.

The condition of a reverse blocking
thyristor corresponding to the portion of
the anode-to-cathode voltage-current
characteristic for reverse currents of lower
magnitude than the reverse breakdown
current.

The differential impedance between the
terminals through which the principal
current flows, when the thyristor is in the
off-state at a stated operating point.

The differential impedance between the
terminals through which the principal
current flows, when the thyristor is in the
on-state at a stated operating point.

The differential impedance between the
two terminals through which the princi-
pal current flows, when the thyristor is in
the reverse blocking state at a stated
operating point.



Principal Voltage

Anode-to-Cathode Voltage
(Anode Voltage)

Forward Voltage (of a
Reverse Blocking Thyristor)

Off-State Voltage

Working Peak Off-State
Voltage

Repetitive Peak Off-State
Voltage

Non-Repetitive Peak
Off-State Voltage

Critical Rate of Rise of
Off-State Voltage

Reapplied Rate of Rise of
Voltage, Reapplied dv/dt
(of Reverse Blocking
Thyristor)

SYMBOLS AND TERMINOLOGY

The voltage between the main terminals.

NOTE: 1. In the case of reverse block-
ing thyristors, the principal
voltage is called positive
when the anode potential is
higher than the cathode po-
tential, and called negative
when the anode potential is
lower than the cathode po-
tential.

2. For bi-directional thyristors,
the principal voltage is called
positive when the potential
of main terminal 2 is higher
than the potential of main
terminal 1.

The voltage between the anode terminal

and the cathode terminal. .

NOTE: 1. It is called positive when the
anode potential is higher than
the cathode potential, and
called negative when the
anode potential is lower than
the cathode potential.

2. This term does not apply to
bi-directional thyristors.

A positive anode-to-cathode voltage.

The principal voltage when the thyristor
is in the off-state.

The maximum instantaneous value of the
off-state - voltage which occurs across a
thyristor, excluding all repetitive and
non-repetitive transient voltages.

The maximum instantaneous value of the
off-state voltage which occurs across a
thyristor, including all repetitive tran-
sient voltages, but excluding all non-
repetitive transient voltages.

The maximum instantaneous value of any
non-repetitive transient off-state voltage
which occurs across the thyristor.

The minimum value of the rate of rise of
principal voltage which may cause switch-
ing from the off-state to the on-state.
Rate of rise of forward voltage following
turn-off, or commutation. (This is a test
condition for turn-off time measurement.)
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Critical Rate of Rise of
Commutation Voltage (for
Bidirectional Thyristors)

Breakover Voltage

On-State Voltage

Minimum On-State Voltage

Principal Current

On-State Current

Forward Current (of a
Reverse Blocking Thyristor)
Peak Repetitive On-State
Current

Surge (Non-Repetitive)
On-State Current

Critical Rate of Rise of

On-State Current
Off-State Current
Breakover Current

Holding Current

Latching Current

Reverse Voltage (of a
Reverse Blocking Thyristor)
Working Peak Reverse
Voltage (of a Reverse
Blocking Thyristor)

Repetitive Peak Reverse
Voltage (of a Reverse
Blocking Thyristor)

30

The minimum value of the rate of rise
of principal voltage which may cause
switching from the off-state to the on-
state immediately following on-state cur-
rent conduction in the opposite quadrant.

The principal voltage at the breakover
point.

The principal voltage when the thyristor
is in the on-state.

The minimum positive principal voltage
for which the differential resistance is
zero with the gate open-circuited.

A generic term for the current through

the collector junction.

NOTE: It is the current through both
main terminals.

The principal current when the thyristor
is in the on-state.

The principal current for a positive anode-
to-cathode voltage.

The peak value of the on-state current in-
cluding all repetitive transient currents.
An on-state current of short-time duration
and specified waveshape.

The maximum value of the rate of rise of
on-state current which a thyristor can
withstand without deleterious effect.

The principal current when the thyristor
is in the off-state.

The principal current at the breakover
point.

The minimum principal current required
to maintain the thyristor in the on-state.

The minimum principal current required
to maintain the thyristor in the on-state
immediately after switching from the off-
state to the on-state has occurred and the
triggering signal has been removed.

A negative anode-to-cathode voltage.

The maximum instantaneous value of the
reverse voltage which occurs across the
thyristor, excluding all repetitive and
non-repetitive transient voltages.

The maximum instantaneous value of the
reverse voltage which occurs across the
thyristor, including all repetitive transient
voltages, but excluding all non-repetitive
transient voltages.



Non-Repetitive Peak
Reverse Voltage (of a
Reverse Blocking Thyristor)

Reverse Breakdown Voltage

(of a Reverse Blocking
Thyristor)

Reverse Current (of a
Reverse Blocking Thyristor)

Reverse Breakdown Current

(of a Reverse Blocking
Thyristor)
Gate Voltage

Gate Current

Gate Trigger Voltage

Gate Non-Trigger Voltage

Gate Trigger Current

Gate Non-Trigger Current

Thermal Resistance (of a
Semiconductor Device)

Transient Thermal Imped-
ance (of a Semiconductor
Device)

SYMBOLS AND TERMINOLOGY

The maximum instantaneous value of any
non-repetitive transient reverse voltage
which occurs across a thyristor.

The value of negative anode-to-cathode
voltage at which the differential resistance
between the anode and cathode terminals
changes from a high value to a substan-
tially lower value.

The current for negative anode-to-cath-
ode voltage.

The principal current at the reverse
breakdown voltage.

The voltage between a gate terminal and

a specified main terminal.

NOTE: Gate voltage polarity is refer-
enced to the specified main ter-
minal.

The current that results from the gate

voltage.

NOTE: 1. Positive gate current refers
to conventional current enter-
ing the gate terminal.

2. Negative gate current refers
to conventional current leav-
ing the gate terminal.

The gate voltage required to produce the
gate trigger current.

The maximum gate voltage which will
not cause the thyristor to switch from the
off-state to the on-state.

The minimum gate current required to
switch a thyristor from the off-state to
the on-state.

The maximum gate current which will
not cause the thyristor to switch from the
off-state to the on-state.

The temperature difference between two
specified points or regions divided by the
power dissipation under conditions of
thermal equilibrium.

The change of temperature difference be-
tween two specified points or regions at
the end of a time interval divided by the
step function change in power dissipation
at the beginning of the same time interval
causing the change of temperature differ-
ence.
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Gate Controlled Turn-On
Time

Gate Controlled Delay
Time

Gate Controlled Rise Time

Circuit-Commutated
Turn-Off Time

Reverse Recovery Time
(of a Reverse Blocking
Thyristor)

I squared t (I2t)

Mounting Force

Stud Torque

32

The time interval between a specified
point at the beginning of the gate pulse
and the instant when the principal volt-
age (current) has dropped (risen) to a
specified low (high) value during switch-
ing of a thyristor from off-state to the
on-state by a gate pulse.

The time interval between a specified
point at the beginning of the gate pulse
and the instant when the principal volt-
age (current) has dropped (risen) to a
specified value near its initial value dur-
ing switching of a thyristor from the off-
state to the on-state by a gate pulse.

The time interval between the instants at

which the principal voltage (current) has

dropped (risen) from a specified value
near its initial value to a specified low

(high) value during switching of a thy-

ristor from the off-state to the on-state by

a gate pulse.

NOTE: This time interval will be equal
to the rise time of the on-state
current only for pure resistive
loads.

The time interval between the instant

when the principal current has decreased

to zero after external switching of the
principal voltage circuit, and the instant
when the thyristor is capable of support-
ing a specified principal voltage without
turning on. ‘

The time required for the principal cur-

rent or voltage to recover to a specified

value after instantaneous switching from
an on-state to a reverse voltage or current.

This is a measure of maximum forward

non-recurring overcurrent capability for

very short pulse durations. The value is
valid only for the pulse duration specified.

I is in RMS amperes, and t is pulse dura-

tion in seconds. (I2t is necessary for fuse

co-ordination.)

Range of mounting forces recommended

for Press Pak packages to insure an ade-

quate thermal and electrical path while
avoiding mechanical damage.

Recommended mounting torque for stud

packages.



2.2.3 Letter Symhol Table
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DC Value, | DC Value, Maxi-
No Alter- | With Alter-| Instan- mum
Quantity nating nating | taneous | (Peak)
Total RMS | Compo- | Compo- Total Total
Value nent nent Value Value
On-State Current Iprusy |Ip Ipcavy |ip
Repetitive Peak
On-State Current Lirat
Surge (Non-Repetitive)
On-State Current Lpsar
Breakover Current Iigo) ipo)
Off-State Current ID(RI\IS) II) ID(AVJ iI) Il))[
Repetitive Peak
Off-State Current Ihna
Reverse Current Ir ensy | Ir Inaavy) |iz I
Repetitive Peak Reverse
Current Ten
Reverse Breakdown
Current Lisryr Liprr
On-State Voltage Viemusy | Vr Viav) |V Vo
Breakover Voltage V(po) V(80)
Off-State Voltage Vo rus) | Vb Vibav) |V Vit
Minimum On-State
Voltage Vi arrw
Working Peak Off-
State Voltage Viwar
Repetitive Peak Off-
State Voltage Vinu
Non-Repetitive Peak
Off-State Voltage Vi
Reverse Voltage Vixms) |Vr Viav) |Vr Viu
Working Peak Reverse
Voltage View
Repetitive Peak Reverse
Voltage Vi
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DC Value,| DC Value, Maxi-
No Alter-{ With Alter-| Instan- mum
nating | nating | taneous| (Peak)
Total RMS| - Compo- | Compo- Total Total
Quantity Value nent nent Value Value
Non-Repetitive Peak
Reverse Voltage Virsy
Reverse Breakdown
Voltage Ve V(BR)R
Holding Current Iy in
Latching Current I, iy,
Gate Current I Icavy |ic Iox
Gate Trigger Current | P igp Iory
Gate Non-Trigger
Current Iep igp Iepm
Gate Voltage Vg Veaw | Ve Ve
Gate Trigger Voltage Ver Ver Verm
Gate Non-Trigger
Voltage Vep Vb Vena
Gate Power Dissipation Pg Psavy |Pe Pear
2.2.4 General Letter Symbols
Present Symbol  Former Symbol
Ambient Temperature N
Case Temperature Te
Junction Temperature Ty
Storage Temperature Tyte
Thermal Resistance Rg e
Thermal Resistance, Junction-to-Case Rojo O5.¢
Thermal Resistance, Junction-to-Ambient ~ Rgya - O5.a
Thermal Resistance, Case-to-Ambient Reoca Oc.a
Transient Thermal Impedance Zo (1 Oy
Transient Thermal Impedance,
Junction-to-Case Zoson O5.0(t)
Transient Thermal Impedance,
Junction-to-Ambient Zosa(t) O5.a(1)
Delay Time tq
Rise Time t,
Fall Time t;
Reverse Recovery Time te
Circuit-Commutated Turn-Off Time tq
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RATINGS AND CHARACTERISTICS OF THYRISTORS

The family of thyristor devices has in common a switching capa-
bility in one or two quadrants of its V-I characteristics. Thyristor
devices used as power switches have in common the necessity for
proper design and specification of their heat dissipation and heat trans-
fer properties. Furthermore, thyristors are switched into the on-state
either by applying a triggering signal to their gate or by increasing
off-state voltage until it exceeds the breakover voltage characteristic.
These and other common properties of thyristor devices allow a uniform
approach to thyristor characterization which need differ only in detail
when applied to a specific thyristor device like, for example, an SCR
or a triac.

In the following sections of this chapter the discussion is largely
in terms of SCR’s. Most of this material is applicable, however, to
other thyristor devices. Specialized characterization information is pre-
sented in Chapter 7 for triacs and in Chapter 14 for light-activated
thyristors.

3.1 JUNCTION TEMPERATURE

The operating junction temperature range of thyristors varies for
the individual types. A low temperature limit may be required to limit
thermal stress in the silicon crystal to safe values. This type of stress is
due to the difference in the thermal coefficients of expansion of the
materials used in fabricating the cell subassembly. The upper oper-
ating temperature limit is imposed because of the temperature depend-
ence of the breakover voltage, turn-off time and thermal stability
considerations. The upper storage temperature limit in some cases may
be higher than the operating limit. It is selected to achieve optimum
reliability and stability of characteristics with time. %

The rated maximum operating junction temperature can be used
to determine steady-state and recurrent overload capability for a given
heatsink system and maximum ambient temperature. Conversely, the
required heatsink system may be determined for a given loading of
the semiconductor device by means of the classic thermal impedance
approach presented in Sections 3.3 and 3.4.

Transiently the device may actually operate beyond its specified
maximum operating junction temperature and still be applied within
its ratings. An example of this type of operation occurs within the
specified forward non-recurrent surge current rating. Another example
is the local temperature rise of the junction due to the switching dissi-
pation during the turn-on of a thyristor under some conditions. It is
impractical at this time to establish temperature limits for these types
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of operating stresses from both a rating as well as an applications point
of view. Therefore, such higher-than-rated temperature operation must
remain implicit in other ratings established for the device.

3.2 POWER DISSIPATION

The power generated in the junction region in typical thyristor
operation consists of the following five components of dissipation:

a. Turn-on switching
b. Conduction
c. Tumn-off or Commutation

d. Blocking
e. Triggering

On-state conduction losses are the major source of junction heat-
ing for normal duty cycles and power frequencies. However, for very
steep (high di/dt) current waveforms or high operating frequencies
turn-on switching losses may become the limiting consideration. Such
cases are discussed in Sections 3.7 and 3.8.

70 , I
o / NOTES:
3 I. JUNCTION TEMPERATURE =120°C | DC
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FIGURE 3.1 MAXIMUM AVERAGE ON-STATE POWER DISSIPATION FOR C137 SERIES SCR

Figure 3.1 gives on-state conduction loss in average watts for the
C137 SCR as a function of average current in amperes for various con-
duction angles for operation up to 400 Hz. This type of information is
given on the specification sheet for each type of SCR (with the excep-
tion of some inverter type SCR’s). These curves are based on a current
waveform which is the remainder of a half-sine wave which results
when delayed angle triggering is used in a single phase resistive load
circuit. Similar curves exist for rectangular current waveforms. These
power curves are the integrated product of the instantaneous anode
current and on-state voltage drop. This integration can be performed
graphically or analytically for conduction angles other than those listed,
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using the on-state voltage-current characteristic curves for the specific
device.

Both the on-state and reverse blocking losses are determined by
integration of the appropriate blocking E-I curves on the specification
sheet.

Gate losses are negligible for pulse types of triggering signals.
Losses may become more significant for gate signals with a high duty
cycle, or for SCR’s in a small package such as the TO-5, TO-18 or
Power Tab type packages. The losses may be calculated from the
gate E-I curves shown on the triggering characteristics for the specific
type of SCR. Highest gate dissipation will occur for an SCR whose gate
characteristics intersect the gate circuit load line at its midpoint. For a
more detailed discussion of the gate characteristic and its load line, see
Chapter 4.

Turn-on switching ratings are discussed in Section 3.8. Turn-off
is discussed in Chapter 5.

3.3 THERMAL RESISTANCE

The heat developed at the junctions by the foregoing power losses
flows into the case, then to the heatsink (if employed) and on to the
surrounding ambient fluid. The junction temperature rises above the
stud, or case, temperature in direct proportion to the amount of heat
flowing from the junction and the thermal resistance of the device to
the flow of heat. The following equation defines the relationship under
steady-state conditions:

Ty — To = PRoyc (3.1)
where T; = average junction temperature, °C
T = case temperature, °C
P = average heat generation at junction, watts
Rgyc = steady-state thermal resistance between junctions
and bottom face of hex or case, °C/watt

Equation 3.1 can be used to determine the allowable power dissi-
pation and thus the continuous pure DC on-state current rating of an
SCR for a given case temperature through use of the on-state E-I
curves. For this purpose, Ty is the maximum allowable junction tem-
perature for the specific device. The maximum values of Rgjc and Ty
are given in the specifications.

3.4 TRANSIENT THERMAL IMPEDANCE
3.4.1 Introduction

Equation 3.1 is not satisfactory for finding the peak junction tem-
perature when the heat is applied in pulses such as the recurrent con-
duction periods in an AC circuit. Solution of Equation 3.1 using the
peak value of P is over-conservative in limiting the junction temperature
rise. On the other hand, using the average value of P over a full cycle
will underestimate the peak temperature of the junction. The reason
for this discrepancy lies in the thermal capacity of the semiconductor,
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that is, its characteristic of requiring time to heat up, its ability to -
store heat, and its cooling before the next pulse. .

Compared to other electrical components such as transformers
and motors, semiconductors have a relatively low thermal capacity,
particularly in the immediate vicinity of the junction. As a result,
devices like the SCR heat up very quickly upon application of load,
and the temperature of the junction may fluctuate during the course
of a cycle of power frequency. Yet, for very short overloads this rela-
tively low thermal capacity may be significant in arresting the rapid
rise of junction temperature. In addition, the heatsink to which the
semiconductor is attached may have a thermal constant of many min-
utes. Both of these effects can be used to good advantage in securing
attractive intermittent and pulse ratings sometimes well in excess of the
published continuous DC ratings for a device.

3.4.2 The Transient Thermal Impedance Curve

The thermal circuit of the SCR can be simplified to that shown in
Figure 3.2. This is an equivalent network emanating in one direction
from the junctions and with the total heat losses being introduced at
the junctions only. This simplification is valid for current amplitudes
at which I?R losses are small in comparison with the junction losses.
In Figure 3.2 the case of the power semiconductor is the reference
level. If a small stud type device is mounted to an infinite heatsink, the
heatsink temperature can be used as a reference. However, with larger
devices, the case to heatsink thermal resistance is relatively large com-
pared to the junction-case thermal resistance. In such cases the case
or hex temperature should be used as a reference.

When a step pulse of heating power P is introduced at the junc-
tions of the SCR (and of the thermal circuit) as shown in Figure 3.3A,
the junction temperature will rise at a rate dependent upon the response
of the thermal network. This is represented by the curve Ty, in Fig-
ure 3.3B. After some sufficiently long time t;, the junction temperature
will stabilize at a point AT = PRg;¢ above the ambient (or case) tem-
perature. This is the steady-state value which is given by Equation
3.1. Rgjc is the sum of:Rg, through Rg, in the equivalent thermal cir-

cuit of Figure 3.2. Chapter 20 gives specific instructions complete with
circuit schematics for measuring SCR characteristics.

TOTAL HEAT Rgl Rez Rga Re4 Res

JUNCTION VWA VWA W\ -\ W —_——
€ CpT C3T C4 CsT- CeF cnI %RHN
FIXED CASE T

TEMPERATURE |

FIGURE 3.2 SIMPLIFIED EQUIVALENT THERMAL CIRCUIT FOR A POWER SEMICONDUCTOR
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If the power input is terminated at time t, after the junction tem-
perature has stabilized, the junction temperature will return to ambient
along the locus indicated by T, in Figure 3.3B. It can be shown that
curves Theot and T, are conjugates of one another,! that is,

Teoot = AT — Tpeat = PRogo — Theat (3~2)

By dividing the instantaneous temperature rise of curve Tyg,; in
Figure 3.3B by the power P causing the rise, the dimensions of the ordi-
nate can be converted from °C to °C/watt. This latter set of dimen-
sions is that of thermal resistance, or as it is more precisely termed: the
transient thermal impedance Zg ). Figure 3.4 shows a plot of transient
thermal impedance for the C34 SCR both when mounted to an infinite
heatsink and to a four-inch square copper fin.

Transient thermal impedance information for a device can be
obtained by monitoring junction temperature at the end of a well-
defined power pulse or after a known steady-state load has been
removed. Junction temperature is measured by use of one of the tem-
perature-sensitive junction characteristics such as on-state voltage drop
at low currents. Conversion of heating data to cooling data, or vice
versa, can be accomplished through the use of Equation 3.2.
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FIGURE 3.3 RESPONSE FOR SCR JUNCTION TO STEP PULSE OF HEATING POWER

In order that the transient thermal impedance curve may be used
with confidence in equipment designs, the curve must represent the
highest values of thermal impedance for each time interval that can be
expected from the manufacturing distribution of the products.

The transient thermal impedance curve approaches asymptotic
values at both the long time and short time extremes. For very long
time intervals the transient thermal impedance approaches the steady-
state thermal resistance Rgjc.
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FIGURE 3.4 MAXIMUM TRANSIENT THERMAL IMPEDANCE OF C34 SCR

For times less than 1 millisecond the value at 1 millisecond may
be extrapolated by 1/4/ t. This is based on assuming that-the time of
interest is sufficiently small so that all heat generated at the semicon-
ductor junction may be considered to flow by one-dimensional diffusion
within the silicon pellet. This assumption is valid for times small com-
pared to the thermal time constant of the path junction-to-face of the
silicon pellet. For extremely short times, however, during which current
den(siity, and hence heating, is non-uniform, this approach is no longer
valid.

For example the C34 transient thermal impedance at 40 pseconds

083

may be estimated at l_xl—(i_:?: =..0166°C/Watt -
V4 x10-5

However, the extrapolated values are valid only for times after the SCR
has turned on fully. These values should, in other words, not be used
during the switching interval (see Section'3.8). In general the switching
interval is between 20 and 200 yseconds for medium and high current
SCR’s respectively and a minimum of 10 pseconds for the very low
current devices. The switching interval can be estimated by inspecting
the energy per pulse data curves for the knee of the: constant watt-
seconds curves. For example, Figure 3.5 shows the knee to be at about
20 useconds for the C141 SCR. Since the C34 has a similar current
rating extrapolations down to 20 pseconds would seem: to be in order.
However due to differences in gate geometries 40 useconds is a con-
servative lower limit. (See Chapter 1, Section 1.5 for further data on
gate geometries.)
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For maximum utilization of semiconductor devices in the switch-
ing region additional factors must be considered and other methods of
rating and life testing must be used. Consult Sections 3.7 and 3.8 for
further information.

3.4.3 The Effect of Heatsink Design on the Transient
Thermal Resistance Curve

Since the heatsink is a major component in the heat transfer path
between junction and ambient, its design affects the transient thermal
impedance curve (Figure 3.4) substantially. When a semiconductor is
manufactured and shipped to the user the manufacturer has no control
over the ultimate heatsink and can only provide data on the heat trans-
fer system between junction and case which is the part he manufac-
tured. These type of data are presented in Figure 3.4 as the “Cell
Mounted to Infinite Heatsink” curve.

The equipment designer can use this curve in developing a tran-
sient thermal impedance curve for the cell when mounted to a partic-
ular heatsink of his own design by means of a few simple calculations.
These calculations consist of first determining the heatsink time con-
stant by deriving the relationship as shown in Chapter 18 (Mounting
and Cooling The Power Semiconductor) and then adding the transient
thermal relationship of the heatsink to that of the cell.

For example: From Chapter 18 we find that a 4” x 4” painted
copper fin 14 4” thick has a transient thermal resistance given by

Zo gy = 3.1 (I — e—t/174)
Assume case to fin contact resistance is negligible for example simpli-
fication.
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The values of Zgy),, are added to the infinite heatsink curve to

secure the over-all Zg 4, of the system as indicated in Figure 3.4. Note
that this fin makes a negligible contribution to the over-all thermal
impedance of the cell-heatsink system at periods of time one second
or less after application of power. In this area the fin behaves like an
infinite heatsink, that is, one of zero thermal resistance. The fin-heatsink
system reaches equilibrium around 1000 seconds. Thereafter the
thermal capacity is no longer effective in holding down the junction
temperature.

3.5 RECURRENT AND NON-RECURRENT CURRENT RATINGS
3.5.1 Introduction

The discussion under all parts of this section and Section 3.6
applies to the conventional rating system presently used for thyristors
when turn-on switching dissipation is negligible. Turn-on switching
characterization is discussed in Section 3.7; current ratings for high
frequency operation which cannot neglect turn-on switching losses are
discussed in Section 3.8.

When a semiconductor device is applied in such a manner that
its maximum allowable peak junction temperature is not exceeded the
device is applied on a recurrent basis. Any condition that is a normal
and repeated part of the application or equipment in which the semi-
conductor device is used must meet this condition if the device is to
be applied on a recurrent basis. Section 3.6 gives methods of checking
peak junction temperature. These enable the designer to properly apply
the device on a recurrent duty basis.

A class of ratings that makes the SCR and the triac truly power
semiconductors are the non-recurrent current ratings. These ratings
allow the maximum (recurrent) operating junction temperature of the
device to be exceeded for a brief instant. This gives the device an
instantaneous overcurrent capability allowing it to be coordinated with
circuit protective devices such as circuit breakers, fuses,? etc. The
specification bulletin gives these ratings in terms of surge current and
I2t. These ratings, then, should only be used to accommodate unusual
circuit conditions not normally a part of the application, such as fault
currents. Non-recurrent ratings are understood to apply to load condi-
tions that will not occur more than a limited number of times in the
course of the operating life of the equipment in which the SCR is
finding application. (JEDEC* defines the number of times as equal to
or exceeding 100 times.) Also, non-recurrent ratings are understood to
apply only when they are not repeated before the peak junction tem-
perature has returned to its maximum rated value or less. THE
LENGTH OF THE INTERVAL BETWEEN SURGES DOES NOT
CHANGE THE RATING. For example, if a garage door opener sub-
jects a semiconductor device to its non-recurrent current rating, this is
misapplving the device. As a result, the device may be subject to failure
after 100 operations even though the device operates but once per
8 hour period.

*( JEDEC—Joint Electron Device Engineering Council—Semiconductor Standards
Organization)
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3.5.2 Average Current Rating (Recurrent)

Average current rating versus case temperature as it appears in
the specification sheet as for the C380 series SCR is shown in Figure
3.6. These curves specify the maximum allowable average anode cur-
rent ratings of the SCR as a function of case temperature and conduc-
tion angle. Points on these curves are selected so that the junction
temperature under the stated conditions does not exceed the maximum
allowable value. The maximum rated junction temperature of the C380
SCR is 125°C.

The curves of Figure 3.6 include the effects of the small contribu-
tion to total dissipation by reverse blocking, gate drive, and switching
up to 400 Hz. For devices which are lead mounted or housed in small
packages, like the TO-5 or Power Tab, the on-state current rating may
be substantially affected by gate drive dissipation. Where this becomes
important it is so indicated on the specification sheet.

The slope of the curves shown in Figure 3.6 is essentially depend-
ent upon the Rgj¢  Pp product. In some SCR’s such as Press Paks and
Power Tabs, Rg;¢ is not fixed but is a function of the method used to
cool it. Another family of curves would be needed in place of Figure
3.6 for single side cooling of the Press Pak package. Similarly, small
packages such as the Power Tab may have more than one set of curves
to take into account different mounting configurations and their corre-
sponding effect on Rgy¢.3
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If the C380 in a single phase resistive load circuit is triggered as
soon as its anode swings positive, the device will conduct for 180
electrical degrees. If the case temperature is maintained at 80°C, or
less, the C380 is capable of handling 235 amps average current as indi-
cated in Figure 3.6. If the triggering angle is retarded by 120° the
C380 will conduct for only the 60 remaining degrees of the half cycle.
Under these conditions of 60° conduction, the maximum rated average
current at 80°C stud temperature (double side cooled) is 115 amperes,
substantially less than for 180° conduction angle. This leads us nicely
into the next section.

3.5.3 RMS Current (Recurrent)

It will be noted in Figure 3.6 that the curves for the various con-
duction waveshapes have definite end points. These points represent
identical RMS values, and as such an RMS rating is implicit in the
curves of Figure 3.6. ‘

For example, the C380 is rated 370 amperes DC or 370

157 235
amperes average in a half-wave, or 180° conduction angle, circuit. The
factor 1.57 is the form factor giving the ratio of RMS to average values
for a half wave sinusoidal waveform. By the definition of RMS values,
the RMS and average values are identical for a direct current. The
RMS current rating, as shown on the specification sheet for individual
SCR’s, is necessary to prevent excessive heating in resistive elements
of the SCR, such as joints, leads, interfaces, etc.

The RMS current rating can be of importance when applying
thyristors to high peak current, low duty cycle waveforms. Although
the average value of the waveform may be well within the ratings,
it may be that the allowable RMS rating is being exceeded.

The average current values shown as phase control ratings in Fig-
ure 3.6 for a given and fixed basic RMS device current rating are for
the resistive current waveform shown in the figure. Since the current
form factor for the case of resistive loading is greatest, and since induct-
ance in the path of the thyristor current will reduce its form factor, the
average current ratings in Figure 3.6 are conservative for inductive
current waveforms.

For inductive waveforms in which the thyristor current waveform
is essentially rectangular, such as may occur in a phase-controlled recti-
fier operating near full output, most specification sheets show separate
rating curves to reflect the improvement in form factor. However, such
current waveforms are, of course, subject to the restriction of the allow-
able turn-on current rating of the device.

In other cases in which the current waveform may be half-
sinusoidal in shape but of a base width less than half a period of the
supply frequency as, for example, with discontinuous AC line current
in an AC switch application* at large phase retard, greater utilization
of the thyristor in terms of its average current versus temperature
ratings (like in Figure 3.6) can be obtained by taking into account the
improvement of form factor due to decreasing load power factor
(greater inductance) when applying the device within its RMS current
rating. See also Section 9.2.1.
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3.5.4 Arbitrary Current Waveshapes and Overloads (Recurrent)

Recurrent application of arbitrary waveshapes, varying duty
cycles, and overloads requires that the maximum peak allowable junc-
tion temperature of the SCR not be exceeded. Section 3.6 gives infor-
mation for determining this.

3.5.5 Surge and I°t Ratings (Non-Recurrent)

In the event that a type of overload or short circuit can be classi-
fied as non-recurrent, the rated junction temperature can be exceeded
for a brief instant, thereby allowing additional overcurrent rating.
Ratings for this type of non-recurrent duty are given by the Surge
Current and I?t rating curves. ’

Figure 3.7 shows the maximum allowable non-recurrent multi-
cycle surge current at rated load conditions. Note that the junction
temperature is assumed to be at its maximum rated value (125°C for
the C398); it is therefore apparent that the junction temperature will
exceed its rated value for a short time during and immediately following
operation within the non-recurrent ratings. Therefore many of the
SCR’s ratings and characteristics will not be valid until the junction
temperature cools back down to within its rated value. The reader
is thus reminded that off-state blocking capability, dv/dt and turn-off
time, to name just a few device parameters, are not specified or
guaranteed immediately following device operation in the non-recur-
rent current mode.

The data shown by the solid curve “A” are values of peak rectified
sinusoidal waveforms on a 60 Hz basis in a half-wave circuit. The “one-
cycle” point, therefore, gives an allowable non-recurrent half sine wave
of 0.00834 seconds’ duration (half period of 60 Hz frequency) of a peak
amplitude of 7,300 amperes. The “20 cycle” point shows that 20 recti-
fied half sine waves are permissible (separated by equal “off” times),
each of an equal amplitude of 5,100 amperes.

The data shown by the dotted curve “B” for 50 Hz operation has
been added to the curve and is not regularly part of the published
data sheet. The curve is constructed by connecting two points on the
curve with a straight line. The current value for the first point at 1 cycle
is obtained from Figure 3.8 at 10 ms, the base width of a 50 Hz sine
wave. The second point coincides with the 60 Hz, one second (60
cycles) value. Beyond the one second value the curves for 50 and 60 Hz
waveforms are the same and are extensions of the 60 Hz curve.
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The lower half of Figure 3.8 shows the maximum allowable non-
recurrent sub-cycle surge current at rated load conditions. Like its
sister multicycle curve of Figure 3.7, it is apparent that the junction
temperature will again exceed its rated value for a short time.
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The I2t rating is derived from the sub-cycle surge current curve
of Figure 3.8 and is plotted directly above the current curve. The I in
the I2t value is the RMS value of current over an interval t correspond-
ing to the pulse base width of Figure 3.8. For test and evaluation a
half-sinusoidal pulse shape is generally employed.

Both the sub-cycle surge current and I2t ratings assume that the
SCR is already in the conducting state. If the SCR is turned on into a
fault, the current-time relationships (di/dt) during the turn-on interval
must be within the device’s switching capabilities. Section 3.7 discusses
turn-on switching dissipation in greater detail.

Provided the above precautions are observed, fault and overcur-
rent protection can be approached in the same manner as for power
rectifier diodes. Protection methods are discussed in Chapter 15.

3.6 BASIC LOAD CURRENT RATING EQUATIONS
3.6.1 INTRODUCTION

In order for a device to be properly applied for recurrent load
duty, its maximum allowable peak operation junction temperature
must not be exceeded. By knowing the dissipation of a semiconductor
device and its thermal response it is possible to meet this requirement
by the method shown in Section 3.4.

The information given on the G-E specification sheet, in conjunc-
tion with the proper equation in Figure 3.9, allows the designer to
calculate power semiconductor ratings for a variety of conditions.!

36.2 Treatment of Irregularly Shaped Power Pulses—
Approximate Method

In the preceding section solutions for junction temperature were
given in response to step functions of power input. In many practical
applications, the power pulse is not of this ideal shape for computation,
and appropriate approximations must be made to convert the actual
waveshape into a rectangular form if the subsequent calculations are
to be made as outlined.
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Figure 3.10A illustrates the arbitrary waveshape of a power pulse
that re-occurs at a period of r seconds and has a peak value of Py,
watts and a full-cycle average of P,,, watts. For the purpose of calcu-
lating peak junction temperatures, this waveshape can be approximated
by the rectangular waveshape of Figure 3.10B. This rectangular wave-
shape is selected to have the identical values of peak power Py and
average power P,,. as Figure 3.10A by altering the pulse duration by
a constant N to maintain the peak to average relationship. g8 is defined
as the ratio of P,, to P .

Ppk

!

HEAT
A npuT
(WATTS)

FIGURE 3.10 APPROXIMATING IRREGULARLY SHAPED HEATING PULSE WITH
RECTANGULAR WAVESHAPES

This translation into rectangular pulses of power ensures a “worst
case” approximation since a rectangular pulse of power will always
have an effect on temperature rise which is equal to or greater than
the effect of any other pulse having the same peak and average power.
In other words, a rectangular power pulse will raise the junction tem-
perature higher than any other waveshape with the same peak and
average values since it concentrates its heating effects into a shorter
period of time, thus minimizing cooling during the pulse.

Figure 3.11 illustrates a case where a similar type of approxima-
tion can be used to shorten the calculations for peak junction tempera-
ture when the problem would otherwise be too laborious for manual
calculation. Computer programs are available for calculations of this
general form. Detailed information on computed generated solutions
are found in Reference 5. It involves the case where a sequence of
current bursts is periodically interrupted by a longer “off” period of
zero power. This is typical of any repetitive or cyclical on-off type
of load, such as found in spot resistance welding duty. Each burst of
pulses can be represented by a single square-wave with introduction
of only a relatively small error. This error will always yield a junction
temperature higher than actual, and will thus provide a conservative
application. In the equivalent waveshape shown in Figure 3.11C, the
peak value of power P, is maintained the same as in Figure 3.11B.
The duration of the equivalent rectangular waveshape is reduced to
B t, where g is defined as Pyy,/P .
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FIGURE 3.11 APPROXIMATING BURSTS OF PULSES WITH SINGLE RECTANGULAR
PULSE OF POWER

Sample Problem: Half wave sinusoidal current flows through a
C35 SCR at 60 Hz. The full cycle average value of this current is 10
amperes. Approximate the heating effect of a sequence of four cycles
of current by a single rectangular wave of power.

Solution:

Ipy = 7 Iyg = 10 7 = 31.4 amperes
= 1.7 volts at 31.4 amps from published specifi-
cations on C35
P, peak — IT\I X VD\I =314 X 1.7 = 534Watts
Full cycle average P = 16 watts at 10 amps average current from pub-
lished specifications on C35

DM

P,y over 3% cycles (actual duration of heating) = 16 X ——— 4 = 18.3
watts 3%

B = Poyy/Peq = 18.3/53.4 = 0.34
t = 3.5 cycles X 1/60 cps = .0585 second
Bt =0.34 X .0585 = 0.020 second
Thus the heating effect of the four cycles of current can be approxi-
mated by a single rectangular pulse of power with amplitude of 53.4
watts and a duration of 0.020 second. This is a conservative approxi-
mation.
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3.6.3 Resistance Welding Ratings for Recurrent Pulse Bursts

Recurrent waveforms similar to those shown for Figure 3.11 are
required for SCR’s used in welding service as AC contactors. In order
to aid the application of SCR’s for this special application® a rating
format has been developed and is shown in Figure 3.12.

T T T r T T T T

NOTE:
NUMBER OF CONDUCTION
CYCLES PER BURST I. 360° C CONDUCTION (TWO CELLS)

2. IRMs - CURRENT DURING CONDUCTION
2400 INTERVAL

3. COOLING MEDIUM 5.FREQ 60 Hz
TEMP.= 25°C

4. HEAT EXCHANGER (WATER OR AIR)
I Rgca= 0.°C/ WATT

EXAMPLE

\
WAVEFORM DESCRIPTION:
5
1600 —

| CYCLE/25% DUTY CYCLE 7}

P— Q\ IRMS'IP/ 2
1200 = \\\
50 ~~——
100 \\§\
800 T —— §‘\\
\\
400
C380 INVERSE PARALLEL PAIR, DOUBLE-SIDE COOLING
|| [ | | 1 | | |
o ,

15 20 30 40 60 80 10 20 30 40 50
DUTY CYCLE IN PERCENT

FIGURE 3.12 RESISTANCE WELDING RATINGS FOR THE C380 SERIES SCR PAIR

The welding ratings relate the maximum RMS line current, for
the conduction interval, of a pair of SCR’s (shown in Figure 3.11A)
to the number of cycles in the burst and the burst duty cycle. In addi-
tion cooling variables such as ambient temperature and case to sink
thermal path are taken into consideration by providing a family of
curves such as Figure 3.12 for different values of T, and Rgjyc.

Sample problem: Pair of C380’s are used as a resistance welding
ac contactor. Welder duty cycle and burst cycles are to be set at ten
percent and two cycles, as shown in Figure 3.13A. Assuming the cool-
ing conditions of Figure 3.12, maximum allowable RMS current during
the conduction interval is 1450 amperes.
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FIGURE 3.13 SIMPLIFIED RESISTANCE WELDING WAVEFORMS

Figure 3.13B displays another example welding waveform which
does not fit the rating format of Figure 3.12. By use of the principle
depicted in Section 3.6.2 and Figures 3.10 and 3.11 the waveform of
Figure 3.13B can be made to fit the format as shown in Figure 3.13C
where the waveform of Part B is bunched together resulting in a “worst
case” approximation. The resulting on-state RMS line current using a
pair of C380’s with the cooling conditions as stated in Figure 3.12 is
1150 amperes RMS at the equivalent translated duty cycle of 20%
and 4 cycle burst.

3.7 RECURRENT AND NON-RECURRENT di/dt RATINGS
3.7.1 Introduction

In many cases the SCR may be assumed to turn on instantane-
ously. This assumption is valid if the rate of rise of anode current
(di/dt) is slow compared to the time required for the semiconductor
junctions to reach a state of full on-state conduction at uniform cur-
rent density.

The current ratings discussed in the preceding sections are based
on such a condition of uniform current density. In other words, the
peak junction temperature, on which the recurrent and non-recurrent
current ratings are based, is assumed to occur uniformly across the
entire junction.

In cases where the rate of rise of anode current (di/dt) is very
rapid compared to the spreading velocity of the turn-on process across
the junctions, local “hot spot” heating will occur due to high current
density in those junction regions that have started to conduct.”.8 Par-
ticularly, if the SCR is switched from a high blocking voltage at a very
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large value of di/dt, turn-on switching dissipation in localized regions
of the SCR may lead to an excessive temperature rise at a “hot spot”
exceeding the device temperature rating.

In a manner analogous to Section 3.5.1 the rate of rise of anode
current ratings are subdivided into two industry classifications; recur-
rent and non-recurrent ratings. In addition to the industry standard,
General Electric uses a more stringent recurrent rating method called
a concurrent rating, which is part of a comprehensive high frequency
rating technique discussed in Section 3.8.

3.7.2 Industry Standard di/dt Rating (Recurrent)

The rating includes a standard waveform and accompanying set
of test conditions as outlined in Figure 3.14. The rating guarantees
that the device will block voltage but does not guarantee maintenance
of device dynamic characteristics such as turn-off time and dv/dt
capability.

TEST PARAMETER RECOMMENDED VALUES
Irm ~ 2 TWICE DEVICE CURRENT
RATING
t - 2> lps
TEST REP RATE > 60PPS
TEST TEMPERATURE _—  MAX RATED VALUE
OFF-STATE VOLTAGE-  RATED VALUE
GATE TRIGGER PULSE —  20V/2001, lus 1= Ius
TEST DURATION - 21000 HOURS
e Al TIME
(a) TEST CURRENT WAVEFORM (b) TEST CONDITIONS

out
Ac
SUPPLY
TRIGGER
PULSE
' Vom YItm Vom
Lei68 +2M cx56- 1 R 0.54
ITm Vom Itm

(¢) TEST CIRCUIT
FIGURE 3.14 INDUSTRY STANDARD DI/DT TEST CIRCUIT

Both turn-off time and dv/dt capability are limited by the hottest
spot of the silicon junction during the commutation interval. Figure
3.15 shows the resulting higher hot spot temperatures which may be
generated during high frequency operation due to turn-on di/dt heat-
ing. Therefore it is concluded that the industry standard test, while
valid for low frequency operation, is not adequate for high frequency
characterization.
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FIGURE 3.15 HOT SPOT TEMPERATURE VS REPETITION RATE

3.7.3 Concurrent di/dt Rating (Recurrent)

To overcome the limitations of the above rating method General
Electric’s di/dt rating concurrently takes into account the following
parameters as test conditions.

1.

® NOUUA W

Turn-off time guarantee specifying reapplied dv/dt and reverse
voltage.

. Snubber circuit discharge.

Gate drive.

. Switching voltage.
. Case temperature.
. Complete load cuirent waveform, square wave and sine wave.
. Above rated over full operating frequency range of device

capability.
Test duration = 1000 hours.

Figure 3.16 details the definition of the di/dt waveform. The rated
di/dt of the device is in addition to the discharge of the RC snubber
circuit (when employed) shown connected in parallel with the SCR.
For all high-frequency ratings, the SCR shunted by the snubber has
been considered as the device under test.

RATED

RATED CURRENT
di/dt T g «—WAVEFORM, 1
-7
B p— +
J S
RATED
: SWITCHING
VOLTAGE

@ R
T ]

FIGURE 3.16 di/dt WAVEFORM DEFINITION
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3.7.4 Industry Standard di/dt Rating (Gate Triggered—
Non-Recurrent)

This rating is useful in conjunction with protective devices such
as fuses and circuit breakers. The test condition is identical to the recur-
rent industry standard test except that the test duration is five seconds
minimum. Furthermore, immediately after each current pulse, off-state
(blocking) voltage capability may be temporarily lost for durations less
than the period of the applied pulse repetition rate.

3.1.5 Industry Standard di/dt Rating (V g, Triggered—
Non-Recurrent)

The same conditions as the rating described in Section 3.7.4 are
used except that the device is triggered on by slowly exceeding the
device’s forward breakover voltage. Generally the di/dt capability for
V (8o) breakover is limited to a small fraction of its gate triggered value.

3.1.6  Turn-On Voltage

A convenient indirect relative measure of an SCR’s di/dt per-
formance is the value of its turn-on voltage characteristic at a given
current and time and under specified test conditions. Figure 3.17 shows
a frequently used sinusoidal anode test current waveform i, and the
simultaneous fall of SCR anode to cathode voltage vp. Turn-on voltage
Vioy is defined as the value of voltage at the time of peak current Ipy.
Common values used for current pulse width t, are 10 microseconds,
peak current 150 A, with typical values of Vp,y in the range of 3 to
30 volts.

The significance of Vi, lies in the fact that it is a measure of
the current density in the device at the time it is measured. A lower
voltage drop indicates a greater amount of active device area turned
on, and thus better turn-on switching, or di/dt, performance. Relative

tests of this nature can be conducted in the test circuit shown in
Figure 3.14.

< Itm

V.
Ton

FIGURE 3.17 DEFINITION OF TURN-ON VOLTAGE
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This test is most useful for short pulses. For wider pulses, and a
comprehensive measurement of switching performance, the user is
urged to refer to watt-second loss data as described in the next section.

3.8 HIGH FREQUENCY CURRENT RATINGS

As the frequency of switching is increased, the contribution of the
per cycle turn-on switching loss integrated over the period of one
cycle of operation becomes an increasingly significant part of the total
average power dissipation of the thyristor. In order to properly apply
the device under this condition switching losses must be considered.

The following discusses the two major types of high frequency
current ratings which account for switching losses.

3.8.1 High Frequency Sinusoidal Waveshape Current Ratings

Sinusoidal current waveshapes are commonly seen by all SCR’s
used in medium to high frequency inverter circuits, used both as the
main switch, and as the companion auxiliary commutating switch. In
addition there is a large requirement for SCR’s used as auxiliary com-
mutating switches in low frequency inverters where the main current
handling switch (SCR) sees basically a rectangular current waveshape.
Sinusoidal waveforms are used so extensively for two reasons, First, at
high frequencies and/or narrow pulse widths the SCR switching
stresses are considerably lower for sinusoidal pulses than for rectangular
shaped pulses having the same base width, frequency and RMS cur-
rent. This results in a higher RMS current handling capability at high
frequencies for the sinusoidal waveform operation as shown in Figure
3.18 for the GE C158/C159 SCR.

120
& —
% 100
$ ) AWA )\
- SINUSOIDAL WAVEFORM
& 180° CONDUCTION \
x 80
['4
5 |
o g
2 60
s & \
z
5 RECTANGULAR WAVEFORM N
2 40 50% DUTY CYCLE
: di/dt-25 AMPS /usec
- |
<
=
5 20 NOTES:
2 65°C CASE TEMPERATURE
800 VOLT BLOCKING
RATED tq
c 1 1
50 100 200 500 1000 2000 5000 10,000

FREQUENCY IN Hz

FIGURE 3.18 MAXIMUM RMS ON-STATE CURRENT VS FREQUENCY FOR THE
GE €158/C153 SCR
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Secondly, forced commutation circuits are generally composed
of L-C reactive components which force nearly sinusoidal currents
through the commutating switch.

Rating data is given by providing plots of maximum allowable
RMS current vs pulse width over the operating frequency range of the
device as shown in Figure 3.19 for the GE C158/C159 type SCR.

60 I. SWITCHING VOLTAGE = 800 VOLTS

2. MIN. CKT TURN-OF F-TIME = 40JISEC
40 3. MAX.CKT. DW/DT =200 VOLTS/USEC
4.REVERSE VOLTAGE APPLIED=
SOV £ VR <800V
5.REQUIRED GATE DRIVE:

T 1 T T
8 250 CASE TEMPERATURE = 65°C
5oo N 0“‘63
600 AEQ
8
1000 N
400 \ aw
] N \
o / _—Tkoo ™ ] —
«
& Pt FOR HALF SINE WAVE
s 2500 \\\4\ ™~ CURRENT ONLY
< 200 - -
|5 / 5000
&
7

g / 500
3 —
£ * [ Zooo
I N NOTES:
o
z
o
x
<
W
a

20VOLTS, 65 OHMS, | USEC RISETIMY
6.RC SNUBBER CKT.=.25Uf,5 N

0 1 L1 ]

1o 20 40 60 80 100 200 400 600 800 1000 2000 4000 6000 8000 10,000

20

PULSE WIDTH - MICROSECONDS

FIGURE 3.19 MAXIMUM ALLOWABLE PEAK ON-STATE CURRENT VS PULSE WIDTH (Tc = 65°C)
FOR THE GE C158/C159 SCR

The ratings® of Figure 3.19 reflect General Electric’s concurrent
rating concept by specifying all circuit conditions, thus insuring device
commutation under the highest stress conditions. The device’s di/dt
capability is an inherent part of the rating being reflected in the rate
of rise of the sinusoidal waveform. Curve sets are provided for case
temperatures other than 65°C to allow extrapolations of current based
on the designer’s individual application.

The curves are generated by empirical life testing in combination
with computer models. UNLIKE THE LOW FREQUENCY CUR-
RENT RATING CURVES, THE HIGH FREQUENCY RATING
DATA IS NOT DIRECTLY OBTAINED FROM AVERAGE POWER
DISSIPATION AND MAXIMUM JUNCTION TEMPERATURE
LIMITATIONS IN COMBINATION WITH THERMAL RESIST-
ANCE DATA. The reason for this departure in rating technique is
fundamental to the difference between high and low frequency device
operation. At low frequency the device is assumed to have its power
losses spread evenly across the silicon wafer and consequently to be
at a uniform temperature. At high frequencies device losses tend to
concentrate near the turn-on region of the silicon wafer resulting in
high power densities even at relatively low average dissipation levels.

Average device power dissipation must be known if the heatsink
is to be sized properly to keep the case temperature maintained at the
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value required by Figure 3.19. Average power is determined by use
of Figure 3.20 for the C158/C159 type SCR.

The energy loss data curves continue the concurrent rating con-
cept mentioned earlier in this section and in Section 3.7.3, by including
total device losses comprised of the following components:

a) Blocking losses

b) Switching* and conduction losses

c) Reverse recovery losses

d) Gate power dissipation losses

*Including component due to snubber discharge.

The average power is found by multiplying the watt second/pulse
found from Figure 3.20 for the current waveshape the device is
switching with the switching repetition rate.
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3. MAX CKT. DV/DT= 200 VOLTS/HSEC CURRENT RISE TIME = | USEC
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FIGURE 3.20 ENERGY PER PULSE FOR SINUSOIDAL PULSES FOR THE GE C158/C159 SCR

3.8.2 High Frequency Rectangular Waveshape Current Ratings

Rectangularl® current waveforms are the mainstay of switching
SCR’s operating in low to medium frequency power conversion systems.
Popular examples of circuitry imposing this type of duty on the main
power switches are pulse width modulated inverters for AC motor
speed control and DC choppers for DC motor speed control.

To fully characterize an SCR under rectangular current waveform
conditions, four parameters are needed to define the operating wave-
form as shown in Figure 3.21 and a fifth, case temperature, is needed
to specify thermal conditions.
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FIGURE 3.21 RECTANGULAR CURRENT WAVEFORM DEFINITION

An example of a current rating curve for the C398 SCR is shown
in Figure 3.22. Additional curves are given in the data sheet for 25%
and 109 duty cycle operation to allow for interpolation between 75%
and 5% duty cycle operation. Like the sine wave rating curves, data
is also provided for other case temperatures to again allow for data
interpolation.
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OFF-STATE VOLTAGE=800 VOLTS  REQUIRED GATE DRIVE:
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FIGURE 3.22 MAXIMUM ALLOWABLE PEAK ON-STATE CURRENT VS di/dt (Tc = 65°C)

Switching loss data for heatsink selection is given in the form of
watt-seconds/pulse data as shown in Figure 3.23. Because of the addi-
tional parameter, di/dt, needed to characterize the rectangular wave-
form, three such charts are needed where a single chart was adequate
for the sinusoidal waveform case. The two additional charts charac-
terize the losses for 25 and 5 amps/psecond respectively; again,
interpolation is employed to determine losses for di/dt’s in between
those given.
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FIGURE 3.23 ENERGY PER PULSE FOR RECTANGULAR PULSES FOR THE C397/C398 SCR
(di/dt = 100 A/ usec)

3.9 VOLTAGE RATINGS

The voltage ratings of SCR’s have been traditionally designated
by a single suffix letter, or single letter group, in the model number
of the device (e.g., C35B) or are an integral part of its JEDEC regis-
tration. The designation is translated in the specifications and defines
the thyristor’s rated peak voltage which the device will safely with-
stand in both the off-state and reverse directions without breaking
down. The off-state was formerly referred to as the forward direction,
i.e., anode positive with respect to the cathode of an SCR. It is applica-
ble to any junction temperature within the specified operating range.
This symmetry of off-state and reverse voltage ratings is characteristic
of all standard low frequency SCR’s. Symmetry does not always exist
for high frequency, inverter type SCR’s. Where symmetry fails to
exist the device voltage grade may be specified by more than one
letter group separated by a number, dash or slash. An example is the
C138N10M with a Vpy of 600 volts and a Vg of 800 volts. This par-
ticular device type also has a Vgygy rating of 50 volts which is not
described in the type number designation.

Voltage ratings are related to-several device parameters and char-
acteristics. Of primary concern is the blocking current and its relation-
ship to device junction temperature. Blocking current approximately
doubles with every 10°C rise in Tj;. Since junction temperature is a
direct function of total device power dissipation, it is possible to have
regenerative thermal runaway of an SCR if the SCR’s heatsink is above
a critical value.ll Generally this value is many times higher than
typically used to dissipate the SCR’s losses due to current conduction.
This is certainly true of all the low frequency, slow turn-off SCR’s
currently made. For fast turn-off, high frequency operation blocking

60



RATINGS AND CHARACTERISTICS OF THYRISTORS

current is traded off against enhanced turn-off time performance. The
higher blocking losses that result require a special rating format for
such devices if full advantage is to be taken of the device’s inherent
voltage capability. The following discussion first considers the standard
voltage ratings which are applicable to both low and high frequency
SCR’s. Later the special requirements of some high frequency SCR’s
are discussed.

3.9.1 Reverse Voltage (Vrgrw) and (Vgsw)

In the reverse direction (anode negative with respect to cathode),
the SCR behaves like a conventional rectifier diode. General Electric
assigns two types of reverse voltage ratings: repetitive peak reverse
voltage with gate open, Vggy (formerly designated by “Vyon (rep) )
and non-repetitive peak reverse voltage with gate open, Vygy (formerly
deSignated “ VI{OM (non-rep) ”)*

If these ratings are substantially exceeded, the device will go into
breakdown and may destroy itself. Where transient reverse voltages
are excessive, additional Vg margin may be built into the circuit by
inserting a rectifier diode of equivalent current rating in series with the
controlled rectifier to assist it in handling reverse voltage. For a detailed
discussion on voltage transients, see Chapter 16; for series operation,
see Chapter 6.

3.9.2 Peak Off-State Blocking Voltage (V ,q) (Formerly Peak
Forward Blocking Voltage (Vy))

The peak off-state blocking voltage Vg, is given on the specifica-
tion bulletin at maximum allowable junction temperature (worst case)
with a specified gate bias condition. The larger SCR’s are specified for
a peak off-state blocking voltage rating with the gate open; smaller
SCR’s are usually characterized for a peak off-state blocking voltage
with a specified gate-to-cathode bias resistor. The SCR will remain
in the off-state if its peak off-state voltage rating is not exceeded.

3.9.3 Peak Positive Anode Voltage (PFV)*

An SCR can be turned on in the absence of gate drive by exceed-
ing its off-state breakover voltage characteristic V g0, at the prevailing
temperature conditions. Although SCR’s, in contrast to diode thyristors,
are designed to be brought into conduction by means, of driving the
gate, breakover in the off-state direction is generally not damaging
provided the allowable di/dt under this condition is not exceeded (see
Section 3.7).

Some SCR’s are assigned a PFV rating. This rating is usually at
or above the Vg rating. Off-state voltage which causes the device
to switch from a voltage in excess of its PFV rating may cause occa-
sional degradation or eventual failure. Figure 3.24 illustrates the rela-
tionship between PFV and peak off-state blocking voltage rating Vpgy.
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SIGNIFICANCE OF Vpgpy AND PFV
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SCR IF di/dt
IS KEPT WITHIN
DEVICE CAPABILITY

SCR MAY TURN ON
AND
SCR MAY BE DAMAGED.

FIGURE 3.24 SIGNIFICANCE OF Vorm AND PFV RATINGS

The PFV rating is often of practical importance when SCR’s are
tested for their actual breakover voltage characteristic V(go, at room
temperature; often a unit will have a V g0y beyond its PFV rating at
temperatures lower than maximum rated junction temperature. A
proper test for Vo, under these circumstances would be to conduct
it at elevated temperature provided that V g0, is lower than PFV.

In applications where the PFV rating of an SCR may be exceeded
it is suggested that a network be connected anode to gate so that the
device will trigger by gate drive rather than by off-state breakover.
A zener diode may be used to effect gate triggering at a predetermined
level, or a Thyrector diode may be used to obtain a similar action.

*Previously referred to as peak forward voltage. PFV is used as an abbreviation.

3.9.4 Voltage Ratings for High Frequency, Blocking
Power Limited SCR’s

Inverter circuits frequently impose short time repetitive peak off-
state and reverse voltages upon SCR’s. These transients are often
induced by the forced commutation circuits. Typically these transients
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are in the 5 to 100 microsecond range and occupy less than 339 of
the blocking interval. In some circuits feedback diodes placed across
the SCR limit the reverse blocking voltage to only a few volts, typically
2 volts and always less than 50 volts.

In order to allow high frequency SCR’s to block these short time
repetitive transients and yet not arbitrarily limit their voltage rating
due to high blocking losses at the high voltage levels a new rating
definition has been introduced as shown in Figure 3.25.

REPETITIVE PEAK
OFF STATE V
Vorm

swwcnme -
/ VOLTAGE
Vom OR Vp

————— -—5ov

@
=3
o

OFF-STATE
VOLTAGE
@
=3
o

TIME

o

1

' | t soov

|
25 50 75 100 «—PERCENT OF CYCLE
T I0Hz TO 25KHz

REVERSE
VOLTAGE
o—

FIGURE 3.25 ALLOWABLE VOLTAGE ENVELOPE FOR C138N10M AND C133N10M SCR'S

Basically the difference between this rating and the conventional
is the limitation on the duty cycle of V) to confined limits. The Vpgay
value is specified by the first letter code of the C139. The second letter
code indicates the Vp) value. Any voltage envelope may be applied
to the device providing it is held to within the envelope prescribed in
Figure 3.25 for the C139N10M and within the same envelope with the
addition of the 50 volt reverse limit for the C138N10M.

Furthermore, the C139N10M case to ambient thermal resistance
must not exceed 3.0°C/watt. Should the designer choose to operate
outside the voltage envelope shown, the factory must be consulted and
a lower value of Rg (case to ambient) may have to be used in order to
maintain device thermal equilibrium. As the state of the art advances
and as experience is obtained with this rating philosophy, it is expected
that additional information will be provided the designer to enable
direct calculation of both the blocking losses and the related maximum
Rg (case to ambient) for maintenance of device thermally stability.

3.10  RATE OF RISE OF OFF-STATE VOLTAGE (dv/dt)

A high rate of rise of off-state (anode-to-cathode) voltage may
cause an SCR to switch into the “on” or low impedance conducting
state. In the interest of circuit reliability it is, therefore, of practical

. importance to characterize the device with respect to its dv/dt with-
stand capability.

The circuit designer may often limit the maximum dv/dt applied
to an SCR by means of added suppressor or “snubber” networks placed
across a device’s terminals. Chapter 16 includes useful design informa-
tion for the design of such networks.

General Electric SCR’s and triacs are characterized with respect
to dv/dt withstand capability in the following contexts:
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3.10.1 Static dv/dt Capability

This specification covers the case of initially energizing the circuit
or operating the device from an anode voltage source which has super-
posed fast rise-time transients. Such transients may arise from the
operation of circuit switching devices or result from other SCR’s oper-
ating in adjacent circuits. Interference and interaction phenomena of
this type are discussed further in Chapter 17. The industry standard
dv/dt definitions are defined by the waveforms shown in Figure 3.26.

NUMERICAL VALUE
OF EXPONENTIAL

durd
100 MAX. TEST P
= N VOLTAGE Vo Lor N
SE s S oY) S |
o
g: sol—A X Vo !
w i
°§ 25 | Vo = TEST VOLTAGE PEAK
2 pwDT | NUMERICAL VALUE =?z£'$
o I =h
et riME—s o8 57 ! '
otot 12
(a) Exponential Waveform Test (b) Linear Waveform Test

FIGURE 3.26 dv/dt WAVEFORM DEFINITION

Either a linear ramp or the exponential waveform may be used.
When the exponential ramp is used the slope is defined as shown by
the linear ramp of Figure 3.26(a) intersecting the single time constant
value as shown. The linear waveform definition of Figure 3.26(b) is
self explanatory. The following discussion applies to the exponential
case used for industry registration purposes.

Some specification sheets give the time constant r under specified
conditions rather than a numerical value for dv/dt.

It will be noted that

_0.632 X Rated SCR Voltage (V,)
T dv/dt
The initial dv/dt withstand capability will be recognized as being
greater than the value defined in Figure 3.26(a). In terms of specified
minimum time constant it is ‘

dv/dt _ Rated SCR Voltage (Vo)
t=0+ T

In terms of specified maximum dv/dt capability, the allowable initial
dv/dt withstand capability is

dv/dt - ngz dv/dt = 1.58 dv/dt (3.7
t=0+ ™

The shaded areas shown in Figure 3.26 represent the area of
dv/dt values that will not trigger the SCR. These data enable the

circuit designer to tailor his circuitry in such a manner that reliable
circuit operation is assured.

(3.5)

(3.6)
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Static dv/dt capability is an inverse function of device junction
temperature as well as a complex function of the transient waveform
shape. Figure 3.27 shows one example of how wave shape can greatly
change the withstand capability of a typical SCR.
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FIGURE 3.27 TYPICAL dv/dt WITHSTAND CAPABILITY OF C50 SCR

Reverse biasing of the gate with respect to the cathode may
increase dv/dt withstand capability beyond that shown on an SCR’s
data sheet. This increase is generally limited to medium and low cur-
rent SCR’s. The reader is referred to Chapter 1 for further discussion.

3.10.2 Reapplied dv/dt

This specification generally forms part of an SCR’s turn-off time
specification and is really a turn-off time condition, rather than a speci-
fication in its own right. It is defined as: the maximum allowable rate
of reapplication of off-state blocking voltage, while the SCR is regain-
ing its rated off-state blocking voltage Vpgy, following the device’s
turn-off time t, under stated circuit and temperature conditions. The

waveform is defined in Figure 3.28. For further information consult
Chapter 5.
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FIGURE 3.28 REAPPLIED dv/dt WAVEFORMS

3.10.3 Triac Commutating dV/ dt

Commutating dv/dt1? differs from both the static and reapplied
dv/dt in that it presupposes device commutation immediately prior to
application of off-state voltage as shown in Figure 3.29. Commutating
dv/dt is generally substantially below a triac’s static dv/dt rating.
Commutating di/dt, case temperature and RMS on-state current are

all conditions for the commutating dv/dt specification.
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Since commutating dv/dt varies with commutating di/dt, the fac-
tory should be consulted for operation of triacs beyond 60 Hz. Standard
selections are available for 400 Hz operation upon request. Figure 3.30
shows the typical variation of triac commutating dv/dt with commu-
tating di/dt. Consult Chapter 7 for additional detail.
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COMMUTATING dv/dt

3.11  GATE CIRCUIT RATINGS

Maximum ratings for the gate circuit are discussed in Chapter 4.

3.12 HOLDING AND LATCHING CURRENT

Somewhat analogous to the solenoid of an electromechanical
relay, an SCR requires a certain minimum anode current to maintain
it in the “closed” or conducting state. If the anode current drops below
this minimum level, designated as the holding current, the SCR reverts
to the forward blocking or “open™ state. The holding current for a
typical SCR has a negative temperature coefficient; that is, as its junc-
tion temperature drops its holding current requirement increases.
This increase in both holding and latching current may be limiting in
military applications where —65°C operation is required. THE
DESIGNER IS URGED TO TAKE SPECIAL PRECAUTIONS TO
INSURE AGAINST LATCHING AND HOLDING CURRENT
PROBLEMS AND BY CONSULTING THE FACTORY WHERE
DOUBT MAY EXIST.

A somewhat higher value of anode current than the holding cur-
rent is required for the SCR to initially “pickup.” If this higher value
of anode latching current is not reached, the SCR will revert to the
blocking state as soon as the gate signal is removed. After this initial
pickup action, however, the anode current may be reduced to the
holding current level. Where circuit inductance limits the rate of rise
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of anode current and thereby prevents the SCR from switching solidly
into the conducting state, it may be necessary to make alterations in
the circuit. This is discussed further in Chapter 4.

A meaningful test for the combined effects of holding and latching
current is shown in Figure 3.31. The SCR under test is triggered by a
specified gate signal, under specified conditions of voltage, anode cur-
rent, pulse width and junction temperature.

The test circuit allows the SCR to latch into conduction at a cur-
rent level Ip;. The test circuit then reduces the current to a continu-
ously variable level Ig,. The current I, at which the SCR reverts to
the off-state is the desired value of holding current. See Chapter 20
for details of a suitable test circuit.

TEST CIRCUIT
SETS VARIABLE
LEVELS OF I,

t
FIGURE 3.31 HOLDING CURRENT TEST WAVEFORM

3.13 REVERSE RECOVERY CHARACTERISTICS

During commutation SCR’s display a transient reverse current that
far exceeds the maximum rated blocking current. This reverse current
is called reverse recovery current and its time integral is termed recov-
ered charge. Figure 3.32 defines the salient reverse recovery parameters.
The cross-hatched area represents a common industry method of defin-
ing recovered charge (Qgg), along with a method for defining recovery
time (t,.). Ty is arbitrarily chosen to occur at intersection of the dotted
line drawn from iy through the iz, point, intersecting with the zero
current value. Thus defining recovery time as T, — T,. Attempts at
using lower values than (ig,4) for the definition run into the problem
of measuring T3 accurately for very soft recovery devices where the
recovery current slope may be very gradual.

Recovered charge is often specified in preference to t,, due to its
strong application orientation. Specifically where the voltage across the
device must be limited by an R-C snubber network in series appli-
cations, the size of the capacitor required is determined by the SCR’s
recovered charge characteristics (see Chapter 6 for details).
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FIGURE 3.32 SCR RECOVERY WAVEFORM DEFINITION
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Figure 3.33 shows an SCR’s typical recovered charge charac-

teristics.
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FIGURE 3.33 TYPICAL RECOVERED CHARGE (125°C) C158 SCR

It is to be noted that both Qgg and t,, are strongly circuit depend-

ent as well as device dependent. Both the peak-on-state current prior

to

commutation as well as the commutation di/dt are significant circuit

variables. Additionally recovered charge has a positive temperature
coeflicient requiring a fixed junction temperature as part of the test
conditions.
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GATE TRIGGER CHARACTERISTICS, RATINGS,
AND METHODS

The ability of the triode thyristor (SCR or triac) to switch from
nonconducting to conducting state in response to a small control signal
is the key factor in its widespread utility for control of power. Proper
triggering of the thyristor requires that the source of the trigger signal
should supply adequate gate current and voltage, without exceeding
the thyristor gate ratings, in accordance with the characteristics of the
thyristor and the nature of its load and supply. The trigger source im-
pedance, time of occurrence and duration of the trigger signal, and
off-state conditions are also important design factors. Since all applica-
tions of thyristors require some form of triggering, this chapter is
devoted to the fundamentals of the gate triggering process, gate char-
acteristics and ratings, interaction with the load circuit, characteristics
of active trigger-circuit components, and basic examples of trigger cir-
cuits. This chapter will be devoted mostly to SCR’s, while Chapter 7
contains more details on triac triggering. Specific trigger circuits for
performing various control functions are shown in subsequent chapters.

4.1 THE TRIGGERING PROCESS

Section 1.3 of Chapter 1 and Section 7.1.3 of Chapter 7 describe
the two-transistor analogy of the SCR, the junction gate and remote
gate operation of the triac, and the remote-base transistor action of the
SCR. From those discussions, it can be seen that the transition of a
thyristor from the non-conducting to the conducting state is determined
by internal transistor-like action.

The switching action, with slowly increasing DC gate current, is
preceded by symmetrical transistor action in which anode current
increases proportionally to gate current. As shown in Figure 4.1, with
a positive anode voltage, the anode current is relatively independent
of anode voltage up to a point where a form of avalanche multiplication
causes the current to increase. At this point, the small-signal (or instan-
taneous) impedance (dV/dI) of the thyristor changes rapidly, but
smoothly, from a high positive resistance to zero resistance, and thence
to increasing values of negative resistance as increasing current is
accompanied by decreasing voltage. The negative resistance region
continues until saturation of the “transistors” is approached, wherein
the impedance smoothly reverts from negative, to zero, to positive
resistance.

The criteria for triggering depends upon the nature of the external
anode circuit impedance and the supply voltage, as well as the gate
current. This can be seen by constructing a load line on the curves of
Figure 4.1, connecting between the open-circuit supply voltage, Vy,
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and the short-circuit load current, I,. With zero-gate current, the
thyristor characteristic curve intersects the load line at a stable point
(1). At a gate current of I, the characteristic curve becomes tangential
to the load line at a point (2) where the negative resistance of the
thyristor is equal in magnitude to the external load resistance. Since
this condition is unstable, the thyristor switches to the low-impedance
state at stable operating (3). The gate current may now be removed and
conduction will be maintained at point (3). If the supply voltage is
reduced to Vy, the load line will shift and the operating point (3) will
‘move toward the origin. When the load line becomes tangential to the
characteristic curve at point (4), the condition is again unstable, and
the thyristor reverts back to the high-impedance “off state.”

The anode current at point (4) is the “holding” current for this set
of conditions. If, instead of reducing supply voltage to reach point (4),
the load resistance were increased, the point (5) at which the charac-
teristic curve becomes tangential to the load line occurs at a lower
current, which is the holding current for that set of conditions. If the
gate current Ig, were maintained while supply voltage was reduced
to Vi3, turn-off would have occurred at point (6), at a lower anode
current. A higher gate current, 15, would then be required to trigger
the SCR, but reduction of this gate signal below I, would allow it to
switch off, hence the SCR would not have been truly latched in the
on-state. The latching current is at least as high as the holding current
(at Ig= 0), and is higher in some SCR’s because of non-uniform areas
of conduction at low currents. In those cases, the triggering criterion
is not only meeting a negative-resistance intercept condition such as
point (2), but also reaching a certain minimum anode current at
point (3).

+1 QUADRANT I
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ANODE
CURRENT
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- A T T T >
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3 Ig2 .
ANODE VOLTAGE
QUADRANT I .
|-

FIGURE 4.1 SCR ANODE-CATHODE CHARACTERISTICS WITH GATE CURRENT

The triac gate characteristics in quadrants I and III appear similar
to that of the SCR in quadrant I. It should be remembered that the
triac can be triggered with either a positive or negative gate signal
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but that the turn-on process will not be perfectly symmetrical for all
possible biasing and triggering conditions.

Thyristor triggering requirements are dependent on both anode
and gate conditions. Therefore, specifications on a given thyristor’s
requirements for gate voltage and gate current to trigger (Vgp and Igp)
also define the anode circuit voltage and load resistance conditions.

4.2 SCR GATE-CATHODE CHARACTERISTICS

Trigger circuits must be designed to produce proper current flow
between the gate and cathode terminals of the SCR. The nature of the
impedance which these two terminals present to the trigger circuit is
a determining factor in circuit design.

From basic construction and theory of operation, it can be seen
that the electrical characteristics presented between the gate and
cathode terminals are basically those of a p-n junction—a diode. This
is not the whole story.

4.2.1 Characteristics Prior to Triggering

Figure 4.2 shows the low-frequency full and simplified equivalent
circuits of the gate-to-cathode junction with no anode current flowing
(open anode circuit) for both conventional as well as for amplifying
gate SCR’s. The series resistance Ry, represents the lateral resistance
of the p-type layer to which the gate terminal is connected. The shunt
resistance Rg represents any intentional or inadvertent “emitter short”
that may exist in the structure. The magnitudes of Ry, and Rg are varia-
bles resulting both from structure design and manufacturing process.
For example, Rg is extremely high in the C5 type SCR and quite low
in the C180 type which features emitter “shorts” to increase its Vpry
rating and dv/dt characteristic. The diodes are shown as avalanche
(“zener”) diodes because the reverse avalanche voltages of SCR gate
junctions are typically in the range from 5 to 20 volts, a condition easily
encountered in trigger circuits.

RLI,

GATE
Rsi Rs2
CATHODE
(a) FULL CIRCUIT
1
S R
GATE AN\
VG RS !!‘
CATHODE l

(b) SIMPLIFIED CIRCUIT
FIGURE 4.2(a) GATE-CATHODE EQUIVALENT CIRCUIT FOR THE CONVENTIONAL SCR
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FIGURE 4.2(b) GATE-CATHODE EQUIVALENT CIRCUIT FOR THE AMPLIFYING GATE SCR
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FIGURE 4.3 GATE-CATHODE CHARACTERISTIC CURVE (la = 0)

The difference between a typical gate characteristic and an ordi-
nary diode junction is shown in Figure 4.3. The relative effects of Ry,
and Rg are apparent in different regions of the curve.

The equivalent circuit and characteristics shown here are valid
only when anode current is zero or small as compared with gate current.
This information is, therefore, useful for reverse gate bias, for very
low forward gate current, and for examination of trigger circuits with
anode disconnected.

4.2.2 Characteristics at Triggering Point

With the anode supply connected, the equivalent gate circuit must
be modified, Figure 4.4, to include the anode current flow across the
gate junction. Since anode current is a function of gate current (see
Chapter 1), the total current through the junction and the voltage drop
across the junction will increase more rapidly than with gate drive
alone. As anode current increases (Figure 4.5), the small-signal im-
pedance between the gate and cathode terminals changes smoothly
from positive, to zero, to negative resistance. When the characteristic
curve becomes tangential with the load line of the gate signal source
impedance at point (1), the anode current becomes regenerative and
the SCR can then trigger. For specification purposes, “Igy” is the
maximum gate supply current required to trigger, hence is measured
at the peak of the curve (refer to Chapter 20 for test method).

Thus it is apparent that the impedance of the gate signal source is
another factor in the criteria for thyristor triggering.

4.2.3 Characteristics After Triggering

After the thyristor has been triggered and anode current flow
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across the gate-cathode junction is sufficient to maintain conduction,
the gate impedance changes. Figure 4.4, shows that it behaves like a
source, having a voltage equal to the gate-cathode junction drop (at the
existing anode current) and an internal impedance Ry,. This voltage is
very nearly equal to the voltage drop between anode and cathode. The
characteristics under this condition are shown in Figure 4.6. The curva-
ture in the fourth quadrant is effectively the result of an increasing Ry,
as more current is taken out of the gate. This is the result of the dis-
tributed nature of the gate junction as shown in Figure 4.2. As the
gate-to-cathode terminal voltage is reduced by withdrawing current,
the current flow through the lateral resistance of the p-type layer causes
current to cease flowing through that portion of the p-n junction nearest
the gate terminal. This causes an increase in current density in areas
remote from the gate terminal. The higher current density and power
dissipation in the lateral resistance can cause thermal damage to the
thyristor.

+
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Al @1, 1,
-) Vo Vo o+
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FIGURE 4.6 GATE CHARACTERISTICS AFTER TRIGGERING

If two SCR’s are connected with gates and cathodes common, the
gate voltage produced by conduction of one SCR can, in some cases,
produce adequate triggering current in the gate of the other SCR.
In many instances, this may be a desired effect—turning both SCR’s on
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simultaneously. In other cases, however, as when the anode supply
voltages of the two are 180 degrees out of phase, the existence of gate
current in the reverse-biased SCR can cause triggering at the instant
it becomes forward-biased because of stored charge in the p-type layer.
It can also cause excessive reverse current by the remote-base transistor
action.

4.3 EFFECTS OF GATE-CATHODE IMPEDANCE AND BIAS

The preceding sections have shown that the criteria for triggering
involves the gate current, gate signal source impedance, and anode
supply (load) impedance. The interaction between gate and anode cir-
cuits demands examination in some depth.

4.3.1 Gate-Cathode Resistance

The two-transistor analogy shows that a low external resistance
between gate and cathode bypasses some current around the gate junc-
tion, thus requiring a higher anode current to initiate and maintain
conduction. Low-current, high sensitivity SCR’s are triggered by such
a low current through the gate junction that a specified external gate-
cathode resistance is required in order to prevent triggering by ther-
mally generated leakage current. This resistance also bypasses some
of the internal anode current caused by rapid rate-of-change of anode
voltage (dv/dt, see Chapter 3). It raises the forward breakover voltage
by reducing the efficiency of the n-p-n “transistor” region, thus requir-
ing a somewhat higher avalanche multiplication effect to initiate trig-
gering. The latching and holding anode currents are also affected by
the current which bypasses the gate junction.

The relative effect of the external resistance is dependent upon
the magnitudes of the internal resistances, Ry, and Rg of Figure 4.2.
For low-current thyristors, the type of construction used generally leads
to high values of Rg (virtually no emitter shorting) and low values of Ry,
because of the small pellet size. Figure 4.7 shows the effect of external
gate-to-cathode resistance upon holding current for the type C106
low-current SCR. The spread between maximum and minimum values
represents production variations of the internal resistances and varia-
tions in current-gain of the equivalent “transistor” regions.

External shunt gate resistance also slightly reduces the turn-off
time of the SCR by assisting in recovering stored charge, by raising the
anode holding current, and by requiring higher anode current to initiate
re-triggering.

76



GATE TRIGGER CHARACTERISTICS, RATINGS, AND METHODS

100
80
60
40 NOTES: (Il CURVES SHOWN ARE FOR VARIOUS
JUNCTION TEMPERATURES.
(2) ANODE SUPPLY VOLTAGE = i2 VOLTS.
20 (3) CAUTION: STANDARD FORWARD BLOCKING | _|
VOLTAGE RATING DOES NOT APPLY FOR
GATE TO CATHODE RESISTANCES GREATER
THAN 1000 OHMS. \
\ AN MAXIMUM AT —40°C
10 ‘
AN ™~ | |
8 T
\ \ f [
9 s AN MAXIMUM AT 25°C — ]
&5 \ \
s
N
I 4
E NN
H
! \ \\
=
g 2
E MAXIMUM AT 110°C —
(8]
g I~
3 !
]
I 08 \\
06 MINIMUM AT ~40°C
\ I~
04 ﬁ\ MINIMUM AT 25°C
N
- \\

MINIMUM AT 110° ¢~~~

| T~ N

100 200 400 600 8001000 2000 4000 6000 / 10000
GATE TO CATHODE RESISTANCE-OHMS 8000

FIGURE 4.7 MAXIMUM AND MINIMUM HOLDING CURRENT VARIATION WITH EXTERNAL
GATE-TO-CATHODE RESISTANCE FOR C106 SCR

4.3.2 Gate-Cathode Capacitance

A low shunt capacitive reactance at high frequencies can reduce
the sensitivity of a thyristor to dv/dt effects (see Chapter 3), in much
the same manner as a resistor, while maintaining higher sensitivity to
DC and low frequency gate signals. This integrating effect is particu-
larly useful where high-frequency “noise” is present in either the anode
or gate circuits.
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At the point of triggering, however, the gate voltage (see Figure
4.5) must increase as anode current increases. Therefore, a capacitor
connected between gate and cathode will tend to retard the triggering
process, yielding longer delay-time and rise-time of anode current. This
action can be detrimental when a high di/dt of anode current is
required (see Chapters 3 and 5 ).

After the SCR has been turned on, the gate acts as a voltage
source, charging the capacitor to the voltage drop across the gate junc-
tion. Since this voltage (depending on value of anode current) is gener-
ally higher than the gate voltage required to trigger the SCR (Vgq),
the energy stored in the capacitor can supply triggering current for a
period of time after removal of anode current, thereby possibly causing
the SCR to fail to commutate. In low-current SCR’s, a capacitor on the
order of 10 microfarads can maintain gate current for over 10 milli-
seconds, hence can prevent commutation in half-wave, 50 or 60 Hz
circuits.

If the gate triggering signal is a low-impedance pulse generator
in series with a capacitor, the capacitor can be charged by gate current
during the pulse and the polarity will be such that at the end of the
pulse the SCR gate will be driven negative. For low values of anode
current at this instant, the negative drive may raise the holding current
requirement above the anode current and turn off the SCR.

43.3 Gate-Cathode Inductance

Inductive reactance between gate and cathode reduces sensitivity
to slowly changing anode current or gate source current while main-
taining sensitivity to rapid changes. This differentiating effect is useful
in improving thermal stability since changes in thermal leakage current
are slow. When used with the light-activated SCR, it provides sensi-
tivity to a flash of light with insensitivity to steady-state ambient light
(see Chapter 14).

With anode current flowing, the gate voltage causes current to
flow out of the gate, through the inductance. The rate at which this
current builds up after triggering is a function of the L/R ratio of the
inductance to both internal and external resistance. As this negative
gate current rises, the holding current of the thyristor also rises. If
anode current is low, or increasing more slowly than negative gate cur-
rent, the thyristor may drop out of conduction.

After the SCR anode current ceases, negative gate current will
continue for a period of time, decaying according to the L/R time-
constant. This negative gate current during the turn-off condition can
reduce turn-off time (by nearly 10:1 in small SCR’s) and can permit a
faster rate of re-applied off-state voltage (higher dv/dt).

If a triggering current pulse is applied in parallel with an inductor
and the gate, the pulse can produce a current flow through the inductor.
At the termination of the pulse, the inductor current will continue to
flow as a negative gate current, thereby raising holding current and
possibly causing turn-off of the SCR.
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4.3.4 Gate-Cathode LC Resonant Circuit

A parallel LC resonant circuit connected between gate and cathode
can provide a frequency-selective response, and can also produce a
condition of oscillation.

The oscillating condition is obtained by making the anode current
value intermediate between the normal (I; = 0) holding current and
the holding current with maximum negative gate current flowing
through the inductor. As explained in Section 4.3.3, the SCR can be
turned on, then negative gate current will increase until the SCR turns
off. After turn-off, inductor current will charge the capacitor to a nega-
tive voltage, then the capacitor will discharge into the inductor in a
resonant manner., When the capacitor voltage swings positive again, it
can re-trigger the SCR and the process will repeat indefinitely. Damp-
ing is required to avoid such oscillation.

4.3.5 Positive Gate Bias

The presence of positive current in the gate when reverse voltage
is applied to the anode may increase reverse blocking (leakage) current
through the device substantially. As a result, the SCR must dissipate
additional power. Therefore it is necessary either to make provision for
this additional loss or to take steps to limit it to a negligible value.

Figure 4.8 gives the temperature derating for different SCR lines
at various gate drive duty cycle (percent of full cycle or 360 electrical
degrees) for values of peak positive gate voltage. For proper applica-
tion, this loss must be included in the total device dissipation. The
temperature derating, AT, found from Figure 4.8, must be subtracted
from the maximum allowable stud temperature (found from the device
rating curve) for the proper cell type and conduction angle. For lead
mounted devices, subtract from the ambient temperature curve. Derat-
ing becomes negligible if the gate voltage is less than 0.25 volt or the
temperature derating turns out to be 1°C or less.
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A means of limiting the additional reverse dissipation to a negligi-
ble value is given by a gate clamping circuit of the type shown in
Figure 4.9 for low and medium current SCR’s (C10 and C35 series).
Resistor R, and a diode are connected from gate to anode to attenuate
positive gate signals whenever the anode is negative. For a given peak
value of open circuit gate source voltage, Figure 4.9 gives the maxi-
mum ratio of the value of R, to Ry that will safely clamp the gate for
all values of reverse voltage within the reverse voltage rating of the
SCR.

An alternate way to limit additional reverse leakage dissipation
due to positive gate voltage is to insert in series with the SCR a recti-
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fier diode that has a lower reverse blocking current. In this manner the
diode will assume the greater share of the reverse voltage applied to
the series string, significantly reducing reverse dissipation in the SCR.

4.3.6 Negative Gate Bias

The gate should never be allowed to become more negative with
respect to the cathode than is indicated on the specification bulletin.
For example, the gate of the C35 (2N681) type has a rated peak reverse
voltage of 5 volts. If there is a possibility that the gate will swing more
negative than the rated value, a diode should be connected either in
series with the gate, or from cathode to gate to limit the reverse gate
voltage. A considerable negative gate current (conventional current
flow out of the gate) can be caused to flow if the cathode circuit be-
tween cathode and gate is opened for any reason while the SCR is
conducting forward load current (conventional current flow from anode
to cathode). This current would initially be limited only by the imped-
ance of the gate circuit and could cause the allowable gate dissipation
to be exceeded, thus leading to possible failure of the SCR.

When the anode is positive, negative gate bias tends to increase
the forward breakover voltage V(go, (Section 1.9.1) and the dv/dt
withstand capability (Section 1.5) at a given junction temperature for
small SCR’s without internal emitter shorting. For example, the C5
types (2N1595, C106, etc.) have Vpgy specified for a certain value of
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gate-to-cathode resistance (Rgg = 1000 ohms) and at a specified junc-
tion temperature. For more detail on the effect of negative gate bias
on small SCR’s the reader is referred to Reference 1.

o
l Irxm l TFxm
A ) A
TRIGGER TRIGGER
SIGNAL CR| SIGNAL
Rp GEIN5059
b R
oo b Q
Ep —¥|
+0 -+
(a) VOLTAGE BIAS (b) CURRENT BIAS

FIGURE 4.10 NEGATIVE GATE BIAS ARRANGEMENTS

Figure 4.10(a) shows a voltage bias arrangement. Resistor R, is
taken to a negative supply instead of being merely returned to the

Ey 1; D , where

cathode. The voltage source E, establishes a current I, =

D is the voltage drop across diode CR1 (typical value 0.7 volt). The
diode provides a fixed negative bias voltage gate-to-cathode for the
SCR. The disadvantage of this approach, however, is the loss of input
sensitivity due to resistor Ry,

Figure 4.10(b) shows a current bias scheme useful for smaller
junction diameter SCR’s. Resistor R, and the bias source are selected
so that a bias current I, = Ipx, is established through resistor Ry in
the direction indicated; Ipxy is the maximum forward blocking (leak-
age) current of the SCR under the prevailing junction temperature
and anode voltage. Selection of I, in this manner yields a “worst case”
design on the assumption that most, if not all, of I g, will be diverted
from the SCR emitter (gate-cathode junction). This approach is limited
to SCR’s which have sufficient reverse gate power ratings to handle
reverse current I at its associated reverse gate voltage. The scheme
of Figure 4.10(b) is suitable, for example, for General Electric C5 type
SCR’s which allow operation of the gate-to-cathode junction in reverse
avalanche.

The improvement in dv/dt withstand capability that can be
achieved by negative gate biasing is shown in Figure 4.11 for a typical
C35 type SCR. It shows the effect of gate bias on the allowable time
constant of application of forward blocking voltage without having
the SCR switch on. The zero gate voltage curve corresponds to the time
constant values given on the C35 specification sheet for the open gate
condition. Figure 4.11 extends the usefulness of this information for
different values of gate bias.
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It is possible to design circuits which apply a negative gate bias
or short the gate to the cathode only while dv/dt is being applied.
These circuits do not degrade the gate signal as much as in Figure 4.10
but are expensive for most applications.

The basic idea is to differentiate the dv/dt applied to the anode,
invert the polarity and apply it to the gate. Figure 4.12 shows a tran-
sistorized dynamic snubber. R;C supplies base current to Q, turning it
on when anode voltage is rising. Gate triggering would be lost during
the time of rising dv/dt since the gate is being shunted. However, the
insertion of Q, avoids this problem since now the gate signal not only
triggers the SCR but first shunts the base drive to Q;. Both Q; and Q,
should be epitaxial transistors with low saturation voltages.
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FIGURE 4.12 TRANSISTOR SNUBBER TO IMPROVE dv/dt
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Large area devices and devices with emitter shorting are influ-
enced little by gate shorting because of the shunting effects of Rg
(Figure 4.2(a) ). Unless Vpo, is specified with a bias resistor, conserva-
tive circuit design practice should not depend upon increasing V o,
by negative gate biasing. Some types of SCR’s that feature n-type gate
structures (C501, C601, etc.) as well as triacs can be triggered by either
positive or negative gate signals. Under no circumstances should nega-
tive gate vias be used with these types to enhance blocking stability.

The influence of turn-off time by different gate bias techniques
seems to be very limited because it is mainly a function of carrier life-
time in an area not accessible by the gate.

4.4 EFFECTS OF ANODE CIRCUIT UPON GATE CIRCUIT

In Section 4.1 it was shown that the anode circuit voltage and
impedance were determining factors in triggering. The effect of anode
current was discussed in Section 4.2.3. Two other effects are worth
noting. Junction capacitance in the SCR can couple high-frequency
signals from the anode to the gate circuit which, although they may
not cause triggering in themselves, may interfere with normal operation
of the trigger circuit.

When the anode voltage of the SCR reaches either the forward
breakover or reverse avalanche voltage, a voltage will appear at the
gate terminal. In the case of forward breakover voltage, a forward
anode current starts flowing which produces a positive gate voltage,
as in normal conduction (see Section 4.2.3). When the reverse avalanche
voltage is reached, the gate junction becomes reverse biased. Depend-
ing on the magnitude of Ry (Figure 4.2) the negative voltage appear-
ing at the gate terminal may rise to the avalanche voltage of the gate
junction. If a reverse voltage transient on the anode exceeds reverse
avalanche, the reverse-blocking junction of the SCR no longer blocks,
thereby applying the transient energy to the gate junction in reverse.
The gate junction and any external circuit connected to the gate may
then receive excessive voltage and current from this process.

When the SCR is conducting, its gate is essentially at the same
potential as its anode. When the SCR is non-conducting, the gate
potential is not related to anode potential within the normal operating
range. However, during the commutating transition from conduction
to non-conduction, the gate goes through an intermediate phase which
can result in a large negative voltage appearing at the gate terminal.
If an SCR is commutated, as in a DC chopper or flip-flop circuit, by
the step application of a reverse bias, the gate voltage will initially be
the normal forward gate-cathode junction drop until that junction
recovers, whereupon both anode and the gate will go negative. The
gate voltage will then follow anode voltage until the main reverse-
blocking (p-n) junction recovers, at which time the gate reverts to its
normal characteristics. These transitions are readily observed on small
SCR’s in particular. On larger SCR’s, the effects are somewhat masked
by lower values of internal shunt resistance Rg. The negative transient
at the gate can cause malfunction or damage in the external gate circuit.
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The DC gate trigger character-
istics of an SCR are presented in
the form of a graph similar to Fig-
ure 4.13 which applies to the C35
(2N681) type SCR. The graph shows
gate-to-cathode voltage as a func-
tion of positive gate current (flow
from gate to cathode) between limit
lines (A) and (B) for all SCR’s of
the type indicated. These data ap-
ply to a zero-anode-current condi-
tion (anode open).

FIGURE 4.13 DC GATE TRIGGERING
CHARACTERISTICS (FOR €35 TYPE SCR)

The basic function of the trigger circuit is to simultaneously sup-
ply the gate current to trigger Igp and its associated gate voltage to
trigger Vgp. The shaded area shown in Figure 4.13 contains all the
possible trigger points (Igp, Vgr) of all SCR’s conforming to this speci-
fication. The trigger circuit must, therefore, provide a signal (I, Vg)
outside of the shaded area in order to reliably trigger all SCR’s of that
specification.
This area of SCR gate operation is indicated as the “preferred
gate drive area.” It is bounded by the shaded area in Figure 4.13
which represents the locus of all specified triggering points (Igy, Var),
the limit lines (A) and (B), line (C) representing rated peak allowable
forward gate voltage Vgp, and line (D) representing rated peak power
dissipation Pg,;. Some SCR’s may also have a rated peak gate current
Igrm Which would appear as a vertical line joining curves (B) and (D).
The insert in the upper right hand portion of Figure 4.13 shows
the detail of the locus of all specified trigger points, and the tempera-
ture dependence of the minimum gate current to trigger Igy, ;.. The
lower the junction temperature, the more gate drive is required for
triggering. (Some specifications may also show the effect of forward
anode voltage on trigger sensitivity. Increased anode voltage, particu-
larly with small SCR’s, tends to reduce the gate drive requirement.)
Also shown is the small positive value of gate voltage below which no
SCR of the particular type will trigger.

The reverse quadrant of the gate characteristic is usually specified
in terms of maximum voltage and power ratings. The application of
reverse bias voltage and the extraction of reverse gate current for
SCR off-state stability was discussed in Section 4.3.6.

LOAD LINES

The trigger circuit load line must intersect the individual SCR
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gate characteristic in the region indicated as “preferred gate drive area”
in Figure 4.13. The intersection, or maximum operating point, should
furthermore be located -as close to the maximum applicable (peak, aver-
age, etc.) gate power dissipation curve as possible. Gate current rise
times should be in the order of several amperes per microsecond in the
interest of minimizing anode turn-on time particularly when switching
into high currents. This in turn results in minimum turn-on anode
switching dissipation and minimum jitter.
Construction of a “load line” is
a convenient means of placing the
maximum operating point of the
trigger circuit-SCR gate combina-
tion into the preferred triggering
area. Figure 4.14(a) illustrates a
() GATE_CiRcuIT basic trigger circuit of source volt-
age e, and internal resistance Rg
driving an SCR gate. Figure 4.14(b)
shows the placement of the maxi-
mum operating point well into the
“preferred trigger” area close to the
P rated dissipation curve. The load
SHEnaiNe line is constructed by connecting a
straight line between the trigger
circuit open circuit voltage E,,

_—————a

e entered on the ordinate, and the
Lono Lne _trigger circuit short circuit current
J Y — E .
< e s % i I,. == entered on the abscissa.
LOCUS OF ALL SPECIFIED s RS

TRIGGER POINTS
FIGURE 4.14 GATE CIRCUIT
(b) LOAD LINE SUPERPOSED ON GATE TRIGGER CHARACTERISTIC AND CONSTRUCTION OF LOAD LINE

If the trigger circuit source voltage is a function of time e (t), the
load line sweeps across the graph, starting as a point at the origin and
reaching its maximum position, the load line, at the peak trigger circuit
output voltage.

The applicable gate power curve is selected on the basis of
whether average or peak allowable gate power dissipation is limiting.
For example, if a DC trigger is used, the average maximum allowable
gate dissipation (0.5 watt for C35) must not be exceeded. If a trigger
pulse is used the peak gate power curve is applicable (for the C35, the
5 watt peak power curve labeled D in Figure 4.13). For intermediate
gate trigger waveforms the limiting allowable gate power dissipation
curve is determined by the duty cycle of the trigger signal according to:
peak gate drive power X pulse width X pulse repetition rate = allow-
able average gate power.

Inverter type SCR’s that require a stiff gate signal because of high
di/dt and high frequency operation often have peak pulse gate power
curves (Figure 4.15). These pulse curves take advantage of the tran-
sient thermal resistance of the gate in order to achieve higher power
pulses. But again it must be remembered that the average gate power
dissipation should not be exceeded.
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FIGURE 4.15 GATE TRIGGER REQUIREMENTS FOR HIGH FREQUENCY
AND HIGH di/dt OPERATION

4.7 POSITIVE GATE VOLTAGE THAT WILL NOT TRIGGER SCR

Figure 4.13 also indicates the maximum gate voltage that will not
trigger the SCR. For example, for the C35 (2N681) type, Figure 4.13
shows that at 125°C junction temperature this value is 0.25 volt. This
limit is important when designing a trigger circuit which has a standby
leakage current when no trigger signal is present. Examples of this are
saturable reactors and directly coupled unijunction transistor trigger
circuits. To prevent false triggering under these circumstances, a resis-
tor should be connected across the output of the trigger circuit. Its
value of resistance in ohms should not exceed the maximum gate volt-
age that will not trigger divided by the maximum trigger circuit
standby current.

4.8 PULSE TRIGGERING

Thyristors are commonly specified in terms of the continuous DC
gate voltage and current required to trigger. For trigger pulse widths
down to 100 microseconds, the DC data apply. For shorter pulse
widths, Vg and Igq increase.
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On a short-time basis, thyristors may be generally considered to
be charge controlled, as are transistors. The free charge stored within
the gate p-type layer of an SCR may be considered to be the difference
between the incoming charge flow rate (dq/dt = Ig) and the internal
recombination rate. Under DC conditions and for a given recombina-
tion rate, the free charge is directly a function of gate current. When
the free charge reaches a certain level, the device triggers. To get the
required charge into the gate in a time that is short compared with
the recombination time requires higher current (hence higher voltage)
than for DC triggering. ’
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FIGURE 4.16 EFFECT OF TRIGGER PULSE WIDTH (C-106 SCR)

Figure 4.16(a) shows the relationship between pulse width and
peak current for a rectangular pulse to trigger the C-106 type SCR.
Note that the current curves approach a constant-charge slope at the
smaller pulse-widths. The point at which the pulse current curve
departs from the DC current level is about 200 microseconds for this
small thyristor., Other SCR types, with shorter recombination times,
can be triggered with pulse cuirent equal to the DC level down to
about 20 microseconds.
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It should not be inferred from Figure 4.16(a) that only rectangu-
lar pulses are acceptable. Any unidirectional waveshape which does
not exceed gate current, voltage, and power ratings may be used if
the total charge is adequate. Proper charge criteria may be determined
by plotting, as in Figure 4.16(b), the integral of the actual current wave
and the integral of the rectangular pulse current. If the two curves
cross, the triggering charge is adequate.

Figure 4.17 shows the increase in gate drive required for trigger-
ing four types of SCR’s with trigger signals of short pulse duration.
In order for the SCR to trigger, the anode current must be allowed to
build up rapidly enough so that the latching current of the SCR is
reached before the pulse is terminated. (Latching current may be
assumed to be three times the value of the holding current given on
the specification sheet.) For highly inductive anode circuits one must
use a maintained type of trigger signal which assures gate drive until
latching current has been attained.
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FIGURE 4.17 GATE DRIVE REQUIRED FOR SHORT TRIGGER PULSE DURATION

One situation encountered frequently is that which exists when a
capacitor is discharged to provide a latching current pulse in a highly
inductive circuit. This situation is depicted in Figure 4.18 of on-state
current.

ON-STATE CURRENT

o
TIME

FIGURE 4.18 CURRENT WAVEFORM FOR CAPACITIVE AND INDUCTIVE LOAD
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The latching pulse from the capacitor discharge is followed by a
slowly rising anode current determined primarily by inductance in the
circuit. Very often, confusion exists regarding holding current and
latching current in such cases. If the gate trigger pulse ends before
the end of the initial current pulse, the device must remain in the
on-state at the valley point where the main circuit takes over.

If the device has a holding current higher than the valley current
level provided, it will go out of conduction and the circuit will not
latch. This is, however, a result of high device holding current rather
than latching current. However, if the gate trigger signal lasts beyond
the valley point before it is ended and the device still fails to latch,
then it is a latching current problem rather than a holding current
problem.

The DC gate trigger characteristics are measured on a 100%
basis in production for all SCR’s, but the pulse trigger characteristics
are measured only on a sampling basis. For applications where the
pulse trigger characteristics are critical, a special specification should
be requested so that satisfactory pulse triggering will be assured.

4.9 ANODE TURN-ON INTERVAL CHARACTERISTICS

Figure 4.19 shows the turn-on, or switching, characteristics of a
typical C10 type SCR. It is representative of other SCR types as well.
Percent anode voltage is shown as a function of time, following appli-
cation of the trigger signal at zero time, for switching from 500 volts
and from 100 volts for two different circuit current levels.

100
904 —— A) -
| K GATE SIGNAL APPLIED AT ZERO TIMC FROM
80 FROM 7.0 VOLT (OPEN CIRCUIT), 20 OHM
\ \ . SOURCE, O | MICROSECOND RISE TIME

%

ANODE TO CATHODE VOLTAGE,

0o 05 1o i5 20

TIME - MICROSECONDS
FIGURE 4.19 TYPICAL TURN-ON CHARACTERISTICS OF C10 TYPE SCR

Delay time t, is shown for the 500 volt/1 ampere switching char-
acteristic. It is defined as the time between the 109 point of the lead-
ing edge of the gate current pulse and the 10% point of the anode
voltage waveform. The delay time decreases as the amplitude of the
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gate current pulse is increased, but approaches a minimum value of
0.2 to 0.5 psec for gate current pulses of 500 ma or more.

Rise time t, is defined as the time required for the anode voltage
to drop from 90% of its initial value to 109, as indicated for the
500 volt/1 ampere curve in Figure 4.19. The rise of current as the
voltage across the SCR falls is determined largely by the circuit. In a
purely resistive circuit the current will rise in the same manner as the
voltage falls; hence the term rise time. It is important that the instan-
taneous voltage-current product during the turn-on interval not exceed
the dissipation capability of the SCR. For this reason, the rate of rise
of anode current (di/dt) must be limited (see Chapter 3). Rise time, as
well as delay time, tends to be reduced by a large gate drive within
the allowable gate dissipation ratings of the SCR. Therefore, in order
to minimize turn-on switching dissipation, the gate should be driven
in the area of “preferred triggering” close to the allowable gate power
dissipation curve shown in Figure 4.13. Amplifying gate SCR’s do not
require as stiff a gate source as conventional thyristors, and therefore,
allow the designer greater latitude in selection of a gate drive circuit.

Total turn-on time is defined as t,, = t; + t,. It is important to
note that large turn-on switching dissipation can still occur after the
termination of the turn-on time as defined above. Particularly, when
switching from a high voltage into a large current, applicable switching
ratings such as discussed in Chapter 3 should be consulted.

The jitter, or variation of switching time from one cycle to the
next, is usually less than 2 musec at constant temperature if the gate
is driven at two to three times the minimum amplitude required for
triggering.

4.10 SIMPLE RESISTOR AND RC TRIGGER CIRCUITS

It is sometimes required to find the simplest and most economical
means for triggering an SCR when some performance compromise can
be made, particularly with regard to repeatibility over a temperature
range. The reader is referred to Reference 2 for a more detailed treat-
ment of simple and low cost SCR trigger circuits.

Figure 4.20 shows a simple method of obtaining gate current for
triggering the SCR from the main AC supply whenever the anode is
positive with respect to the cathode. As soon as the SCR has triggered,
the anode voltage drops to the conduction value and the gate current
decreases to zero. Resistor R limits the peak gate current. The diode
in the gate circuit is provided to prevent reverse voltage from being
applied between cathode and gate during the reverse part of the cycle.
If desired, the diode can be connected between gate and cathode rather
than in series with R. Conduction is initiated by closing contact S; in
Figure 4.20(a) or by opening contact S, in Figure 4.20(b). Interruption
of load current occurs within one-half cycle after opening S, or closing
S, due to line voltage reversal. For more complete static switching
circuits, see Chapter 8.

Simple resistor-capacitor-diode combinations will trigger and con-
trol SCR’s over the full 180 electrical degree range, giving very good
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FIGURE 4.20 HALF-WAVE STATIC SWITCH

performance at commercial temperatures. Since in a scheme of this
type a resistor will have to supply all of the gate drive required to
turn on the SCR, these types of circuits operate most satisfactorily with
SCR’s having fairly good gate sensitivities. The less sensitive the gate,
the lower the resistance must be, and the greater power rating.

A very simple variable resistance half-wave circuit is shown in
Figure 4.21. It provides phase retard from essentially zero (SCR full
“on”) to 90 electrical degrees of the anode voltage wave (SCR half
“on”). Diode CR1 blocks reverse gate voltage on the negative half
cycle of anode supply voltage. It must be rated to block at least the
peak value of the AC supply voltage. The retard angle cannot be

TYPICAL CIRCUIT VALUES FOR Eq¢ = 120V
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FIGURE 4.21 SIMPLE HALF-WAVE VARIABLE RESISTOR PHASE CONTROL
(LIMITED RANGE OF CONTROL)
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extended beyond the 90 degree point because the trigger circuit sup-
ply voltage and the trigger voltage producing the gate current to fire,
IgF, are in phase. When e,, = E,, at the peak of the AC supply volt-
age, the SCR can still be triggered with the maximum value of resist-
ance between anode and gate. Since the SCR will trigger and latch
into conduction the first time Iy is reached, its conduction cannot be
delayed beyond 90 electrical degrees with this circuit.

The transfer function of this circuit has also been plotted in the
same figure. It assumes that the potentiometer R has been chosen so
that the SCR just does not fire at the maximum setting. The transfer
function is very non-linear and repeatibility of setting is not possible
either with different SCR’s or with temperature due to Igy variation.

Figure 4.22 shows an R-C-Diode circuit giving full half-cycle con-
trol (180 electrical degrees). On the positive half-cycle of SCR anode
voltage the capacitor will charge to the trigger point of the SCR in a
time determined by the RC time constant and the rising anode voltage.
On the negative half-cycle, the top plate of the capacitor charges to
the peak of the negative voltage cycle through diode CR2, thus reset-
ting it for the next charging cycle.

Since triggering current must be supplied by the line voltage
through the resistor, the capacitor must be selected such that its charg-
ing current is high compared with Igq, at the instant of the latest
desired firing angle. Conversely, select the maximum value of R to
produce Igy at the latest desired firing angle, using the line voltage
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CR2 R SCR = GE CI06
SCR x R = 100K
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FIGURE 4.22 SIMPLE HALF-WAVE RC-DIODE PHASE CONTROL (FULL 180° CONTROL RANGE)
AND ITS ASSOCIATED TRANSFER FUNCTION
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less IR drop in the load at that point, then select C to produce Vgr at
that point in time. But similar to all simple RC triggering methods,
non-linear output results as the transfer characteristic (Figure 4.22)
shows. Again it should be reiterated that since the output depends so
heavily on Iy, it will vary with temperature and different devices.
Figure 4.23 illustrates a slave circuit arrangement in which an
independent half-wave circuit (SCR,) is triggered on one half-cycle
at a predetermined phase angle. On the following half-cycle the slave
circuit will trigger SCR; at the same phase angle relative to that half-
cycle. When SCR, does not trigger, capacitor C will charge and dis-
charge to the same voltage at the same time constant. The voltage across
C will not be sufficient to trigger SCR;. As SCR., is triggered, capacitor
C on discharging sees a time integral of line voltage that is different
from the one on charging by the time integral of voltage appearing
across the load. This action resets the capacitor to a voltage level
related to the trigger delay angle of SCR,. On the next half-cycle, when
the anode of SCR; swings positive, it will trigger at the end of this
delay angle. —
B

DI § == GED2308
>

15K

Pt

b2 15K p—
;: INDEPENDENT
| GE DT2308 y SCR! CIRCUIT
o3 Scr2

C< 5.0MFD

— ) ——

SLAVE MASTER

SCRI, SCR2: GE CI1/C20 TYPES

FIGURE 4.23 THREE TERMINAL, FULL WAVE, RC-DIODE SLAVING CIRCUIT FOR
FULL-WAVE PHASE CONTROL

411 TRIGGERING SCR WITH A NEGATIVE PULSE

Some applications may make it desirable to trigger an SCR with
a negative pulse rather than with one of the conventional positive
polarity. In low power level SCR circuits a diode connected in series
with the SCR allows negative triggering conveniently and economically.
Figure 4.24 shows this arrangement for a C103 type SCR.

GE €103
b / (_O Bva
10C0 b Yoecs
e TRIGGER
cr ¥ SIGNAL
6

FIGURE 4.24 NEGATIVE PULSE TRIGGERING

A complementary SCR, like the C13, is designed for negative
voltage triggering. Therefore, this device should be used in low voltage
applications (< 40 V) where negative voltage triggering is a must.

94



GATE TRIGGER CHARACTERISTICS, RATINGS, AND METHODS

4.12 AC THYRATRON-TYPE PHASE SHIFT TRIGGER CIRCUITS

Figure 4.25 illustrates a full-wave phase controlled rectifier
employing an R-C or R-L phase shift network to delay the gate signal
with respect to the anode voltage on the SCR’s. Many variations of
this type of phase shift circuit have been worked out for thyratrons.
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w GEAI4F
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FIGURE 4.25 R-C OR R-L PHASE SHIFT NETWORK CONTROL OF SINGLE PHASE BRIDGE OUTPUT

When using SCR’s (C8, C10, C11, C35, C36, and C50 series),
the following criteria should be observed to provide the maximum
range of phase shift and positive triggering over the particular SCR’s
temperature range without exceeding the gate voltage and current
limitations:

A. The peak value of V, should be greater than 25 volts.

1

Ve
B. 277—fc or 21rfL = 'E‘ -9

where C = capacitance in farads
L = inductance in henries
V. = peak end-to-end secondary voltage of control
transformer
f = frequency of power system
V. — 20
C R=—%3
where R, = series resistance in ohms
10
> =7
D. R.= 5.C °F 10 (2fL)

Because of the frequency dependence of this type of phase shift
circuit the selection of adequate L or C components becomes easier at
higher operating frequencies.

4.13 SATURABLE REACTOR TRIGGER CIRCUITS

Saturable reactors can provide a fairly steep wavefront of gate
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current together with a convenient means of control from a low level
DC or AC signal. This type of control is adaptable to feedback systems
and provides the additional advantage of multiple, electrically-isolated
inputs and outputs for more complex circuits.

4.13.1 Continuously Variahle Control

A typical half-wave magnetic amplifier type trigger circuit is shown
in Figure 4.26. The gate signal for triggering the SCR is obtained
from winding 3-4 of transformer T,. When the core of T, is unsatu-
rated, the winding 3-4 of T, presents a high impedance to the gate
signal so that only a small voltage is developed across R;. When
the core of T, saturates, the impedance of winding 3-4 of T, decreases
by several orders of magnitude so that a large voltage appears at the
gate of the SCR, causing it to trigger. Resistor R, limits the gate cur-
rent to the rated value and resistor R, limits the gate voltage produced
by the magnetizing current of winding 3-4 of T, so that the SCR will
not trigger before the core of T, saturates. Diode CR, serves the dual
purpose of preventing a reverse voltage on the gate of the SCR and
preventing any reverse current through winding 3-4 which would pro-
duce an undesired reset of the core T..

| CONTROL (SQUARE LOOP |
INPUT | CORE) |
|

CR,
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CONTROL

PHASE INPUT 2
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ADJUST
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FIGURE 4.26 TYPICAL HALF-WAVE MAGNETIC TRIGGER CIRCUIT

Control signals can be applied to either input 1 or input 2 or both.
Input 2 operates in the reset mode by controlling the reset voltage on
winding 1-2 of T, during the negative half cycle. The setting of the
potentiometer R, determines the amount of reset of the core during
the negative half cycle, which in turn determines the phase angle of the
SCR conduction during the positive half cycle. Other control circuits,
such as a transistor amplifier stage, can be used in place of R;. Since
power is furnished by winding 5-6 of T, no auxiliary power supply is
needed. Input 1 operates in the MMF (magnetomotive force) made
by controlling the current through the winding 5-6 and the core flux
level, which in turn determines the trigger angle. The current for
input 1 must be obtained from an external power supply or from a
current generating type of transducer.
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Additional output windings can be added to T, for triggering
several SCR’s in parallel or in series. Also, additional control windings
of the reset or MMF type can be added to T,. Full wave and multiple
phase operation can be achieved by combining two or more half wave
circuits.

4.13.2 On-Off Magnetic Trigger Circuits

Magnetic trigger circuits designed for phase control applications
such as the one shown in Figure 4.26 require the use of saturable cores
which are large enough to allow the output winding to sustain the gate
voltage signal for a full half cycle without saturating. For simple on-off
control applications, the magnetic trigger circuits shown in Figure 4.27
permit the use of smaller and less expensive cores since the output
winding is not required to sustain the gate voltage signal for a full half
cycle. In addition, these circuits have the advantage of not requiring
the use of an auxiliary supply transformer.

LoAD R LoAD Ry

SIGNAL
INPUT
—o

(A) SHUNT CONFIGURATION (B) SERIES CONFIGURATION

FIGURE 4.27 HALF-WAVE ON-OFF MAGNETIC TRIGGER CIRCUITS

In Figure 4.27(a), one winding of saturable transformer T, is con-
nected in shunt with the gate of SCR;. If T, is unsaturated, the current
through R,, R, and CR, will flow into the gate of SCR, during the
first part of the positive half cycle and cause SCR; to turn on. If T, is
saturated, the current through R;, R, and CR, will be diverted from
the gate by the low saturated impedance of the winding on T,. When
T, is saturated it can be reset, and the SCR can be made to trigger
by a positive voltage on the signal input. Capacitor C, provides filter-
ing for the gate signal to prevent undesired triggering due to fast tran-
sients on the AC supply.

In Figure 4.27(b), one winding of saturable transformer T, is con-
nected in series with capacitor C, and the gate of SCR,. If T, is
unsaturated the current through R; and CR, will charge C, during
the initial part of the positive half cycle. T, will saturate after a few
degrees of the positive half cycle and permit a rapid discharge of C,
into the gate of SC,, thus causing SCR, to trigger. If T, is initially satu-
rated at the beginning of the positive half cycle, the winding of T, will
divert the current from C, and prevent C, from being charged. Resistor

97



SCR MANUAL

R, prevents the voltage at the gate of SCR, produced by the current
through R; from exceeding the maximum gate voltage that will not
trigger the SCR. When T, is saturated, it can be reset and the SCR
can be made to trigger by a positive voltage at the signal input.

The circuits of Figure 4.27 permit the SCR to perform the func-
tion of an AC contactor with an isolated DC control winding. Modifi-
cations of these circuits permit full wave operation with normally open,
normally closed or latching operation. The reader is referred to Chap-
ter 8 for further discussion of static switching circuits.

4.14 SEMICONDUCTOR TRIGGER-PULSE GENERATORS

The simple resistor and capacitor triggering circuits described in
Sections 4.12 and 4.13 depend heavily on the specific triggering char-
acteristic of each SCR used. In addition, the power level in the control
circuit is high because the entire triggering current must flow through
the resistance. Furthermore, they do not readily lend themselves to
automatic, self-programmed, or feedback control systems.

Pulse triggering, on the other hand, can accommodate wide toler-
ances in triggering characteristics by overdriving the gate. The power
level in pulse control circuits may also be quite low since the required
triggering energy (Igr Vgr t) can be stored slowly, then discharged
rapidly at the desired instant of triggering. The use of pulse triggering
enables small, low power, signal-type components and transducers to
control large, high-current thyristors, as shown in later chapters.

While there are a multitude of semiconductors and circuits which
can produce adequate triggering pulses, this chapter will consider only
those most adept at performing this function.

4.14.1 Basic Relaxation Oscillation Criteria

Most devices used to produce trigger pulses (such as: the unijunc-
tion transistor, diac trigger diode, the silicon unilateral and bilateral
switches, programmable unijunction transistors, neon lamps, etc.)
operate by discharging a capacitor into the thyristor gate. They func-
tion in a basic relaxation oscillator circuit by means of a negative
resistance characteristic. Specifications for these devices usually include
the voltage and current required to achieve negative resistance when
approached from either the conducting or non-conducting states. (See
also Section 4.1.)

To relate these specifications to the criteria for oscillation, consider
the elementary relaxation oscillator circuit of Figure 4.28(a) using a
trigger device with voltage to switch Vg, current to switch Ig, holding
voltage Vy, and holding current Ij;. The device characteristic curve is
plotted in Figure 4.28(b), along with load lines representing R, and Ro.
If R, is increased to the maximum value which will sustain oscillations,
we will find that its load line intersects the device curve at a point (1)
where the negative resistance slope of the device curve is equal to the
load line for R,. This point (1) is very close to I and Vg, but not quite
the same since the specification of these values is made at the point
where the slope of the curve is vertical, representing zero dynamic
resistance.
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When the triggering point (1) is reached, the operating point
transfers to point (2), discharging the capacitor with a peak pulse cur-
rent, i,, and producing a peak pulse voltage e, across the load resistor
R, (which includes the thyristor gate impedance). The discharge of
the capacitor follows the device curve from point (2) to point (3),
where the negative resistance slope is once again tangential with the
R, load line. The operation then transfers from point (3) to point (4),
the capacitor re-charges through R; and the oscillation continues.

If R, is changed to the minimum value which will sustain oscilla-
tion, its new load line will intersect the device curve at point (3). Any
smaller value will cause the device to remain conducting at some stable
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FIGURE 4.28 BASIC RELAXATION OSCILLATOR CIRCUIT AND CHARACTERISTICS

operating point between (2) and (3). Increasing R, beyond the maxi-
mum oscillating value causes operation to cease at some point between
(1) and the origin.

A very important factor not apparent in Figure 4.28, and often
not specified for a device, is switching time, or rise time. A device
which slowly switches from point (1) to point (2) will never get there
since it is discharging the capacitor as it goes and will reach the device
curve somewhere between points (2) and (3). This switching time can
be a limiting factor if it is a significant fraction of the discharge time-
constant, R,C.

The magnitude of pulse voltage, e, and pulse current, i,, appear-
ing at the load, resistor R, in this circuit, is dependent upon the char-
acteristic curve of the device and the relation between its switching
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time and the discharge time-constant, R,C. For values of R,C large
(> 10X) in comparison with the switching time of the device, the peak
pulse voltage, e, is simply the difference between the switching volt-
age Vg and the conduction voltage drop Vy. The peak pulse current
under this condition is found from the intersection of the R, load line
and the characteristic curve.

When R,C is smaller, approaching the switching time, both e,
and i, are reduced by the effective device resistance during switch-
ing. As was shown in Section 4.8, reducing peak current, and
extending the pulse time accordingly, decreases the probability of trig-
gering a thyristor.

Since the effect of switching time is not readily apparent from the
characteristic curve, devices intended for thyristor triggering generally
specify the peak pulse voltage across R, (where the value of R, is
chosen to represent typical gate impedance) when discharging a given
size capacitor typical for its application.

The following table shows the correlation of the parameter termi-
nologies used in various switching devices with the points on the
general characteristic curve:

TABLE 4.1
Terminology Unilateral Devices Bilateral Devices
On Figure 4.28| )1 SuS PUT SBS ST4 Diac Neon

Vs Vp Vs Vp* Vs Vs V(BRr) Ve
Is Ip Is Ip* Is Is I (BR)
Vu Vv Vu Vy* Vu Ve
[}z Iv 33 Iv* la
ep Vos1 Vo ep Vo Vo ep
ip iP

*Determined Externally by Circuit

4.14.2 Unijunction Transistor
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FIGURE 4.29 GE 2N2646 UNLJUNCTION TRANSISTOR SYMBOL AND EMITTER
INPUT CHARACTERISTICS
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The UJT has three terminals which are called the emitter (E),
base-one (B;), and base-two (B,). Between B, and B, the unijunction
has the characteristics of an ordinary resistance. This resistance is the
interbase resistance (Ry;) and at 25°C has values in the range from
4.7K to 9.1K.

The normal biasing conditions for a typical UJT are indicated in
Figure 4.29. If the emitter voltage, Vy, is less than the emitter peak
point voltage, V., the emitter will be reverse biased and only a small
reverse leakage current, I, will flow. When Vg is equal to Vp and
the emitter current, Iy, is greater than the peak point current, Ip, the
UJT will turn on. In the on condition, the resistance between the
emitter and base-one is very low and the emitter current will be limited
primarily by the series resistance of the emitter to base-one external
circuit.

The peak point voltage of the UJT varies in proportion to the inter-
base voltage, Vyy, according to the equation:

Vp = 4Vus + Vp (4.1)

The parameter  is called the intrinsic standoff ratio. The value of 5
lies between 0.51 and 0.82, and the voltage Vp,, the equivalent emitter
diode voltage, is in the order of .5 volt at 25°C, depending on the
particular type of UJT. It is found that V; decreases with temperature,
the temperature coefficient being about —3mv/°C for the 2N2646-47
(—2mv/°C for 2N489 series). The variation of the peak point voltage
with temperature may be ascribed to the change in Vy, (also 5 for
2N2646-47 series). It is possible to compensate for this temperature
change by making use of the positive temperature coefficient of Ryp.
If a resistor Ry, is used in series with base-two as shown in Figure 4.30,
the temperature variation of Rpy will cause Vyp to increase with tem-
perature. If Ry, is chosen correctly, this increase in Vi will compen-
sate for the decrease in Vp in Equation 4.1. Over a temperature range
of —40°C to 100°C, Equation 4.3(a) gives an approximate value of
Rp, for the majority of 2N2646 and 2N2647 UJT’s. Equation 4.3(b)
gives Ry, for the 2N489 MIL series, 2N1671A and B, and the 2N2160.

10000

. 4.3a

e (4.3a)

Ry, 0A0Rpy | (1 — )Ry (4.3b)
V1 ]

For a more detailed discussion of the characteristics of the various
types of UJT’s the reader is referred to Reference 8. Quantitative data
and techniques for temperature compensation on an individual and
general basis in very high performance circuits over extreme tempera-
ture ranges are discussed in Reference 9.
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4.14.2.1 Basic UJT Pulse Trigger Circuit

FIGURE 4.30 BASIC UNIJUNCTION TRANSISTOR RELAXATION OSCILLATOR-TRIGGER
CIRCUIT WITH TYPICAL WAVEFORMS

The basic UJT trigger circuit used in applications with the SCR
is the simple relaxation oscillator shown in Figure 4.30. In this circuit,
the capacitor C; is charged through R; until the emitter voltage
reaches Vp, at which time the UJT turns on and discharges C,; through
Rg;. When the emitter voltage reaches a value of about 2 volts, the
emitter ceases to conduct, the UJT turns off and the cycle is repeated.
The period of oscillation, T, is fairly independent of the supply voltage
and temperature, and is given by:

T.—_—l—leClln

1
f 1— " = 2.3 Rl Cl logloi—‘: (4.4)

For an approximate nominal value of intrinsic standoff ratio of
7 =063 T =R, C,.

The design conditions of the UJT triggering circuit are very broad.
In general, Ry, is limited to a value below 100 ohms although values
up to 2 or 3K are possible in some applications. The resistor R, is lim-
ited to a value between 3K and 3 Meg. The lower limit on R; is set
by the requirement that the load line formed by R, and V; intersect
the emitter characteristic curve of Figure 4.29 to the left of the valley
point, otherwise the UJT in Figure 4.30 will not turn off. The upper
limit on R; is set by the requirement that the current flowing into the
emitter at the peak point must be greater than Iy, for the UJT to turn on.
The recommended range of supply voltage V; is from 10 volts to 35
volts. This range is determined on the low end by the acceptable values
of signal amplitude and at the high end by the allowable power dissi-
pation of the UJT.

If the pulse output (Vy;) of the circuit of Figure 4.30 is coupled
directly, or through series resistors, to the gates of the SCR’s, the value
of Rp; should be low enough to prevent the DC voltage at the gate
due to interbase current from exceeding the maximum voltage that
will not trigger the SCR’s (see Figure 4.13) Vgq (max) at the maximum
junction temperature at which the SCR’s are expected to operate. To
meet this criterion, Rg; should be chosen in accordance with the follow-
ing inequality:

v Rp: Vi
Rpg (min) + Rp; + Ry

<Vermax) (4.5)

102



GATE TRIGGER CHARACTERISTICS, RATINGS, AND METHODS

~ For the C35 (2N681) types at a maximum junction temperature of
125°C, V¢ (max) is 0.25 volt, hence for a supply voltage of 35 volts
or less, Ry, should be 50 ohms or less. If the pulse output from the UJT
triggering circuit is coupled to the gates of the SCR’s by means of
transformers or capacitors, these limitations do not apply.

4.14.2.2 Designing the Unijunction Transistor Trigger Circuit

The type 2N2646 and 2N2647 U]JT’s are specifically characterized
for SCR trigger circuits and are factory tested to ensure reliable opera-
tion with all types of G-E SCR’s over their respective temperature
ranges. Their condensed specifications are given in Chapter 22.

The design of a suitable UJT trigger circuit can be achieved
rapidly and easily by using the design curves given in Figures 4.31(a)
and 4.31(b) for the 2N2646 and 2N2647, respectively. These curves
give the minimum supply voltage V, required to guarantee triggering
of various types of SCR’s over the indicated temperature range as a
function of the UJT emitter capacitor C; and the base-one coupling
resistor Rp; or base-one coupling transformer. The value of resistor R,
is not important for the purposes of the design provided that it is within
the limits required for the U]JT to oscillate. If Ry, is significantly greater
than 100 ohms the minimum supply voltage which is required V,’
should be calculated from the minimum supply voltage V; given by
Figures 4.31(a) and 4.31(b) using the equation:

(2200 + Rp) V4
2300

It is recommended in all cases that a resistance of 100 ohms or greater
be used in series with either base-two or in series with the power sup-
ply to protect the UJT from possible thermal runaway. This is particu-
larly important when operating at high ambient temperatures, at high
supply voltages, or with large values of emitter capacitance.

" As an example of the use of Figure 4.31 in the practical design
of an SCR trigger circuit, consider the following problem:

Example: A circuit is required to trigger a C11 type (2N1773 series)
SCR at the lowest possible supply voltage with a 2N2646
UJT and pulse transformer coupling. The value of capaci-
tance, chosen on the basis of operating frequency, is 0.1 uf,
and temperature compensation is desired. Assume 5 = 0.66
for a nominal value.

Solution: From the chart in Figure 4.31(a) it can be seen that Curve I
should be considered and that the supply voltage V; should
not exceed Vi (may) = 35V. On Curve I the minimum supply
voltage for a value of C; = 0.1 uf is about V; = 12 volts.
The value for Ry, is determined from Equation 4.3(a) as
Rgo w(.%;% = 1260 ~ 1000 ohms (nearest standard
value). With this value of Ry, the supply voltage must be
increased to a value V,’ in accordance with Equation 4.6

V) = (4.6)
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B 2300
(2200 + 1000)

a suitable design for this example would be C; = 0.1 pf,
Rps = 1 K ohms, and Vy’ = 17 volts,

from which V, (12) =~ 17 volts. Thus,

UJT TYPE SCR TYPE CURVE Ral Vitmax)
2N489A 8 B
THROUGH 2N494A
8,8 C (ALSOUSAF
8B a6 B |[aronmston | 2ev
THROUGH 2N2422A (c:;é'.(zmeabso) < PULSE TRANS v
N2646 PE2231 OR EQUIV.
2N2647 24% ) D | 2romMstios | 35v
2NI67T1AB B Cae*
C35(2N681-92) E A4TOHMS + 10% 20V
C30 AND C32** G | PULSE TRANS
€15 . SPRAQUE 317204 | 35V
€20 AND C22 OR EQUIV.
ci2 € |2rommsti0% | 3ev
CII(ZNI770—7°,
36
34 cm(zm'nm 7781 6 |a7onmsti0% | 8V
PULSE TRANS
- ce(zmszs 35) 1 | sPRAQUE 31z204 | 35V
OR_EQUIV
30 C7(2N2344-48) F_ | 150nMS10% 35V
c6 H 27 OHMS £10% 20V
= s, €106, 103 J | PuLse TRans 35V
2 B SPRAQUE 312204
QUIV_
24
\® \ ~ NOTES:
22 (TN S * LIMITED TO 27 VOLTS MAX ON
N\ N NN “0" CURVE AND IS VOLTS ON"E"
20 i CURVE
®\ N gy ** TRIGGER REQURENENTS LESS
. N =
3 \\ \\\ N » e um Tmcczn FULSE IS rvncs
3 THE AMPLITUDE OF OTHER UJ'
NJ N THiS ASSURES 241 OVER MR
14 e SCR TRIGGER REQUIREMENTS
N NI —
”
N .
0
~559C TO +125°C — s t
8 | (NOTE_ TEMPERATURE RANGE MAY =t
BE RESTRICTED BY THE SCR SPECIFICATION) l I | | I l 1
10

0.0 o.t 1
CAPACITANCE - CI - MICROFARADS
(ASSURES MINIMUM TRIGGER REQUIREMENTS FOR I, RISE <I0A/pSEC)

34 \\ SCRTVE  Jorve] Rar Vitmax)

€45 AND C46 C | PULSE TRANS. 35v

32 PE223! OR EQUIV.

28

24

R - Rez -
20 10K 100 OHMS Ac
oc

MINIMUM SUPPLY VOLIAGE = V| =VOLTS

2N2647
[ Ta=~40°c 70 I25°C
|

.0 .05 o.l 0.5 | 5 0
CAPACITANCE - C; - MICROFARADS

(Assures minimum trigger reguirement for Ip rise < I0A/usec)

FIGURE 4.31 UJT TRIGGER CIRCUIT DESIGN CURVES
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If, in the case of the 2N2646 and 2N2647 UJT’s, Rp,, as deter-
mined from Equation 4.3(a) causes V,’ (from Equation 4.6) to be larger
than can be attained practically or economically, the use of the 2N489
series, the 2N1671A or the 2N1671B is suggested. [Equation 4.3(b)
yields a lower value of Ry,.,] alternatively, if extreme temperature com-
pensation is not required, or if the temperature range to which the
2N2646/47 UJT’s are subjected is not great, a value of Ry, = 100
ohms may be used.

It is not recommended that a UJT be used to trigger an SCR
larger than a C45 type. A PUT trigger circuit (Section 4.14.3) can be
used or else a pulse amplifier must boost the UJT output into the gate.

4.14.3 Programmable Unijunction Transistor (PUT)

The PUT trigger device is a small thyristor with an anode gate
as shown in Figure 4.32. If the gate is maintained at a constant poten-
tial, the device will remain in its off state until the anode voltage
exceeds the gate voltage by one diode forward voltage drop. At this
voltage the peak point is achieved and the device turns on. In the
relaxation oscillator shown in the same figure, the gate voltage of the
PUT is maintained from the supply voltage by the resistor divider, R;
and R,. This voltage determines the peak point voltage, V,. The peak
point current, I, and the valley point current, I,, both depend upon
the equivalent impedance on the gate, R; R,/(R; + R,), and the source
voltage, Eg. Ry and C; controls the frequency along with R; and R,
since the period of oscillation is approximately:

E\

t =~ Ry Cp In (m) (47)

t~RpCpln (1 ¥ R—) (4.8)
R,

ANODE

CATHODE

PROGRAMMABLE
UNIJUNCTION
TRANSISTOR

(PUT)

(a) (b)
FIGURE 4.32 PUT RELAXATION OSCILLATOR

The primary difference between the two available PUT’s (2N6027
and 2N6028) is in the peak point current. The 2N6028 is specifically
characterized for long interval timers and other applications requiring
low leakage and low peak point current. The 2N6027 has been char-
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acterized for general use where the low peak point current of the
9N 6028 is not essential. Applications of the 2N6027 include timers,
high gain phase control circuits and relaxation oscillators. The other
important asset of the PUT, which makes them particularly suitable
for triggering high current SCR’s is its high peak pulse current output.
Due to the PNPN nature of this device (as opposed to conductivity
modulation), the forward conductance is high and the rise time is fast.
The dynamic resistance of the PUT in the saturation region is approxi-
mately 3 ohms. Rate of rise of V, is typically 10 nsec (a maximum of
80 nsec is specified). Healthy output pulses are available from capaci-
tors as low as .01 pfd. References 14 and 15 have more details on device
operation and trigger circuit design using this particular device.

4.14.3.1 Designing the PUT Relaxation Oscillator and Timer Circuits

A systematic approach to the design of a PUT oscillator circuit
appears complex precisely because it is such a versatile device. A
further complication arises because so much performance variation can
be programmed into the circuit by the voltage divider R; and R,.

Consider the following key guide posts:

1. Peak Point Control, I,—1I, need only be considered in the

case of a very long interval timer. Both R, and Cy are large,
the latter having low equivalent parallel resistance.
Valley Current, I, — this is a key parameter in free running
relaxation oscillators operating from a DC supply. Most trigger
circuits derive their supply voltage from the “off-state” SCR.
When the PUT triggers this SCR, its supply voltage collapses
and it commutates off.

3. Offset Voltage, V. — the minimum value of R, is determined

by V., and so Vy only plays a role in long interval timers.

Design Problem: A free running relaxation oscillator is wanted,
which is capable of triggering a C20 flasher from a 12 V supply. The
operating frequency must be adjustable from 5 to 50 pulses per minute.

Solution: Refer to Figure 4.32 for the basic circuit. No problem
is anticipated with I, since the frequencies are relatively high, but I,
may be troublesome.

The selection of Cy, is crucial since too small a value will not fire
the SCR and too large a value leads straight to I, problems.

One may determine the value of V, and Cy to trigger the C20
from Figure 4.17.

The time integral of current pulse to be used and the time integral
of the trigger current pulses required by Figure 4.33 are plotted on
the same graph. These curves represent the charge to be delivered to
the gate and the charge required to trigger as a function of time. If the
charge delivered exceeds the charge required, at any time, the device
turns on. This technique is demonstrated in this figure for the C20 SCR
and a decaying exponent current pulse with a peak of 80 ma and an
R-C constant of 8 useconds. Since the two curves intersect at 3.6
pseconds after the start of the pulse, the device will turn on. If no
intersection had occurred, then either the peak current or the capacitor
value could have been increased.

o
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/

8
/LH/ARGE REQUIRED TO

TRIGGER TYPE C20 SCR
7 —

6
ey
e CHARGE DELIVERED
—1 BY AN EXPONENTIAL
5 PULSE: 80ma PEAK,

81 SEC. TIME CONSTANT

CHARGE (uCOUL)

2 4 6 8 o 1 14 & 1B 20 22 24 26 28
TIME (u SEC)

FIGURE 4.33 CHARGE TO TRIGGER AN EXPONENTIAL PULSE

The above technique provides a useful indication of SCR pulse
triggering requirements. However, it is important that a reasonable
safety factor be incorporated in the trigger circuit design, since there
are sizable variations in this characteristic.

Let R, = 39 ohms. Then since R, Cp = 8 pseconds, Cp =~ 0.2 uf.
The peak triggering current of 80 ma determines V,, namely:

V,=IL R +1V
=(80ma)(39Q) + 1V =41

where 1 V is the approximate PUT on-state voltage
The computed value of 4 is:

v, 41 _
[ R TR
The timing pot Ry can be found from Formula 4.7.

Ry (maxy = 11 = 2.5 Meg

CT In ('1_2___4_1> fmin
1

Ry (min) = = 250K

Coln (22— )
TNT2 — 4 )

The maximum valley current occurs at the maximum frequency when
Ry is a minimum:
E, 12

Iv(max) = & ——— N4 = 48 ’,La

R’l‘ (min) 250

I (min) Of the 2N6027 is 70ua for Rg = 10 K. Therefore, to find R,
and R,, the following two simultaneous equations must be solved:
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FIGURE 4.34 EFFECT OF Rz/(R: 4 R:) ON OSCILLATOR FREQUENCY
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_ RiRy
" R, +R,

_R Yy
R,+R, E,Z "

The solutions for R; and R, are:

Re

R,=2¢  R,= IRG
i -

Since n = 1/3, then R; = 30 Kand R, = 15 K.

If other frequency ranges had been desired, either different capaci-
tors could have been switched in for Cq or else R, could have been
varied to achieve the same result.

Figure 4.34 shows the effect of the voltage divider ratio
R,/(R; + R,) on the period of oscillation.

(4.9)

4.14.4 Silicon Unilateral Switch (SUS)'?

The SUS, such as the type 2N4987, is essentially a miniature SCR
having an anode gate (instead of the usual cathode gate) and a built-in
low-voltage avalanche diode between the gate and cathode. The sym-
bol for the SUS and its equivalent circuit are shown in Figure 4.35.
Its anode-to-cathode electrical characteristic is shown in Figure 4.36
for no external connection to the gate terminal.

The SUS is usually used in the basic relaxation oscillator circuit
shown in Figure 4.28(a) and its characteristics follow the same criteria
for oscillation. The type 2N4987 has the following specifications:

Switching Voltage, Vg...... .... 6 to 10 volts
Switching Current, Ig. . .... .. ... 0.5 ma, maximum
Holding Voltage, Vg. .. ......... Not specified (=~ 0.7V at 25°C)
Holding Current, Iy............ 1.5 ma, maximum
Forward Voltage,
Vg (atlp = 175ma). .. .. .. ... 1.5 volts
Reverse Voltage Rating, Vi. . .. .. 30 volts
Peak Pulse Voltage, V. .. ..... .. 3.5 volts minimum

The Peak Pulse Voltage, V,, specification is very important for
thyristor triggering applications since it is the only realistic figure-of-
merit that indicates the ability of the triggering device to transfer
charge from the capacitor to the thyristor gate. This voltage is measured
with the SUS operating in the circuit of Figure 4.28(a), where V; = 15
volts, R; = 10 K ohms, C = 0.1 yf, and R, = 20 ohms. The peak pulse
voltage is measured across resistor R,. The magnitude of the pulse
voltage depends both upon the difference between Vg and Vi and upon
switching time, as explained in Section 4.14.1. The component values
used in the pulse test are adequate for triggering most thyristors.

The major difference in function between the SUS and the UJT
is that the SUS switches at a fixed voltage, determined by its internal
avalanche diode, rather than a fraction () of another voltage. It should
also be noted that Ig is much higher in the SUS than in the UJT, and
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is also very close to Iy. These factors restrict the upper and lower limits
of frequency or time-delay which are practical with the SUS.

For synchronization, lock-out, or forced switching, bias or pulse
signals may be applied to the gate terminal of the SUS. For these
purposes, treat the SUS as an N-gate SCR.

4.145 Silicon Bilateral Switch (SBS)'

The SBS, such as the type 2N4991, is essentially two identical SUS
structures arranged in inverse-parallel, as shown in Figures 4.37 and
4.38. Since its operates as a switch with both polarities of applied volt-
tage, it is particularly useful for triggering the bidirectional triode
thyristors (triacs) with alternate positive and negative gate pulses. This
operation is obtained by using an alternating voltage supply for V; of
Figure 4.28, rather than the DC supply shown.

Specifications for the SBS type 2N4991 are identical to those of
the SUS type 2N4987 with the exception of reverse voltage rating,
which is not applicable to the SBS.

ANODE

GATE
CATHODE
SYMBOL EQUIVALENT CIRCUIT
FIGURE 4.35 FIGUR
THE SILICON UNILATERAL SWITCH (SUS) sus CHARACTERISTIC CURVE
| 1 4
r-—-3---=
! I
| A A X
GATE ; o
GATE I ] :
A v
1
I
[y gl
2
SYMBOL EQUIVALENT CIRCUIT
FIGURE 4.37 FIGURE
THE SILICON BILATERAL SWITCH (SBS) SBS OHARAGTERISTIG CURVE

4.14.6 Bilateral Trigger Diode (Diac)

The diac, such as the type ST2 is essentially a transistor structure,
Figure 4.39, which exhibits a negative resistance characteristic above
a given switching current I gg,. The characteristic curve of Figure 4.40
shows that this negative resistance, region extends over the full oper-
ating range of currents above I pg, hence the concept of a holding
current Iy does not apply.
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The diac is used in the simple relaxation oscillator circuit of Figure
4.28, and the criteria for oscillation are the same. For alternating pulse
output, the supply voltage for the oscillator circuit, V;, may be an
alternating voltage. .

2

FIGURE 4.39 SYMBOL OF BILATERAL TRIGGER DIODE (DIAC)

FIGURE 4.40 DIAC CHARACTERISTIC CURVE
The type ST2 diac has the following specifications:

VEBR) v 28 to 36 volts
LpR) oo 200 gamp (maximum)
€p e 3 volts (minimum)

The peak pulse voltage, e,, is measured under the same conditions
used with the SUS and SBS, namely: R, = 20 ohms; C = 0.1 micro-
farad. Since the ST2 is primarily used to trigger triacs, this minimum
value of e, has been established to ensure proper triggering of all G-E
triacs, assuming, of course, the proper conditions of supply voltage and
load impedance in the power circuit of the triac.

4.14.7 Asymmetrical AC Trigger Switch (ST4)

The ST4 is an integrated triac trigger circuit that provides wide
range, hysteresis-free, phase control of voltage. This performance is
possible with a minimum number of circuit components and at very
low cost (see Chapter 7 for circuit details).

The equivalent circuit of Figure 4.41 reveals that the ST4 behaves
like a zener diode in series with an SBS. The zener diode provides the
asymmetry since now switching voltage Vg; has been increased by the
avalanche voltage of the zener.

I I

2 2

FIGURE 4.41 SYMBOL OF ASYMMETRICAL AC TRIGGER SWITCH (ST4)
AND EQUIVALENT CIRCUIT
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+Ii24

ot

Vs2__ VF2 : ]

—(7' Ir2

FIGURE 4.42 ST4 CHARACTERISTIC CURVE

The ST4 has the following specifications:
Switching Voltage: Vg, 14-18 volts
Vo 7-9 volts
Switching Current: Ig;, Iso 80 ua (25°C)
ISI’ Is2 160 pa (-5500)
On-State Voltages: Vg 7-10 volts
o 1.6 volts (max)
Peak Pulse Voltage, Vg 3.5 volts minimum

4.14.8 Other Trigger Devices

Several other unilateral and bilateral switching devices exist,
having characteristics similar to those discussed above. In general, all
operate as relaxation oscillators and are subject to the same criteria for
oscillation. If the peak pulse voltage (or current) output is not specified,
then the maximum switching time must be known. Otherwise, the trig-
ger circuit must be over-designed by a factor depending upon the
uncertainty of the unknowns.

Where a large demand exists for the same type triggering source,
specialized integrated circuits could be and have been designed to
meet the need. The GEL300 is a monolithic integrated triggering
circuit that features “zero-voltage” switching to minimize RFI. Its oper-
ation and use is covered in Chapter 11. Similarly the GEL301 IC is
used in phase control circuits (see Chapter 9).

Another method of triggering that is coming into its own employs
light sensitive or light activated devices. This method offers speed along
with incomparable electrical isolation. The reader is referred to Chap-
ter 14 and Reference 16 for additional information.

4.149 Summary of Semiconductor Trigger Devices

The table below summarizes the electrical characteristics of the
widely used triggering devices.
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E1 v‘o Ip (max) Iy (min) TON
CLASS ERISTICS)| BASIC CIRCUIT MAJOR TYPES PEAK POINT | PEAK POINT VALLEY TURN ON SPECIFICATION
VOLTAGE CURRENT CURRENT TIME NUMBER
ur 05 1018 )
2N489A  2N2417A Fixed 12 pa 8ma 60.10
i i 2N24178 Fraction 6 pa 8ma 60.10
Yrijunction 2N1671A 5G515 | of 25 a 8ma T2uec | 6050
2N16718 §G516 | Interbase 6 e 8ma Tre 6050
2N1671C Voltage 2 pa 8ma 60.50
- 2N2646 5 pa 4ma 60.62
H 2N2647 2 8ma 60.62
2| eur
Programable 2N6027 R2Es As low as 2 ua 70 ua
Unijunction 2 "Rz » 80 nsac 60.20
Transistor 'N6028 As low as .15 gl Ha Max
(A function of | (A function of
Ry, Rzl R, Rg)
S
U o Iom
siticon 2N4383 2N4%87 | e-10v 500 ua 15 ma 65.25,65.26
Unilateral 2N484  2N4gB8 | 7.59v 150 ua 5 ma 10uec | 6527, 65.28
Switch 2N4985 2N4989 | 7.58.2v 300 pa 1.0 ma Max 65.27,65.28
2N4986  2N4g90 | 7.9 200 o ki 66.25, 65.26
{Es
scs
P 4 LY Rafs 10ma 1.5 usoc
Silicon anss ToaRy | Afunctionot Mex Max 65.18
L 1and Rz | (A function of
Switch Velp (40v max) Ry and R2)
s N Ao}
— IV
ses y -
1, P 4 1018  T0:98
Silicon 1, | L Yein 2Nag93 2N4gs1 | et0v 500 ua 15ma 10uec | 65306531
Bilateral v 2Nage2 | 758v 120 ua 5ma Max 65.32
Switch ( AC
: e ] v 4
% o
: 14
bIAC AVL st2 28v36v 20048 | Veryhigh 1usec 17530
Tye
T ]
1
TS
Assymetrical Jx}f-k T4 14.18v 80pa 1psec 832
AC Trigger " 79V 80 ua
Switch (ST4) |7 E

Note: Common terminology used for comparison purposes. For actual terminology, see device specification sheets.

TABLE 4.2

4.15 NEON GLOW LAMPS AS TRIGGER DEVICES

The low price of neon glow lamps has led many to consider their
use for triggering thyristors. The characteristics of the glow lamp are
quite similar, but for magnitude, to those of the diac. The switching
voltage is generally on the order of 90 volts and the switching current
is extremely small (below 1 ua). However, the switching time is large
in comparison with semiconductor devices, and the peak pulse voltage
is usually not specified.

The G-E type 5AH is an isotope-stabilized neon glow lamp now
being used in many low-cost SCR control circuits. The 5AH lamp has
the following specifications:

Vs oo 60 to 100 volts

Ig oo .. Not specified

Ve o Approx. 60 volts at 5 ma
VH o Not specified

Ig oo Not specified

Iy oo 25 ma (minimum)
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The peak pulse current, i, is measured in a 20 ohm resistor when
discharging a 0.1 uf capacitor. The minimum peak pulse voltage is,
therefore, 0.5 volts under this condition. The specification also includes
an indication of the operating life of the lamp: 5000 hours operation,
on the average, at 5 ma DC results in a 5 volt change in Vg or Vg. This
has not been correlated to hours operation in a relaxation oscillator at
120 Hz.

Glow lamps are useful for thyristor triggering under the following
conditions:

(a) Thyristor Iy on the order of 10 ma or less

(b) Wide tolerance in Vg is acceptable

(¢) Minimum pulse voltage measured in sample lot several times

minimum required to trigger the thyristor

(d) Change in Vg and pulse output with operating time is

acceptable

(e) Cost of primary importance

(f) 5% loss in RMS voltage at full power tolerable

4.15.1 Neon Lamp Trigger Circuits

Neon lamp SCR phase-controlled trigger circuits have the promise
of combining the low cost of the RC diode circuit with improved per-
formance. In addition, the possibility exists in such a relatively simple
yet high impedance circuit to exercise control over the charging rate
of the trigger capacitor with suitable devices responsive to light, heat,
pressure, etc.

Figure 4.43 shows a half wave AC phase-controlled circuit using
a 5AH as the trigger for a two terminal system. The 5AH will trigger
when the voltage across the two 0.1 MFD capacitors reaches the break-
down voltage of the lamp. Control can be obtained full off to 959, of
the half wave RMS output voltage. Full power can be obtained with
the addition of the switch across the SCR.

LOAD
3 SCR
GE
SAH c228
0.1 MFD
120V/AC 100K —{
SWITCH
FOR FULL
POWER
T 0.1 MFO

FIGURE 4.43 HALF WAVE/TWO TERMINAL

Figure 4.44 is a transformer coupled full-wave AC phase-controlled
circuit using a SAH as the trigger for a two terminal system. The 5AH
will perform the same as in the half-wave circuit but the pulse trans-
former will allow the SCR’s to alternate in firing. The resistor R and
the pulse transformer should be chosen to give proper shape of the
pulse to the gate of the SCR. Some loss of load voltage will occur but
will amount to only about 5% in terms of total RMS output voltage.
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j LOAD % ) A
3K

B
SCR'S y
5AH GE
0.1 MFD c-22
100K %]—}
120V/AC

~ 0.1 MFD

\|

SPRAGUE
32z28

FIGURE 4.44 FULL WAVE TRANSFORMER COUPLED/TWO TERMINAL

4.16 PULSE TRANSFORMERS

Pulse transformer are often used to couple a trigger-pulse genera-
tor to a thyristor in order to obtain electrical isolation between the two
circuits. There are many vendors of pulse transformers suitable for this
purpose. Although several specific model numbers are shown on circuit
diagrams in this manual; it is not our purpose nor intent to serve as a
testing or approval function.

The transformers usually used for thyristor control are either 1:1,
two-winding, or 1:1:1 three-winding types. As shown in Figure 4.45,
the transformer may be connected directly between gate and cathode,
or may have a series resistor R to either reduce the SCR holding cur-
rent or to balance gate currents in a three-winding transformer con-
nected to two SCR’s, or may have a series diode D to prevent reverse
gate current in the case of ringing or reversal of the pulse transformer
output voltage. The diode also reduces holding current of the SCR.
In some cases where high noise levels are present, it may be necessary
to load the secondary of the transformer with a resistor to prevent false
triggering.

TRIGGER PULSE GENERATOR o—p—o
TPG.

THYRISTOR
o—AAN—0
@y
l * il PULSE

TRANSFORMER

FIGURE 4.45 BASIC PULSE TRANSFORMER COUPLING

Vi

Figure 4.46 shows several ways of using a transformer to drive
an inverse-parallel pair of SCR’s. Full isolation is provided by the three-
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winding transformer in Figure 4.46(a). Where such isolation is not
required, a two-winding transformer may be used either in a series
mode, Figure:4.46(b), or a parallel mode, Figure 4.46(c). In any case,
the pulse generator must supply enough energy to trigger both SCR’s,
and the pulse transformer (plus any additional balancing resistors) must
supply sufficient gate current to both SCR’s under worst-case conditions
of unbalanced gate impedances.

Fel:t r
ULSE SCR1

P
TRANSFORMER
L]

UNILATERAL °
TPG. -

2%

(a)

141
PULSE
Il TRANSFORMER —f——
PULSE A
TRANSFORMER . § l -
\ L]

N

SCRI SCR2 .

. ¥
UNILATERAL TRG.
TRG.

(b) (e)
FIGURE 4.46 PULSE TRANSFORMER CONNECTIONS FOR TWO SCR’S

The prime requirement of a trigger pulse transformer is one of
efficiency. The simplest test is to use the desired trigger pulse generator
to drive a 20 ohm resistor alone and then drive the same resistor
through the pulse transformer. If the pulse waveforms across the
resistor are the same under both conditions, the transformer is perfect.
Some loss is to be expected, however, and must be compensated by
increased drive from the generator.

Some of the transformer design factors to be considered are:

(a) Primary magnetizing inductance should be high enough so
that magnetizing current is low, in comparison with pulse current,
during the pulse time. )

(b) Since most pulse generators are unilateral, core saturation
must be avoided.

(c) Coupling between primary and secondary should be tight, for
single-SCR control, or may have specified leakage reactance to assist
in balancing currents for multiple-SCR control.

(d) Insulation between windings must be adequate for the appli-
cation, including transients.

(e) Interwinding capacitance is usually insignificant but may be
a path for undesirable stray signals at high frequencies.
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4.17 SYNCHRONIZATION METHODS

In the basic trigger circuit of Figure 4.47, the UJT can be trig-
gered at any intermediate part of the cycle by reducing either the
interbase voltage alone or the supply voltage, V;. This results in an
equivalent decrease in Vp in accordance with Equation 4.1 (or 4.3)
and causes the UJT to trigger if V; drops below the instantaneous
value of Vy. Thus, the base-two terminal or the main supply voltage
can be used to synchronize the basic trigger circuit. Figure 4.47 illus-
trates the use of a negative synchronizing pulse at base-two.

+0

PULSE

FIGURE 4.47 PULSE SYNCHRONIZATION OF UJT RELAXATION OSCILLATOR

Two methods of achieving synchronization with the AC line are
illustrated in Figure 4.48. A full wave rectified signal obtained from
a rectifier bridge or a similar source is used to supply both power and a
synchronizing signal to the trigger circuit. Zener diode CR, is used to
clip and regulate the peaks of the AC as indicated in Figures 4.48(a)

and (b).
o—AN\—¢ [ AAY

AC B3 Ac )
FULL-WAVE j FULL -WAVE 2
RECTIFIED RECTIFIED

(A) (8)
FIGURE 4.48 CIRCUITS FOR SYNCHRONIZATION TO AC LINE

At the end of each half-cycle the voltage at base-two of Q; will
drop to zero, causing Q, to trigger. The capacitors C, are thus dis-
charged at the beginning of each half cycle and the trigger circuits
are thus synchronized with the line. In Figure 4.48(a) a pulse is pro-
duced at the output at the end of each half cycle which can cause the
SCR to trigger and produce a small current in the load. If this is
undesirable, a second UJT can be used for discharging the capacitor
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at the end of the half cycle as illustrated in Figure 4.48(b). Diode CR,
and capacitor C, are used to supply a constant DC voltage to Q,. The
voltage across Q; will drop to zero each half-cycle causing C; to be
discharged through Q, rather than through the load Rg;. The UJT’s
should be chosen so that Q; has a higher standoff ratio than Q,.

Synchronization of a PUT circuit is exactly analogous to the UJT
since their operation is so similar.

418 TRIGGER CIRCUITS FOR INVERTERS

Inverter circuits usually require trigger pulses delivered alter-
nately to two SCR’s. There are many ways and types of circuits to per-
form this function, several of which are mentioned below.

4.18.1 Transistorized Flip-Flops

The transistor flip-flop® is a very fundamental and useful circuit
for driving SCR or triac gates. The transistor may drive the gates
directly, as described in Section 8.9.2, through a transformer or through
a pulse shaper as shown in Section 4.19. The transformer must be
designed to avoid saturation at the lowest operating frequency and
highest supply voltage. The flip-flop may be driven by a UJT or a PUT
relaxation oscillator for precise timing or may be connected as a free-

running multivibrator. 2y

[—

- ouI ‘OT_Y;_——“"
2N4990 ’ ! 2N4990

* ¥*
D43C2 D43C2

TO SCR TO SCR
GATE GATE

(A) *MUST BE HEAT SUNK =
| KHz OSCILLATION FOR COMPONENTS SHOWN

22v

33K

2N6027 2N6027

pazca™ p42ca”™

TO SCR
GATE

TO SCR
GATE

(B)  *MuST BE HEAT SUNK.
500 Hz OSCILLATION AS SHOWN,

FIGURE 4.49 FLIP-FLOP TRIGGER CIRCUITS FOR TWO INVERTER SCR'S
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Figure 4.49 shows two approaches which provides alternate out-
put pulses such as required by many inverter circuits. Alternate output
pulses are obtained by cross coupling two relaxation oscillator circuits
by capacitor C,. Frequency is trimmed by potentiometer R; and sym-
metry is trimmed by R,. Both circuits offer the same rise times and
have an upper frequency limit of 20 kHz but the circuit with the PUT
does possess greater versatility and higher output voltages. The oscilla-
tion frequency of the latter can be varied either by changing the capaci-
tors or by varying the gate bias on the PUT.

4.18.2 PUT Flip-Flop Trigger Circuit

This flip-flop circuit consists of two relaxation oscillator circuits
coupled together as shown in Figure 4.50. When one of the two trigger
devices is in the “on state,” the other is always in the “off state.” Turn-
ing on one device will instantaneously produce a negative voltage on
the other due to the presence of capacitor Cy. This will shift it to the
“off state.” The frequency is adjusted by R, and the symmetry is
trimmed by R,. Outputs V,; and V, may be coupled to additional stages
of amplification before coupling to the gate.

+20V 9vg
R2
50K
1002 2N6027 310K . 10K 2N6027
T
| — )
m 100K 100K
vV, 470 a0y, v
100

FIGURE 4.50 FLIP-FLOP TRIGGER CIRCUIT
419 PULSE AMPLIFICATION AND SHAPING

Consideration of SCR trigger requirements may reveal that the
output of a pulse generator is not of sufficient amplitude and/or its
output rise time is too slow. With little additional expense, the output
can be bolstered to meet the stringent gate requirements of SCR’s work-
ing-at-high frequencies and high di/dt.

Figure 4.51 shows several gate amplifier circuits. Circuit (a)
utilizes a transistor amplifier which is saturated during the duration of
the relaxation oscillator pulse. This allows C, to discharge into the SCR.

The availability of SCR’s with highly sensitive gates permits use
of these devices to trigger higher rated SCR’s as shown in Figure
4.51(b). Here, for example, a C5B as SCR; requires less than 200
microamperes of gate signal to trigger. Current then flows through R,,
SCR;, and into the gate of SCR,. When the current reaches the trig-
gering requirements of SCR,, this device turns on and shunts the main
power away from SCR;. In addition to providing a means of triggering
high current SCR’s by low level signals from high impedance sources,
this type of triggering yields positive triggering from pulsed gate sig-
nals even with highly inductive loads due to the much lower latching
current requirements of the C5 in comparison with the higher rated
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SCR’s. With SCR, latched into conduction, the gate of SCR, is driven
by a trigger signal which is maintained until SCR, is forced into con-
duction. R, limits the current through SCR; to a value within its rating.
SCR; must meet the same voltage requirements as SCR,. However, its
current duty is generally of a pulsed nature, and hence negligible. Sev-
eral types of SCR’s such as the C398 and C158 have amplifying gates,
in which the predriver SCR’s are internal to the device as shown in
Figure 4.51(c).

Coan ——
I0KVA
R2
Vs
cECos
SCcR2
., Qt 1oy 120 VAC - GE Ci808
FROM RELAXATION b
OSCILLATOR
(a) TRANSISTOR PULSE AMPLIFIER

(b) USE OF LOW CURRENT SCR AS A GATE
SIGNAL AMPLIFIER

(c) AMPLIFYING GATE SCR
FIGURE 4.51 TRIGGER PULSE AMPLIFIER CIRCUITS

Predrivers are particularly useful when the trigger voltage must
be maintained for the entire conduction period. Under these conditions,
the power dissipation in the gate of the power device may be excessive.
Figure 4.52 provides a technique of maintaining trigger drive during
the conduction period in the form of a pulse train and thus reducing
the average gate dissipation. The transistor multivibrator, provides
alternate driving voltages to the two unijunction transistor oscillators.
The outputs of these oscillators provide the alternating pulse train
sequence as required for inverter circuits.

330 K 18K 318K K 330
1+ Q 10K - ¢ 10K Qq
=-28VDC @’ R | 20t 20uf Ri @
T~ Q Q
€ ROt Ot 35C |
T0 SCR TQ SCR
- 47 847 GATE
GATE . =
1200Hz Q, 8 Q, — 2N3416
Qs 8 Qq - 2N2647
NOTE: FOR SOURCE VOLTAGES
LESS THAN 25 VDC
o USE 2N3414 FOR Q & Q;

FIGURE 4.52 TRIGGER CIRCUIT PROVIDING TRAIN OF PULSES
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For some high current switching applications, it is desirable to
trigger with a fast rise-time pulse. A slow rising pulse may be sharp-
ened by use of the circuit in Figure 4.53. When a pulse appears at the
input of this circuit, the diode D; will conduct, charging the capacitor.
The forward drop across the diode will assure a positive gate to anode
voltage on the PUT and will prevent it from switching. When the
capacitor charges to the peak voltage of the pulse, the diode will
become reverse biased and the PUT will switch on. The consequent
pulse delivered to the SCR will have a rise time of 50 to 100 nanosec-
onds determined by the PUT turn-on characteristics.

2N6027

—o TO SCR
PULSE  Nqi54

m INPUT 2
I

A

FIGURE 4.53 PULSE SHARPENER USING A PUT

It has been noted that for fast rising current loads, an SCR may
require a fast rising high level rectangular pulse to assure triggering.
Rectangular pulses can be shaped by the use of reactive pulse forming
networks or by blocking oscillators. However, these circuits are rela-
tively costly and large. Figure 4.54 shows a circuit which will generate
rectangular pulses of 10 yseconds pulse width at repetition rates up to
20 kHz and does not require any inductive elements. With a 20 volt
amplitude and 20 ohm source impedance, this circuit should adequately
trigger most SCR’s even under the most stringent di/dt conditions.
The UJT operates as a conventional relaxation oscillator whose fre-
quency may be controlled by any of the techniques that were previ-
ously mentioned. The UJT output pulses drive a four transistor amplifier
circuit which improves the rise time and extends the pulse width to
approximately 10 yseconds.

Qi

L0 TO SCR GATE

Q[ - 2N2647
0,,0,-2N3414
03 - 2N5365
05~ D43C2

FIGURE 4.54 HIGH di/dt TRIGGER CIRCUIT
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Depending on the nature of the control input signal other types

of SCR’s can be considered for triggering larger SCR’s. The LASCR
(Chapter 14) can be used where direct triggering by light is required.
Also, the LASCR in conjunction with a suitable light source provides
a simple way in which to obtain electrical isolation in SCR control
circuitry.
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'DYNAMIC CHARACTERISTICS OF SCR’S

Dynamic characteristics of an SCR refer to the SCR behavior
during switching intervals. This may be switching of the SCR under
consideration (either turn-on or turn-off) or switching elsewhere in the
circuit (resulting in high dv/dt applied to the SCR). Although this
typically represents a minor percentage of the time period, it often
demands major consideration by both the manufacturer and user of
the SCR.

During the turn-off, or commutation, interval the SCR character-
istics to be considered are turn-off time, reapplied dv/dt, and reverse
recovered charge. Each of these dynamic characteristics are dependent
upon the set of operating conditions of the specific circuit.

During the turn-on interval the dynamic condition to be consid-
ered by the circuit designer is the rate of rise of forward current, di/dt.
Switching losses during both turn-on and turn-off may be of concern
to the equipment designer.

Another dynamic condition, a fast-rising forward voltage, can
result in the SCR being switched from the blocking state to the on-state.

5.1 SCR TURN-OFF TIME, t,

If forward voltage is applied to a undirectional thyristor (hereafter
referred to as “SCR”) too soon after anode current ceases to flow, the
SCR will go into the conduction state again. It is necessary to wait for
a definite interval of time after cessation of current flow before forward
voltage can be reapplied. Chapter 1 describes the physical reasons for
this required interval. For turn-off-time as it affects bi-directional
thyristors, see Chapter 7.

To measure the required interval, the SCR is operated with cur-
rent and voltage waveforms shown in Figure 5.1. The interval between
ts and tg is then decreased until the point is found when the SCR will
just support reapplied forward voltage.

This interval is not a constant, but is a function of several param-
eters. Thus, the minimum time t; to tg will increase with:

. An increase in junction temperature.

An increase in forward current amplitude (t; to t,).

An increase in the rate of decay of forward current (t, to tg).

A decrease in peak reverse current (t).

A decrease in reverse voltage (t; to t;).

An increase in the rate of reapplication of forward blocking
voltage (tg to ty).

An increase in forward blocking voltage (tg to t;¢).

. An increase in external gate impedance.

. A more positive gate bias voltage.

CON DU L0
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ANODE CURRENT
REVERSE FORWARD

ANODE VOLTAGE
REVERSE FORWARD

H 2. 13 |ts fr| t¢ o
te te

FIGURE 5.1 SCR WAVEFORM FOR TURN-OFF TIME MEASUREMENTS

5.1.1 SCR Turn-Off Time Definitions

Circuit commutated turn-off time of an SCR, t,, is the time inter-
val between the instant when the anode current has decreased to zero,
and the instant when the SCR has regained some defined forward
blocking voltage capability.

As mentioned in Section 5.1, t, is not a constant, but is dependent
upon the test conditions under which it is measured. One of these test
conditions, forward current (Iy), is shown in Figure 5.2 for a narrow
pulse of current and in Figure 5.3 for conventional circuit turn-off

time. Refer to Chapter 2 for definition of terms used in the figures.
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5.1.2 Typical Variation of Turn-Off Time

The extent to which the parameters in Section 5.1 affect turn-off
time is dependent on both the parameter being considered and the
device design. Turn-off time performance trade-off curves are used to
determine which parameters are of significance, depending on the
particular set of circuit operating conditions. Figure 5.4 for example
shows a typical curve of change in SCR turn-off time with junction
temperature for a specific SCR. Figure 5.5 shows the dependence of
t, on forward current, for rectangular current pulses for that same SCR.

12

10 f

: /

/

GE-Cl4l SCR

TURN OFF TIME - MICROSECONDS

o 20 40 60 80 100 120 140
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FIGURE 5.4 VARIATION OF TURN-OFF TIME WITH JUNCTION TEMPERATURE

T T T T
NOTES:

(1) RECTANGULAR CURRENT PULSES, 50
20 MICROSECOND MINIMUM DURATION
(2) MAXIMUM CASE TEMPERATURE = 120°C
(3) RATE OF RISE AND FALL OF CURRENT
18 LESS THAN 10 AMPERES PER pSEC
(4) FREQUENCY 50 TO 400 Hz
(5) MAXIMUM dv/dt = 200 VOLTS PER USEC
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FIGURE 5.5 VARIATION OF TURN-OFF TIME WITH PEAK FORWARD CURRENT
FOR A HIGH SPEED SCR

125



SCR MANUAL

Typical variation of turn-off time with applied reverse voltage is
seen in Figure 5.6 for the C158 SCR.
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FIGURE 5.6 TYPICAL VARIATION OF TURN-OFF TIME WITH APPLIED REVERSE
VOLTAGE DURING THE TURN-OFF INTERVAL

Typical dependence of turn-off time on another test condition,
reapplied dv/dt, is shown in Figure 5.7. Specified turn-off time for the
C158 is with a reapplied dv/dt test condition of 200 volts per micro-
second.
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5.1.3 Circuit Turn-off Time ()

Circuit turn-off time is the turn-off time that the circuit presents
to the SCR.

The circuit turn-off time (t.) must always be greater than the turn-
off time of the SCR (t,); otherwise the SCR may revert to the on-state.

The turn-off times of general purpose phase control SCR’s are
usually given as typical values if at all. Wide deviations from the
typical values can occur. In those circuits where turn-off time is a
critical characteristic, it is necessary for the circuit designer to have
control over the maximum value of SCR turn-off time. For this reason
General Electric offers a range of SCR’s with guaranteed maximum
turn-off times under specified standard conditions of waveform and
temperature. These SCR’s are designed specifically for inverter appli-
cations where the need for good dynamic capabilities is essential.

5.1.4 Feedback Diode

Many inverter circuits require the use of a feedback diode placed
in inverse parallel with the SCR. The diode is needed to carry reactive
energy to the supply during some portion of the operating period. This
diode is a disadvantage from an SCR turn-off standpoint. The reverse
voltage of the SCR during the commutation interval is limited to the
diode forward voltage thereby adversely affecting SCR turn-off time as
discussed earlier in this chapter.

The feedback diode, when needed, should be placed close to the
SCR in order to minimize inductance in the diode path. As shown in
the sketch, this inductance undesirably shortens the circuit turn-off
time because of the voltage induced in the inductance due to the chang-
ing current (V = L di/dt).

(a) Diode adjoining SCR, (b) Inductance in Diode Path
No Inductance

5.2 TURN-OFF METHODS

The gate has no control over the SCR once anode-to-cathode
current exceeds latching current. External measures therefore have to
be applied to stop the flow of current. There are two basic methods
available for commutation, as the turn-off process is called.
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5.2.1 Current Interruption

The current through the SCR may be interrupted by means of a
switch in either of two circuit locations. The switch must be operated
for the required turn-off time. Note that the operation of the switch will
cause the SCR to see high values of dv/dt. In Figure 5.8(a) when the
switch is closed, or in 5.8(b) when the switch is opened, the SCR is
susceptible to false turn-on due to high dv/dt.

As it is seldom that a mechanical switch is suitable for commuta-
tion, various static switching circuits have been developed for this
purpose. It should be noted that SCR’s are generally not characterized
for this mode of commutation.

SWITCH

R

SWITCH

i
—lthlii—

(a) (b)
FIGURE 5.8 COMMUTATION BY CURRENT INTERRUPTION

5.2.2 Forced Commutation

When the above methods of current interruption are not accepta-
ble, then forced commutation must be used. The essence of forced
commutation is to decrease the SCR current to zero either by trans-
ferring the load current to a preferred path or by decreasing the load
current to zero.

5.3 CLASSIFICATION OF FORCED COMMUTATION METHODS

There are six distinct classes by which the energy is switched
across the SCR to be turned off:

Class A Self commutated by resonating the load

Class B Self commutated by an LC circuit

Class C  C or LC switched by another load-carrying SCR

Class D C or LC switched by an auxiliary SCR

Class E  An external pulse source for commutation

Class F  AC line commutation

Examples of circuits which correspond to these classes will now
be given. These examples show the classes as choppers (Chapter 13).
The commutation classes may be used in practice in configurations
other than choppers. Reéferences to literature covering the different
classes will be found in Chapter 13.

5.3.1 Class A—Self commutated by resonating the load
When SCR, is triggered, anode current flows and charges up C
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in the polarity indicated. Current will then attempt to iow through the
SCR in the reverse direction and the SCR will be turned off.

The condition for commutation is that the RLC circuit must be
under-damped.

t
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FIGURE 5.9 CLASS A COMMUTATION

5.3.2 Class B—Self commutated by an LC circuit_

Example 1 _

Before the gate pulse is applied, C charges up in the polarity
indicated.

When SCR,; is triggered, current flows in two directions.

1. The load current Iy flows through R.

2. A pulse of current flows through the resonant LC circuit and
charges C up in the reverse polarity. The resonant-circuit current will
then reverse and attempt to flow through the SCR in opposition to the
load current. The SCR will turn off when the reverse resonant-circuit
current is greater than the load current.
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+. c IR
SCR, - N
L

11r Iscry

VscR, l'°|

FIGURE 5.10 CLASS B COMMUTATION (EXAMPLE 1)
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Class B—Self commutated by an LC circuit

Example 2 — The Morgan Circuit

From the previous cycle the capacitor is charged as shown in
Figure 5.11 and the reactor core has been saturated “positively.”

When SCR; is triggered, the capacitor voltage is applied to the
reactor winding L,. The polarity of the applied voltage immediately
pulls the core out of saturation. For the time t; to t, (Figure 5.11) the
load current is flowing through R. Simultaneously the capacitor is being
discharged.

When the voltage across L, has been applied for the prescribed
time, the core goes into “negative” saturation. The inductance of L,
changes from the high unsaturated value to the low saturated value.

The resonant charging of C now proceeds much more rapidly
from time t, to t3. As soon as the peak of current is reached and cur-
rent starts to decrease, the voltage across L, reverses.

As soon as the voltage reverses, the core comes out of saturation
again, the inductance rises to the high value and the recharging of C
proceeds at a more leisurely pace (t3 to t4).

The voltage across the inductor is held for the prescribed time and
then positive saturation occurs (t4).

Now the capacitor is switched directly across the SCR via the
saturated inductance of L,. If the reverse current exceeds the load
current SCR; will be turned off. The remaining charge in C then is
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dissipated in the load and C is charged up and ready for the next
cycle (t5).
It is quite possible in practice to design L so that negative satura-

tion does not occur. In this case the anode-current pulse from t, to tg
is omitted.

5.3.3 Class C—C or LC switched by another load-carrying SCR

Assume SCR, is conducting. C then charges up in the polarity
shown. When SCR; is triggered, C is switched across SCR, via SCR,

and the discharge current of C opposes the flow of load current in
SCR,.
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FIGURE 5.12 CLASS C COMMUTATION
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5.3.4 Class D—LC or C switched by an auxiliary SCR

Example 1
. The circuit shown in Figure 5.12 (Class C) can be converted to
Class D if the load current is carried by only one of the SCR’s, the
other acting as an auxiliary turn-off SCR. The auxiliary SCR would
have a resistor in its anode lead of say ten times the load resistance.
Example 2
SCR, must be triggered first in order to charge up the capacitor in
the polarity shown. As soon as C is charged, SCR, will turn off due to
lack of current.
When SCR; is triggered the current flows in two paths: Load cur-
rent flows in R; commutating current flows through C, SCR;, L, and D,
and the charge on C is reversed and held with the hold-off diode D.
At any desired time SCR, may be triggered which then places C across
SCR, via SCR, and SCR,; is turned off.
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FIGURE 5.13 CLASS D COMMUTATION (EXAMPLE 2)
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Class D—LC or C switched by an auxiliary SCR

Example 3 — The Jones Circuit

The outstanding feature of this circuit is its ability to start com-
mutating reliably.

If C were discharged, then, on triggering SCR,, voltage would be
induced into L, by closely coupled L, and C would become charged
in the polarity shown. As soon as SCR, is triggered, SCR; turn-off inter-
val is initiated. C now becomes charged in the opposite polarity.

The next time SCR,; is triggered, C discharges via SCR;, and L,
and its polarity is reversed ready for the next commutating pulse. The
voltage to which C is charged (in the polarity shown in Figure 5.14),
depends on which is greater: the voltage induced by load current
flowing in L, or the reversal of the positive charge built up while SCR,
was conducting.

With heavy loads, the induced voltage increases, thus tending to
offset the decrease of turn-off time. Better turn-off times are obtained
with this circuit as compared with Example 2 at the cost of higher volt-
ages appearing across the SCR’s. This circuit is discussed in more detail
in Chapter 13.
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5.3.5 Class E—External pulse source for commutation

Example 1
When SCR; is triggered, current will flow into the load. To turn

SCR, off base drive is applied to the transistor Q,. This will connect
auxiliary supply E, across SCR; turning it off. Q, is held on for the
duration of the turn-off time.
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5.15 CLASS E COMMUTATION (EXAMPLE 1)

134



DYNAMIC CHARACTERISTICS OF SCR'S

Class E—External pulse source for commutation

Example 2

The transformer is designed with sufficient iron and air gap so as
not to saturate. It is capable of carrying the load current with a small
voltage drop compared with the supply voltage.

When SCR; is triggered, current flows through the load and pulse
transformer. To turn SCR; off a positive pulse is applied to the cathode
of the SCR from an external pulse generator via the pulse transformer.
The capacitor C is only charged to about 1 volt and for the duration of
the turn-off pulse it can be considered to have zero impedance. Thus
the pulse from the transformer reverses the voltage across the SCR, and
it supplies the reverse recovery current and holds the voltage negative
for the required turn-off time.
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FIGURE 5.16 CLASS E COMMUTATION (EXAMPLE 2)
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Class E—External pulse source for commutation

Example 3

When the SCR is turned on, the pulse transformer saturates and
presents a low impedance path for the load current. When the time
comes for turning off the SCR, the first step is to de-saturate the pulse
transformer. This is done by means of a pulse in the polarity shown.
This de-saturating pulse momentarily increases the voltage across the
load and also the load current. Once the pulse transformer is de-
saturated, a pulse in the reverse polarity is injected, reversing the volt-
age across the SCR and turning it off. The pulse is held for the required
turn-off time.
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FIGURE 5.17 CLASS E COMMUTATION (EXAMPLE 3)
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Class E—External pulse source for commutation

Example 4

This circuit is important because no capacitor-charging pulse flows
through the load.

Assume C is charged in the polarity shown to some voltage greater
than the supply voltage E. When SCR, is triggered, load current flows
in R and L,. SCR, is in a resonant circuit consisting of C and L,. When
SCR, is triggered, a pulse of current flows through L,. A voltage is
developed across L, which is greater than the supply voltage E. Reverse
voltage is therefore applied to SCR, which turns it off. The termination
of the discharge pulse through SCR, turns it off, and C is now charged
in the opposite polarity. L, is much larger than Ly, and C is now reso-
nantly charged via L; and D to some voltage greater than the supply
voltage. ‘
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5.3.6 Class F—AC line commutated

If the supply is an alternating voltage, load current will flow dur-
ing the positive half cycle. During the negative half cycle the SCR will
turn off due to the negative polarity across the SCR. The duration of
the half cycle must be longer than the turn-off time of the SCR.
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FIGURE 5.19 CLASS F COMMUTATION
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| 54 RATE OF RISE OF FORWARD VOLTAGE, dv/dt

The junctions of any semiconductor exhibit some unavoidable
capacitance. A changing voltage impressed on this junction capacitance
results in a current, i = C dv/dt. If this current is sufficiently large a
regenerative action may occur causing the SCR to switch to the on-
state. This regenerative action is similar to that which occurs when gate
current is injected, as discussed in Chapter 1. The critical rate of rise
of off-state voltage is defined as the minimum value of rate of rise of
forward voltage which may cause switching from the off-state to the
on-state.

Since dv/dt turn-on is non-destructive, this phenomenon creates
no problem in applications in which occasional false turn-on does not
result in a harmful affect at the load. Heater application is one such
case.

The majority of inverter applications, however, would result in
circuit malfunction due to dv/dt turn-on. One solution to this prob-
lem is to reduce the dv/dt imposed by the circuit to a value less than
the critical dv/dt of the SCR being used. This is accomplished by the
use of a circuit similar to those in Figure 5.20 to suppress excessive
rate of rise of anode voltage. Z represents load impedance and circuit
impedance.

Since circuit impedances are not usually well defined for a particu-
lar application, the values of R and C are often determined by experi-
mental optimization. A technique described in Chapter 16 can be used
to simplify snubber circuit design by the use of nomographs which
enable the circuit designer to select an optimized R-C snubber for a
particular set of circuit operating conditions.

Another solution to the dv/dt turn-on problem is to use an SCR
with higher dv/dt capability. This can be done by selecting an SCR
designed specifically for high dv/dt applications, as indicated by the
specification sheet. Emitter shorting, as discussed in Chapter 1, is a
manufacturing technique used to accomplish high dv/dt capability.
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(a) Basic Circuit (b) Circuit Variations

FIGURE 5.20 DV/DT SUPPRESSION CIRCUITS

139



SCR MANUAL

Higher dv/dt capability can also be attained by choosing an SCR
with higher voltage classification. Since a high circuit-imposed dv/dt
effectively reduces V po, (the actual anode voltage at which the partic-
ular device being observed switches into the on state) under given tem-
perature conditions, a higher. voltage classification unit will allow a
higher rate of rise of forward voltage for a given peak circuit voltage.

Alternatively, this increased dv/dt capability can be understood
by reference to Figure 5.21, the typical variation of dv/dt capability
with applied voltage. By choosing an SCR with higher Vp gy, the ratio
of V, tiea t0 Vprar Will be lower for a given circuit and as indicated in
Figure 5.21 the typical dv/dt capability will be higher. By making use
of this technique, the SCR can be selected by the manufacturer for
dv/dt capability in excess of that indicated on the specification sheet.
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FIGURE 5.21 TYPICAL VARIATION OF DV/DT CAPABILITY
WITH APPLIED VOLTAGE

Reverse biasing of the gate with respect to the cathode may in-
crease dv/dt capability for small area SCR’s not already designed for
high dv/dt. The reader is referred to Chapter 4 for further discussion.

5.4.1 Reapplied dv/dt

Reapplied rate of rise of voltage, reapplied dv/dt, is the rate of
rise of forward voltage following the commutation interval. Reapplied
dv/dt is of importance because of its affect on turn-off time. The affect
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on t, of reapplied dv/dt, a test condition for t, measurement, can be
seen in Figure 5.7. Triac applications, discussed in Chapter 7, also
require consideration of dv/dt.

5.5 RATE OF RISE OF ON-STATE CURRENT, di/dt

Critical di/dt is the maximum allowable value of the rate of rise
of on-state current. The di/dt of on-state current while the SCR is in
the process of turning on must be considered because it is capable of
destroying the SCR or, in the absence of destruction, can cause a high
switching loss. During the turn-on process only a small percentage of
the silicon is conductive due to the finite spreading velocity, as dis-
cussed in Reference 2. A fast rising current can result in a high current
density in that portion of silicon that is conducting. This high current
density may result in excessive heat and a destroyed SCR.

5.5.1 Solutions to di/dt Problem

Inverter circuits with inherently high di/dt waveshapes can be
made to operate reliable by choosing an SCR with high di/dt capa-
bility. The SCR manufacturer can attain this high di/dt capability by
appropriate gate construction techniques as discussed in Chapter 1.

An additional technique used to accomplish high di/dt capability
is to employ a hard-drive gate circuit. A hard drive consists of a fast
rising gate current. Reference 5 discusses trigger circuit design tech-
niques to accomplish high di/dt capability.

A saturable reactor in series with the SCR during its turn-on
switching interval will greatly reduce switching dissipation in the SCR.
When the SCR is triggered on, the amount of current that will flow
during the turn-on interval is limited to the magnetizing current of the
reactor. The reactor is designed to go into magnetic saturation some-
time after the SCR has been triggered. The delay time is employed to
bring operation of the SCR within its turn-on current limit capability.
Sufficient SCR active area is then available to assume full load current
at minimum dissipation. Since the load current is delayed, the output
of the SCR-reactor combination is delayed relative to the SCR trigger
signal. Realistic pulse repetition rates are achievable by this technique,
notably in many pulse modulator applications.

The delay time t of the saturable reactor is given by the time to
saturate

NA AB 108
- E
N = number of turns
A = cross sectional area of core in square centimeters
AB = total flux density change in Gauss
E = maximum circuit voltage being switched in volts

The current required at the time of saturable reactor switching I,
should be made small compared to the peak load current being
switched. It is:

tg (seconds), where (5.1)
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I — HS lm
s 0.47zN
H, = magnetizing force in Oersteds required for core flux
to reach saturation flux density By (1 Oersted =
2.021 ampere-turns/inch)
1, = mean length of core in centimeters
N = number of turns
Provision must be made to properly reset the core before the next
current pulse. Depending on the details of the circuit, reset may be
accomplished by the resonant reversal of current (reverse recovery cur-
rent) or by auxiliary means.

(amperes), where (3.4)

5.6 REVERSE RECOVERY CHARACTERISTICS

The time during which reverse recovery current flows in the SCR
(tg to tg in Figure 5.1) is known as the reverse recovery time. This is
the time required before the SCR can block reverse voltage. This should
not be confused with turn-off time which is the time that has to elapse
before the SCR can block reapplied forward voltage. The reverse recov-
ery phenomenon is also common in junction diodes.

Reverse recovery time in typical SCR’s is of the order of a few
microseconds. Recovery time increases as forward current increases and
also increases as the rate of decay of forward current decreases. In addi-
tion, an increase of recovery time results from an increase of junction
temperature.

The reverse recovery current phenomenon plays a minor but im-
portant part in the application of SCR’s:

1. In full wave rectifier circuits using SCR’s as the rectifying ele-
ments the reverse recovery current has to be carried in the forward
direction by the complementary SCR’s. This can give rise to high values
of turn-on current.

2. In certain inverter circuits such as the McMurray-Bedford cir-
cuit (Chapter 13) where one SCR is turned off by turning another on,
the reverse recovery current of the first gives rise to high values of
turn-on current in the second.

3. The cessation of reverse current, which can be very sudden,
may produce damaging voltage transients and radio frequency inter-
ference.

4. When SCR’s are connected in series the reverse voltage dis-
tribution may be seriously affected by mismatch of reverse recovery
times (Chapter 6).

Recovered charge, Qg, (the time integral of reverse current), is
the amount of charge in microcoulombs corresponding to the recovery
interval. Figure 5.22 indicates the dependence of recovered charge on
reverse di/dt. An inductor may be needed to limit recovered charge
within a value acceptable for circuit operation. This inductance may be
in the form of source, circuit, or load impedance. This same inductor
serves to prevent di/dt failures as discussed in Section 5.5.1 above.
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5.7 CAPACITORS FOR COMMUTATION CIRCUITS

The characteristics of the commutation capacitors must be care-
fully considered by the design engineer in their selection and specifica-
tion. The following properties are desirable:

1. The capacitor life should be long, at the operating ambient

temperature.

2. The power losses in the capacitors should be low for two

reasons:

a. To avoid high internal temperatures which would shorten
the capacitor life.

b. To maintain the advantage of high efficiency which the SCR
gives to the over-all circuit.

3. The capacitor’s equivalent series inductance should be known.

In many circuits, inductance in series with the commutating
capacitor plays an important part in controlling the initial rate
of rise of anode current through the SCR.

The equipment designer is advised to take the following steps:

1. For the breadboard, standard inverter capacitors may be pur-
chased from the General Electric Capacitor Department, Hudson Falls,
New York. Figure 5.24 gives the ratings of standard capacitors. All
General Electric SCR capacitors have heavy duty internal connections
to carry the high currents, extended foil construction to give low in-
ductance and minimum ESR (equivalent series resistance) and incor-
porate painted cases to keep the dielectric temperature rise to a
minimum. ]

2. After completion of the breadboard tests, the voltage and cur-
rent waveforms and temperature data should be submitted to the
capacitor manufacturer for optimization of life, size, and cost. (See
check list at end of chapter.)

The RMS current encountered in SCR applications is usually sig-
nificant and even with minimum ESR the I2R losses can be great. While
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proper capacitor selection will provide a suitable component, the inher-
ent power losses must be considered by the designer from a total circuit
standpoint.

Another important consideration is the current carrying capability
or limit of the capacitor itself. The maximum current capability of any
capacitor listed in the Standard Ratings Table is 50 amperes RMS.
Metalized designs have limits of 12 and 20 amperes RMS to gain opti-
mum volumetric efficiency. In several cases, the RMS current listed is
greater than these actual operating current limits. The greater values
may only be used for derating purposes along with multipliers from the
derating table Figure 5.23. All capacitors with such listed ratings are
clearly indicated in the Standard Ratings Table with explanatory
footnotes.
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FIGURE 5.23 CORRECTION FACTOR TO BE APPLIED TO CURRENT (Irms) FOR CAPACITOR CHARGE
OR DISCHARGE TIMES OTHER THAN 50 MICROSECONDS

The RMS current values in the standard ratings table are based
on a current pulse width of 50 microseconds. Selection of capacitors for
circuits involving 50 microseconds pulse widths can be made directly
from the Standard Ratings Table by knowing the capacitance, voltage,
RMS current and ambient operating temperature. For circuits involving
pulse widths other than 50 microseconds the following example is
offered.

Pulse width less than 50 psec. Given:

Capacitance: 5 MFD - 10 percent

Voltage: 65 VAC, 16.6 Khz continuous sinewave

Current: 34 amps RMS

Temperature: 80 C

a. Select a 5 MFD unit with an 80 C current rating near 34 amps
RMS. 28F1248 has a current rating of 30.6 for 50 microseconds.

b. The current multiplier for 16.6 Khz (pulse width = 30 micro-
seconds) from Figure 5.23 is 1.2.

c. Allowable current for Cat. No. 28F1248 at 16.6 Khz is (1.2)
(30.6) = 36.7 amps RMS.

d. Since the allowable current of 36.7 amps is greater than the
required value of 34 amps RMS, this unit is adequate.
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Nameplate Rating Dimensions in inches | Volts Max. RMS (Amperes)
Dielectric [ poax Catal c g“an);. At Max. Ambient Tempt
eal atalog . ase
voits* | “* | Number | Width| Depth|yeionyl ‘ac | 6oC | 70C [ 80C
200 1 Use 1000 Volt Rating| 200
200 2 Use 400 Volt Rating| 200
200 3 28F5101 ] 2.16 | 1.31 | 2.06 | 200 8.9 6.6 3.8
200 5 28F5102 | 2.16 | 1.31 | 2.56 | 200 12.8 9.5 5.5
Paper 200 10 28F5103 | 2.16 | 1.31 | 3.81 | 200 22.1 16.3 9.4
200 15 28F5104 | 2.16 | 1.31 | 4.69 | 200 30.1 22.1 12.8
200 20 28F5105 | 2.69 | 1.56 | 4.50 | 200 37.7 27.8 16.1
200 30 28F5106 | 2.91 | 1.91 | 5.25| 200 52.6%| 38.9 22.4
200 40 28F5107 | 2.91 | 1.91 | 6.75| 200 68.9f | 50.9% | 29.4
200 50 28F5108 | 3.66 | 1.97 | 6.25 | 200 81.1%| 59.9% | 34.6
400 1 Use 1000 Volt Rating | 300
400 2 28F5110 | 2.16 , 1.31 | 2.06 | 300 7.3 5.4 3.1
400 3 28F5111 | 2.16 | 1.31 | 2.31 | 300 9.4 7.0 4.0
400 5 28F5112 | 2.16 1.31 | 3.06 | 300 14.0 10.3 6.0
Paper 400 10 28F5113 | 2.69 | 1.56 | 4.50 | 300 26.6 19.7 11.4
400 15 28F5114 | 2.91 | 1.91 | 4.75| 300 35.4 26.2 15.1
400 20 28F5115 1 2.91 | 1.91 [ 6.25| 300 46.9 34.6 20.0
400 30 28F5116 | 3.66 | 1.97 | 6.75 | 300 65.31 | 48.2 27.8
400 40 28F5117 | 3.66 | 1.97 | 8.00 | 300 82.1%| 60.6% | 35.0
400 50 28F5118 | 4.56 | 2.84 | 5.88 | 300 89.41 | 66.0f | 38.1
600 1 Use 1000 Volt Rating| 400
600 2 28F5120 | 2.16 | 1.31 j 2.31 | 400 7.7 5.7 3.3
600 3 28F5121 | 2.16 | 1.31 | 2.81 | 400 10.4 7.7 4.4
600 5 28F5122 | 2.16 | 1.31 | 3.81 | 400 15.6 115 6.7
600 10 28F5123 | 2.91 | 1.91 | 4.25 | 400 27.3 20.2 11.7
Paper 600 15 28F5124 { 2.91 | 1.91 | 5.75 | 400 39.0 28.8 16.6
600 20 28F5125 | 3.66 | 1.97 | 5.75 | 400 49.2 36.3 21.0
600 25 28F5126 | 3.66 | 1.97 | 6.75 | 400 59.6% | 44.0 25.4
600 30 28F5127 | 3.66 | 1.7 | 8.00 | 400 71.1% | 52.5% | 30.3
600 40 28F5128 | 4.56 | 2.84 | 5.88 [ 400 79.1% | 58.9% | 33.7
600 50 28F5129 | 4.56 | 2.84 | 6.75 | 400 95.8% | 70.8% | 40.8
1000 1 28F5131 | 2.16 | 1.31 | 2.06 | 500 5.1 3.8 2.2
1000 2 28F5132 | 2.16 | 1.31 | 3.06 | 500 8.9 6.5 3.8
Paper 1000 3 28F5133 | 2.16 | 1.31 | 3.81 | 500 12.1 8.9 5.2
1000 5 28F5134 | 2.69 | 1.56 | 4.25 | 500 18.3 13.5 7.8
1000 10 28F5135 | 2.91 | 1.91 | 6.25 | 500 33.2 24.5 14.1
1000 20 28F5137 | 4.56 | 2.84 | 5.18 | 500 52.8f | 39.0 22,5
1500 0.5 28F5141 | 2.16 | 1.31 | 2.06 | 700 3.6 2.7 1.5
1500 1 28F5142 | 2.16 | 1.31 | 3.06 | 700 6.3 4.6 2.7
Paper 1500 2 28F5143 | 2.69 | 1.56 | 3.88 | 700 11.0 8.2 4.7
1500 3 28F5144 | 2.91 | 1.91 | 4.25 | 700 15.0 11.1 6.4
1500 5 28F5145 | 291 | 1.91 | 6.25 | 700 23.5 17.3 10.0
1500 10 28F5146 | 4.56 | 2.84 | 5.18 | 700 37.3 27.6 15.9
2000 0.25 | 28F5151 | 2.16 | 1.31 | 2.06 | 800 2.6 1.9 1.1
2000 0.50 | 28F5152 | 2.16 | 1.31 | 2.56 | 800 4.0 3.0 1.7
2000 1 28F5163 | 2.16 | 1.31 | 3.44 | 800 6.6 4.9 2.8
Paper 2000 2 28F5154 | 2.69 | 1.56 | 4.50 | 800 11.9 8.8 5.1
2000 3 28F5155 | 2.91 | 1.91 | 4.75 | 800 15.8 11.7 6.8
2000 5 28F5156 | 3.66 | 1.97 | 6.25 | 800 25.6 18.9 10.9
2000 10 28F5158 | 4.56 | 2.84 | 6.25 | 800 41.2 30.4 17.6
600 1 28F1245 | 2.16 | 1.31 | 2.06 | 330 21.0 15.5 9.0
600 2 28F1246 | 2.16 | 1.31 | 2.81 | 330 34.0 25.3 14.6
Poly- 600 3 28F1247 | 2.16 | 1.31 | 3.44 | 330 45.6 33.8 19.5
carbonate 600 5 28F1248 | 2.69 | 1.56 | 3.88 | 330 72.0: 53.0% | 30.6
600 10 28F1249 | 2.91 | 1.91 | 5.25 | 330 |120.0% | 89.5% | 52.0%
600 20 28F1202 | 3.66 | 1.97 | 6.00 | 330 |189.0f | 148.0f | 86.0%
. 200 25 28F1101 | 2.69 | 1.56 | 2.12 | 120 12.5§ 9.7 4.7
Metalized 200 50 28F1102 | 2.69 | 1.56 | 2.88 | 120 20.4§ | 15.8§ 7.7
Paper 200 | 100 28F1103 | 3.66 | 1.97 | 3.12 | 120 34.6 | 26.87 | 13.0
200 | 125 28F1104 | 3.66 | 1.97 | 3.88 | 120 43.27 | 33.29 | 16.3
200 | 150 28F1105 | 3.66 | 1.97 | 4.25 | 120 49.59 | 38.21 | 22.01

FIGURE 5.24 EXTRACTS FROM GE CAPACITOR CATALOG
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* See ‘‘Max. RMS Volts AC” column for a-c Rating.

+ Based -on 50 microsecond- pulse width.

F This number is given.for purposes of derating only. In no case may capacitor be operated at
currents in excess of 50 amps RMS.

§ This number is given for purposes of derating only. In no case may capacitor be operated at
currents in excess of 12 amps RMS.

1 This number is given for purposes of derating only. In no case may capacitor be operated at
currents in excess of 20 amps RMS.

CAPACITORS FOR SCR COMMUTATION APPLICATIONS

Design Data Sheet

To assist in obtaining proper capacitor design, it is particularly
important that the circuit design engineer sketch out in detail a picture
of voltage and current vs. time. This should be done by using the space
provided below and showing specific values of voltage, current, and
time over a complete cycle.

Primary Information:

Reference No.

1. Capacitance Required:—__ Tolerance (if less than
: + 10percent
2. Peak to Peak Voltage:—~ Rms Voltage:
3. PeakCurrent: _~ Rms Current:
4. RepetitionRate:___~ DutyCycle:
(cycles per second) (time on — time off)
5. Ambient Temperature Max. Min.
6. Capacitor Discharge Time:
7. Show Sketch of Voltage and Current Wave shape vs. Time.
(Fill in below)
+
Volts 0 Time
+
Current 0 Time
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Secondary Information:

8. Desired Operating Life: (total cycles)
(total hours)

9. Sample Requirements: (How many)
(When needed)

10. Potential Usage:
11. Physical Size Limitations:
12. Mounting Requirements:
13. Applicable Specifications (if any):
14. Unusual Atmospheric Conditions:
(dust, chemicals, humidity, corrosion, etc.)

15. Other Special Requirement:
(high altitude, shock, vibration, etc.)

16. What kind cooling available:
(fins, heat sink, forced air, etc.)

REFERENCES

1. D. E. Piccone and 1. S. Somos, “Are You Confused by High di/dt
SCR Rating?”, The Electronic Engineer, January 1969, Vol. 28,
No. 1.

2. Application Note 200.28, “The Rating of SCR’s When Switching
Into High Currents,” N. Mapham, May 1963.

3. S.J. Wu, “Analysis and Design of Optimized Snubber Circuits for
dv/dt Protection in Power Thyristor Applications” presented at
IEEE IGA Conference, October 1970. Available from General
Electric Publication 660.24.

4. GE Capacitor Catalog GEA-8688.

5. J. M. Reschovsky, “Design of Trigger Circuits for Power SCR’s,”
GE Application Note 200.54, February 1970.
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SERIES AND PARALLEL OPERATION

Since the introduction of SCR’s in 1957, the power handling capa-
bility has been steadily improving with enhanced dynamic performance.
SCR’s with rated blocking voltage to 2600 volts and RMS current to
1100 amperes are readily available today. The power handling capa-
bility of an SCR appears to be limited by the effective utilization of
larger and larger silicon wafers, methods of packaging, and techniques
of cooling the junction temperature. Still, there are numerous applica-
tions where a single SCR cannot meet the power requirements, such
as in terminals for HVDC transmission lines and rapid transit systems
where system requirements dictate operation at higher voltage and/or
current than can be realized within the capabilities of a single SCR.
Series/parallel combinations must be employed if system requirements
are to be met.

When SCR’s are connected in series for high voltage operation,
both steady-state and dynamic-state voltages must be equally shared
across each unit. The di/dt and the dv/dt limitations must be assured
not to exceed the ratings of each SCR. When SCR’s are connected in
parallel to obtain higher current output, the equalization of forward
current, both during the turn-on interval and the conduction state,
must be guaranteed either by matching the forward characteristics of
individual units or by employing external forced sharing techniques.

Little work has been done on series/parallel connection of triacs.
It appears the guidelines outlined here for SCR’s generally apply to
triacs. To date, the triac has been primarily employed in consumer/
appliance/light industrial applications where slightly lower cost of
trigger and control circuitry can be important factors.

As requirements for operation from higher voltage sources and
at higher current levels, the applications may very well fall in the
realm of heavy industrial applications. Therefore, inverse parallel SCR’s
are in general more appropriate to provide the function of AC switching.

6.1 SERIES OPERATION OF SCR’s

When circuit requirements dictate operation at a voltage in excess
of the blocking voltage capabilities of a single SCR, series combinations
can be employed if certain design precautions are taken. These precau-
tions are primarily the equalization of voltage sharing, both forward
and reverse, between individual SCR’s at steady-state and transient
operation conditions. Due to differences in blocking currents, junction
capacitances, delay times, forward voltage drops as well as reverse
recovery for individual SCR’s, external voltage equalization networks
and special consideration in gating circuits design are required.
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6.1.1 Need For Equalizing Network

Shown in Figure 6.1 are
hypothetical voltage / current
characteristics for two ran-
domly selected SCR’s. If the
two SCR’s are connected in
series one might expect them
to have a total forward block-
ing capability of at least 2 (V,). SR scRp
Yet without forced voltage
equalization the total peak ‘eon|[~— -~ ~————/~————
forward blocking voltage must :
be limited to approximately %eo,[— =" —/————+
(V1 4+ V,) in order to keep the ) V oo,
voltage across SCR, from ex- ' *
ceeding V (g,

SCR ANODE CURRENT ——»

Viso),

SCR ANODE VOLTAGE ——»

FIGURE 6.1 SCR CHARACTERISTICS

Figure 6.2 shows, diagramatically, the six operating states that
can occure in a random sample of SCR’s, connected in series, without
forced equalization. It is seen that the equivalent individual impedances
change continuously as the SCR series connection switches from state
to state.

(:; 1 T o P b3 o ;)
FORWARD —> PARTIAL —> FORWARD —> REVERSE —> PARTIAL —» REVERSE
BLOCKING TURN-ON CONDUCTING CONDUCTING REV RECOVERY BLOCKING
+1200 VOLTS
N . . . - -
v . .
SCR, 1000 1200v iov o9v 0.7v ioov
50v 6V Liv LoV 0.7v 900V
SCRp
150v 5V 0.9v 0.8V 1200v 200v
SCR3
L L L l i I ) t ’
SMA 10MA 50A [e7.Y IOMA 10MA

FIGURE 6.2 POSSIBLE OPERATING STATES OF AN UNEQUALIZED SERIES STRING OF SCR'S

During forward and reverse blocking states (I and VI) the differ-
ence in blocking characteristics result in unequal steady-state voltage
sharing. This could be harmful to an SCR with inherently low blocking
current since it might cause excessive voltage to appear across that SCR
under blocking states. In order to equalize the voltage, a shunt resistor
is connected across each SCR.
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The conduction states (III and IV) represent no problem of volt-
age equalization.

States IT and V represent undesirable unbalanced transient voltage
sharing during turn-on and reverse recovery conditions.

In state II, the delay time of one SCR is considerably longer than
other SCR’s in the series string, consequently full voltage will be
momentarily supported by the slow turn-on SCR. One method that
can be taken to minimize unbalance caused by dissimilar turn-on delays
is to supply high enough gate drive with fast rise time to minimize
delay time differences. State V results from the fact that in a ran-
domly chosen series string of SCR’s, all SCR’s will not recover at the
time instant. The first cell to regain its blocking voltage capability will
support the full voltage. To equalize the voltage during this period,
a capacitor is connected across each SCR. If the impedance of the
capacitor is low enough, and/or the time constant is properly chosen,
the voltage buildup on the fastest SCR to recover is limited until the
slowest one also recovers. This also alleviates the undesirable condition
of state II.

In summary, states III and IV present no equalization problem.
Shunt resistors equalize the voltage during states I and VI. Shunt
capacitors equalize the voltage during states II and V. High gate-drive
reduces inequalities during state II.

While capacitors provide excellent transient voltage equalization,
they also produce high switching currents through the SCR’s during
the turn-on interval.1:2 Switching currents can be limited by means of
damping resistors in series with each capacitor. Although it is desirable
to have a large value of R and therefore a small value of C to limit the
power dissipation in the RC circuit, the value of the damping resistors
must be kept to a reasonably low value in order not to reduce the
effectiveness of the capacitors in equalizing voltage during the reverse
recovery interval. Also, low values of damping resistance preclude
excessive voltage build-up due to the IR drop during flow of reverse
recovery current in the series connection after the first SCR has
recovered.

Figure 6.3 shows the voltage equalization scheme described above.

' '
DYNAMIC | | STATIC
EQUALIZING | EQUALIZING
NETWORK NETWORK

'

" Y

1
'
I
'
1
!
'
'
|
'
1
‘
1
'
1
'
1
'
'
1
!
T
'
1
'

FIGURE 6.3 SERIES EQUALIZING ARRANGEMENT
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Diodes can be placed across the damping resistors Ry, to increase the
effectiveness of the capacitors in preventing misfiring due to excessive
rate of rise of forward voltage on the SCR’s. Some small amount of
damping resistance should still be used in series with the diode to
prevent ringing.

It is cautioned that diodes should have soft recovery character-
istics; otherwise, the abrupt recovery action of a snappy diode may
produce an adverse effect, such as high voltage spikes and therefore
hinder the performance of the RC circuits.34

6.1.2 Equalizing Network Design
6.1.2.1 Static Equalizing Network

For any given random group of SCR’s there will be a given range
of forward and reverse blocking current at given circuit conditions.
Naturally, SCR’s with low inherent blocking current will assume -a
greater portion of a steady state blocking voltage than will units with
higher blocking current when all are connected in series. If the range
of blocking current is defined as I (max) — I (min) = A I, it is seen
that the maximum unbalance in blocking voltage to SCR’s of a series
string occurs when one member has a blocking current of I(min) and
all remaining SCR’s have I;(max). Figure 6.4 represents just such a case.

[

bl
Lk
LOAD
SCR SCR SCR3 SCRng
> - -~ -~
To(min) Ib(mox) Ib (max) Ibtmax)
Rs Rs Rs Rs
-— -—> - R
L Iz Iz Iz
lq— Ep ————.‘
e e K|
I+ m *

FIGURE 6.4 USE OF SHUNT RESISTORS TO EQUALIZE BLOCKING VOLTAGES TO
SERIES SCR’S
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Choose E, as the maximum blocking voltage which we will allow
across any one SCR. By inspection I; > I,. Therefore:

Ep = Il Rs
Also:

En=E, + (n, — )R L,
where:

E,, = peak blocking voltage to entire series string

ng, = number of SCR’s in series string

12 = Il - AIb

Em = Ep + (ns - 1) Rs (Il - AIb)

=nE, — (n; — 1) R, AL

Now:

- nE, — E,

R= T, —Dal, 6.2)

In general, only the maximum blocking currents for a particular
SCR type are provided by the manufacturer. If one wishes to be con-
servative, I, (min) can be assumed to be zero. The required value for Ry
then becomes

nE, — E,
Re= o, = D Tmay) (6.3)

Equalization resistors represent power consumers and as such it
is desirable to use as large a resistance as possible. In a given group
of SCR’s, chances are good that one can select Al to be considerably
less than I(max). For this reason the Al, approach is recommended.
When determining AlL, it is best to measure blocking currents at maxi-
mum rated junction temperature and blocking voltage. After Al, groups
are selected, the AIL should be checked at 25°C. To allow for differ-
ences in SCR temperatures when operating; a safety factor on Al
should be used for design purposes.

Up to this point nothing has been said whether one must consider
forward or reverse blocking current, or both. In general an SCR speci-
fication sheet gives one figure to cover both forward and reverse block-
ing current; when both are.specified, they are usually the same.

Figure 6.5 is a useful aid for finding the required voltage equal-
izing resistance for series strings up to eight SCR’s long. Enter the
chart with a known E,/E, and read up to the curve designating

the number of SCR’s per string. Read across to find —E—%i—- With a
m b
knowledge of E,, and Al,, determine R (max).
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0.5
R¢ — MAXIMUM SHUNT RESISTANCE
Em - PEAK VOLTAGE TO SERIES STRING.
04 Ep - PEAK VOLTAGE TO ANY SCR
‘ng - NO. OF SERIES SCR'S
AIp- RANGE OF BLOCKING CURRENT  —
o3

L
I\
\\

Em/a1,

A/
74

0.
.3
"
[
0
i 2 8
Em ___,
Ep

FIGURE 6.5 VOLTAGE EQUALIZING RESISTANCE FOR SERIES OPERATION OF SCR'S

To determine the power rating of the shunt resistors one must
consider the resistor which experiences the highest peak voltage. The
resistor effective power dissipation can be expressed as:

(Egms)?
PD = _—%M:_' (6'4)
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For phase control applications the maximum power dissipation occurs
at zero conduction angle:
—¢. E,?

Pp= S (6.5)

e Ep2 [ t
nt p=2(L) 6o

For triangle wave applications:
N Ep _ EP2 tl + t2
| Pp = 3RS( T ) (6.7)
I:‘l’l""_rz—’i

6.1.2.2 Dynamic Equalizing Network

.-As mentioned earlier, shunt capacitors are required to limit rate of
rise of voltage on the SCR’s. Also during the reverse recovery interval
such capacitors provide a reverse recovery current path for slow SCR’s
around those SCR’s which recover first. Since the problem we are
trying to correct arises from a difference in recovery characteristics
within a given type of SCR we must take some time to discuss this
characteristic.34.%

Two SCR’s with a sizeable difference in reverse recovery current
are depicted in Figure 6.6. The difference in the enclosed area is the
differential charge (designated AQ).

For square wave applications:

IF
/."nm»: ZERO"
z TIME —»
&
« o
(=]
[+
o
1) SCR)|
SCR2
Trm,
1rM,

FIGURE 6.6 REVERSE RECOVERY CURRENTS FOR TWO UNMATCHED SCR'S OF
THE SAME TYPE
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Note that Figure 6.6 shows t > t,.;. This will not necessarily be
true for two randomly chosen SCR’s. However if one has two SCR’s
which represent the limit cases for a given type (i.e. worst case reverse
recovery mismatch) then ty, is generally greater than t,,. For design
purposes this is a valid assumption.

Figure 6.7 shows current and voltage waveforms, during the
revérse recovery interval, for two mismatched, series connected SCR’s
with shunt capacitors.

N
o
—T T T

—— — —&

o

4—— SCR CURRENT ——»
+—— CAPACITOR VOLTAGE —»

FIGURE 6.7 RECOVERY VOLTAGES OF CAPACITORS SHUNTING MISMATCHED,
SERIES CONNECTED SCR’S

From t, to t; both SCR’s present a short circuit to the flow of
reverse current. Reverse current is applied at a rate determined by the
commutating voltage E, and the circuit commutating reactance L.
During the period t; to t,, capacitor C; begins to charge as SCR, begins
to regain its blocking capability. The rate of charge of C, increases
during this interval as the current in SCR; “tails-off.” From t, to t;
SCR; has fully recovered. The voltage and rate of charging C, further
increases due to the increasing reverse current in SCR,. At t3, SCR,
begins to recover and the current through SCR, begins to decrease
thus reducing the charging rate of C;. C, begins to charge as soon as
SCR;, begins to regain its blocking ability. At time t; both SCR’s are
fully recovered so that the only current path is through the capacitors.
This means that at time t, the slopes of the voltage waveforms must
be equal. From time t, on, the circuit behaves as a simple LRC circuit
(C being a series combination of n discrete capacitors). Due to the
difference in SCR recovery characteristics, the shunt capacitors when
charged to peak voltage are not charged equally, The maximum differ-
ence in voltage is designated as AV,,. This AV ., can be simply
represented by
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AVpax = —-———A%max (6.8)

x=1,23....n

For steady state reverse blocking the shunt resistors share voltage
to the designed degree. In Figure 6.7, the voltage difference between
the two shunt capacitors varies from AV, at t5 to that determined by
the shunt resistors at some time later than t5. Assuming that the resistors
share the steady state reverse voltage perfectly, AV after t; can be
represented by:

AV = AV, . e — [t/R,C] (6.9)
(time zero at t;)

The worst combination of recovery characteristics for a series
string of SCR’s is with one fast recovery SCR and all the remaining
ones being the slowest of that type. In this situation the peak voltages
across the shunt capacitors are as follows:

V¢ (fast SCR) = (1/n) [E¢ + (ng — 1) AV pas] (6.10)
V¢ (slow SCR) = (1/ng) (Eg — AVpay)
Using relationships (6.8) and (6.10) and setting V, (fast SCR) = E,,

(ns - 1) AQmax

>

Cz= nE, — B, (6.11)
One might say: “This relationship for C is fine but how do I find

AQp, for a given type of SCR”? Following is a table of typical spread

of AQ for some General Electric SCR types.

SCR Related Types AQumax uCoulombs
C35 C36, C37, C38, C40 1
C137 C136 2
C139 Cl44 1
C140 Cl41 5
C150 C350 30
Cl154 C155, C354, C355 18
C158 C358 22
C180 C380 45
C185 C385 20
C280 C281, C282, C283, C284 400
C290 C291, C600 340
C398 C387, C388, C397 40
C501 C601 400
C602 400

TABLE 6.1 TYPICAL RECOVERY CHARGE DIFFERENCE
Ty = 125°C di/dt = 10A/us

The reverse recovery charge is a function of both the device design
characteristics and the circuit commutation conditions. By varying the
commutation conditions, such as the magnitude of forward conduction
current, circuit inductance and the device junction temperature, the
recovery charge will vary accordingly. The values for AQ shown in
Table 6.1 are for rated forward current at rated maximum junction
temperature and a rate of reverse current of 10 A/pusecond. For detailed
information other than specified, the reader is advised to refer to the
individual SCR data sheets. The corresponding data sheet numbers are

listed in Chapter 22.
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Note that up to this point we have talked about voltages across
the capacitors and tacitly assumed that such voltages are those on the
SCR’s. In practice this is usually not true. As shown in Figure 6.8 a

certain amount of stray inductance is found in the physical capacitor-
SCR loop.

NS
N

(b)

FIGURE 6.8 STRAY INDUCTANCE OF SCR-CAPACITOR LOOP

During the period t; (Figure 6.8), current is changing in such a fashion
as to set up a voltage in the stray inductance as shown. Realizing that
‘this inductance is composed of wiring inductance, capacitor inductance
and that inherent in the SCR, it is not hard to visualize, say, 1 gh in
the loop. The induced voltage as shown represents additional reverse
voltage to the SCR. During t; the current can be changing at the rate
of 200 amperes per microsecond when the commutation conditions are
severe. This (with 1 yh) would mean an additional 200 volts reverse
to the SCR. It cannot be overemphasized that the inductance of the
capacitor-SCR loop should be held to as low a value as possible. For
this reason GE extended foil capacitors are suggested.

Since the shunt capacitors discharge through the SCR’s during
turn-on, it is necessary to insert a small amount of resistance in series
with each capacitor. The value of the resistance is chosen to limit the
discharge current within the turn-on current limit of the SCR. Usually,
the required value of resistance will fall between 5 and 50 ohms. In
addition to limiting capacitor discharge current, high frequency oscilla-
tions due to interaction between the capacitors and circuit inductance
are suppressed. It must be remembered that, although the damping
resistance must be large enough to limit turn-on current and di/dt, it
must not be so large that it either destroys the effect of the shunt
capacitors or establishes an excessively high voltage during flow of
reverse recovery current through it.

The value of this resistance can be estimated by the following
formula:

Rp, = K C/L i (6.12)
where K is a function of allowed overvoltage and circuit param-
eters? typical value is in the range of 1.25 to 1.5.
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Methods of designing and selecting the proper damping resistor
are discussed in Chapter 16.

6.1.2.3 Other Voltage Equalizing Arrangements

The arrangement of Figure 6.3 provides voltage sharing under all
conditions of forward and reverse blocking. In applications where the
increase in blocking losses due to current through the equalizing
resistors must be avoided, as in SCR radar modulator switches, voltage
sharing may be successfully accomplished by replacing each shunt
equalizing network with a silicon controlled avalanche rectifier as
shown in Figure 6.9(a). When maximum avalanche voltage is chosen
correctly, total forward blocking current through the circuit need be
only slightly higher than the maximum blocking current of the worst
SCR. Maximum avalanche voltage of the shunt rectifier should be
equal to, or slightly below, the SCR forward breakover voltage specifi-

G.E. CONTROLLED AVALANCHE RECTIFIERS

o
RO

VOLTAGE SHARING UNDER FORWARD BLOCKING. NO
REVERSE BLOCKING CAPABILITY

% 2

VCLTAGE SHARING UNDER BOTH FORWARD AND VOLTAGE SHARING UNDER FORWARD BLOCKING.
REVERSE BLOCKING REVERSE BLOCKING BUT NO PROVISION FOR
REVERSE SHARING
(b)

(c)

E./ \
S S

BIDIRECTIONAL VOLTAGE SHARING
WITH GE-MOV

(d)

FIGURE 6.9 SERIES EQUALIZING USING CONTROLLED AVALANCHE
RECTIFIER AND METAL-OXIDE VARISTORS
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cation. Minimum avalanche voltage must be higher than E,/n; when
measured at the controlled avalanche rectifier'’s minimum operating
temperature. To provide optimum equalization it is desirable to have
as narrow a tolerance as possible on the avalanche voltage of the shunt
rectifier. Where a series string has to block appreciable reverse as well
as forward voltage, inverse series controlled avalanche rectifiers may
be substituted for the single units (see Figure 6.9(b)). In cases where
reverse blocking requirements are not severe, some reverse blocking
ability can be obtained using controlled avalanche rectifiers and con-
ventional silicon rectifiers arranged as in Figure 6.9(c).

F‘_i‘gure 6.9(d) shows the shunt equalizing network utilizing a GE:
MOV which provides a sharp voltage clip in both forward and reverse
directions. The MOV™functionally replaces two series connected
avalanche diodes. Refer to Chapter 16 for more information regarding
the GE-MOV.™

6.1.3 Triggering Series Operated SCR’s

There are two primary methods in common use for triggering
series SCR’s, namely:

1. Simultaneous triggering

2. Slave triggering whereby one “master” SCR is triggered, and

as its forward blocking voltage begins to collapse, a gate signal
is thereby applied to the “slave” SCR.

Simultaneous triggering of all SCR gates is the preferred method.
Slave triggering, while it is a unique way to provide gate isolation,
produces some time delay between master and slave. Fortunately the
capacitors used for voltage equalization during the reverse recovery
period also limit the forward voltage rise. As long as the shunt capaci-
tance is sufficient to limit forward voltage within the PFV ratings of
the SCR’s until all SCR’s are “on,” slave triggering can be reliably
employed. The designer is cautioned to observe gate drive require-
ments of the SCR when employing slave triggering, particularly if
switching into a fast rising anode current.

6.1.3.1 Simultaneous Triggering Via Pulse Transformer

When using pulse transformers particular attention should be
given to the insulation between windings. This insulation must be able
to support at least the peak of the supply voltage.

Triggering requirements may differ quite widely betwéen indi-
vidual SCR’s. To prevent a cell with a low impedance gate character-
istic from shunting the trigger signal away from a cell with a high
impedance gate characteristic, resistance should be inserted in each
gate lead, or impedance built into the transformer via leakage reactance,
as shown by R, in Figure 6.10.

Where the total energy available to trigger is limited, as may well
be the case in a pulse triggering arrangement, it is preferable to replace
these resistors with capacitors in series with each gate lead. Series
capacitors tend to equalize the charge coupled to each SCR gate during
trigger pulses, thus reducing the effects of unequal loading without
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FIGURE 6.10 SIMULTANEOUS TRIGGERING OF SERIES CONNECTED SCR'S VIA
PULSE TRANSFORMERS

additional energy dissipation. When capacitors are used in this manner
a resistor, Ry, should be connected from gate to cathode of each SCR
to provide a discharge path for the capacitor. The circuit must be able
to pass a fast rise time pulse, preferably less than 1 usecond.

It must be emphasized again that marginal triggering is discour-
aged. Most SCR specification sheets today show a preferred triggering
area on the gate characteristics curve, Particularly when switching into
high currents, operation below this preferred area can be disastrous.

6.1.3.2 Simultaneous Triggering by Means of Light

Figure 6.11 shows an approach whereby simultaneous triggering
of series connected SCR’s is achieved by triggering LASCR’s in the gate
circuit of each SCR. This method of triggering provides the required
gate isolation along with simultaneous turn-on when a single light
source is used to turn on all LASCR’s. The series combination of R,
and R, is made equal to the required shunt resistance Ry. R, is made
fairly small compared to R; so that low voltage LASCR’s can be
employed. The R,C; time constant must be made sufficiently small so
that C; is fully charged to the voltage dictated by R, at turn-on. Resistor
R, limits the peak gate current. A useful trigger circuit (for LASCR’s)
employing Xenon flashtubes is shown in Figure 6.12. The circuit as
shown operates well in the 60-400 Hz frequency range. The unijunc-
tion transistor relaxation oscillator provides alternate trigger pulses to
the two C5 SCR’s. As the C5 SCR’s turn-on, the .22 uf capacitors dis-
charge into the primaries of the high voltage trigger transformers thus
providing approximately a 6 KV pulse at the flashtube. As the Xenon
is ionized by this high voltage pulse the flashtubes conduct and emit
a pulse of light. Refer to Chapter 14 for more detailed discussion of
LASCR’s and light couplers.
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FIGURE 6.11 TRIGGERING OF SERIES CONNECTED SCR'S WITH LIGHT
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FIGURE 6.12 TRIGGER CIRCUIT FOR LIGHT TRIGGERING OF SERIES SCR'S
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6.1.3.3 Slave Triggering for Series SCR’s

Slave triggering is a technique for obtaining turn-on of more than
one SCR by applying a trigger signal to only one SCR.8? This approach,
although a simple one to implement, has a rather serious limitation.
Rather than simultaneous turn-on, one obtains staggered triggering so
that total turn-on-time can be many times that of a single SCR. After
the first few SCR’s of a series string turn-on, the forward blocking volt-
age intended for the entire string must be supported by those units
which have not yet switched. If the forward voltage to any one SCR
exceeds its PFV rating, permanent damage to the SCR may result. The
use of shunt capacitors tends to limit the rate of rise of forward voltage
on the later SCR’s to switch.

Figure 6.13 illustrates a slave triggering technique. A voltage
equalizing network as previously described is connected across the
cells. Only SCR, is directly triggered by the pulse source. The gate of
SCR, is triggered by the surge of discharge current from capacitor C,
when the voltage across SCR; decreases abruptly as it switches into
conduction. Since the capacitor-resistor shunts, in conjunction with the
SCR’s present a balanced bridge to the zener, the triggering circuit to
the SCR’s is essentially insensitive to ordinary cyclical variations and
transients from the supply voltage. In many cases the equalization net-
work, optimized according to the procedure described earlier, will
supply the required gate current to trigger. Rectifiers CR, and CRy
can be paralleled with the damping resistors to inhibit triggering from
dv/dt of the line voltage.

i

C2A

SCR 2
e Rsu
icR2 o
Rp A $

CRI
e © O 1——0O
LOAD

Cy A
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Ro
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FIGURE 6.13 SERIES OPERATION OF SCR'S USING SLAVE TRIGGERING

163



SCR MANUAL

The minimum capacitance required to supply sufficient gate cur-
rent to trigger under all conditions is given by:

10
-
C1 = RG + VG:[‘(mnx) I fd (6.13)
IGT(max)
and
Rg = (V,/2.7) — Vapmax) ohms (6.14)
IGT(max),

where  V, = nominal zener breakdown voltage of CR; (volts)
Igr(may) = maximum gate current to trigger under any of the
circuit’s operating conditions (milliamps)
Vgr(max) = maximum gate voltage to trigger at Igp(may) (VOlts)

It is necessary that points C and D of Figure 6.13 be as closely
balanced as possible. This is to prevent the flow of current in the bridge
due to normal cyclical and transient variations of the supply voltage.
Depending on the direction of an unbalance, a positive gate current to
SCR, can result from either a falling or rising supply voltage. The
slave triggering technique of Figure 6.13 is expandable to more than
two SCR’s in series.

Figure 6.14 shows another method of slave triggering series con-
nected SCR’s. Capacitors C;, C, ... C, serve a dual purpose in this
configuration. First, they provide transient voltage equalization and
secondly they provide the slave triggering current at turn-on. As SCR,
is triggered by the master signal, it begins to discharge capacitor C;
through the gate of SCR, thus triggering SCR,. As SCR, turns on
capacitor C, begins to discharge through the gate of SCRj, and so on.
Resistors R;, Ry...R,_; limit the SCR gate currents. Inductor L
limits the di/dt to SCR,,. Figure 6.15 shows what overvoltage can be
expected at each SCR during the turn-on interval when employing
slave triggering. Overvoltage as used here is a percentage of E,.

Rngi GD SCRng Rs

.
1

syt
-,' Ry V. )scry Re

R GDSCRZ "

Fc,

Rg
wster L D SCRy
YRIGGER o
SIGNAL

FIGURE 5.14 'SLAVE TRIGGERING OF SERIES CONNECTED SCR'S
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FIGURE 6.15 SCR OVERVOLTAGE AT TURN-ON WHEN SLAVE TRIGGERED VS SCR
POSITION IN STRING

6.1.3.4 The Triggering Pulse

For series operation it is imperative to operate the gate well
beyond the locus of minimum triggering (see Figure 4.13) in order to
obtain turn-on in the minimum possible time. In addition, the pulse
should have a very steep rise (ideally about 100 nanoseconds). The
width of the pulse should be sufficient to insure that the SCR will
latch into conduction under all operating conditions. If anode current
swings momentarily to zero during the conducting cycle, the gate pulse
must be maintained over the entire conduction period. The amplitude
of the gate pulse should be the maximum permissible within the
average and peak gate power dissipation ratings of the SCR.

6.2 PARALLEL OPERATION OF SCR’s

When the demands for current handling capability to achieve load
current requirements plus additional margins for overload and relia-
bility purposes exceed the capability of the largest single SCR’s
presently available with the desired characteristics, the practice of
paralleling SCR’s becomes essential. The main consideration for oper-
ating SCR’s in parallel is the equalization of forward conduction current
through the parallel paths during both steady and dynamic states.
When paralleling low resistance elements, variation in the. magnetic
flux linked by the parallel circuit can often be the most significant cause
of unequal current balance. In SCR circuits, this general situation is
further aggravated by any non-uniformity between SCR’s forward
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characteristics. Unequal current sharing can lead to a marked increase
in the junction temperature of SCR’s that are carrying a dispropor-
tionately large share of the total current. The temperature variation
may further accentuate the characteristic differences, thus resulting
in a thermal runaway condition.

6.2.1 SCR Transient Turn-On Behavior

Without considering external balancing, when paralleling cells
the degree of success one obtains is limited by the degree of control the"
device designer is able to achieve on two key turn-on characteristics:1¢
delay time, tg, and the minimum turn-on voltage, V,,. The delay time
can be interpreted as the time between application of gate signal and
the actual turn-on of the SCR. The minimum turnson voltage, some-
times referred to as the “finger” voltage, is the minimum forward anode
voltage at which an SCR can be successfully turned-on with a trigger
signal of sufficient magnitude. Differences in delay times can result in
voltage unbalance during turn-on. Differences in finger voltages may
prohibit the SCR with highest turn-on voltages to trigger. Figure 6.16
shows a hypothetical E-I curve for two SCR’s with different finger
voltages.

SCR) SCRy

Ip

FIGURE 6.16 STATIC SCR GATE TURN-ON BEHAVIOR

Obviously, if SCR; is connected directly in parallel with SCR,
having identical characteristics, SCR, will never turn-on in applications
requiring zero voltage triggering. When SCR; is switched on, the anode
voltage of SCR, would be that of the on-state voltage of SCR,, and
consequently it will never equal or exceed the minimum required anode
voltage to fire SCR, even if the width of the trigger pulse is greater
than the delay time of the SCR. (Trigger requirements for parallel
operation will be discussed in Section 6.3.5.)

Therefore, it is essential that in direct paralleling of SCR’s, the
forward characteristics of each and every cell must be properly matched.

Figure 6.17 shows the direction and roughly the magnitude of
change in delay time vs gate current and junction temperature.
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Delay time has a negative coefficient with gate drive, temperature and
switching voltage which can vary widely between tyvpes of SCR’s. For
SCR’s exhibiting a strong dependence of switching voltage with delay
time, direct paralleling of cells is fraught with danger. If two cells are
connected in direct parallel with different delay times and if the switch-
ing voltage is low, the SCR with longer delay time may never be turned
on. With sufficient switching voltage and trigger pulse wider than the
delay time of the slow cell, even if turn-on of both cells is ensured,
the turn-on current may not be shared as intended. In order to achieve
the proper current sharing, certain remedial measures must be care-
fully undertaken. We shall discuss a few selected methods as listed
below.
1. Direct paralleling using SCR’s with matched forward charac-
teristics.
2. External forced current sharing using SCR’s with unmatched
forward characteristics.

6.2.2 Direct Paralleling Using SCR’s With Unmatched Forward
Characteristics and No Sharing Networks

When forced current sharing is not emploved, particular care
must be taken to assure that impedance in series with each individual
parallel path is maintained as nearly equal as possible. Wiring and
connections should be uniform in all respects. The tendency for current
to crowd to the outer branches or paths of a parallel network due to
reactive effects is of particular significance at higher frequencies, and
during the switching interval at the beginning and end of each con-
duction period. Mutual and self-inductance in series with each parallel
path should be equalized where this phenomenon poses a problem.11

For direct parallel operation, SCR’s with low and uniform turn-on
voltages, closely matched forward E-I characteristics, and short delay
times are desirable. Figures 6.18 and 6.19 illustrate the delay time
and turn-on voltage spread of the C501 respectively.
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" Figure 6.20 is the on-state E-I characteristic curve of the C501.
Similar uniform characteristics exist for the C600, C601 and C602
series.
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FIGURE 6.20 €501 FORWARD CONDUCTION CHARACTERISTICS

Use of factory assembled paralled cell heat exchangers provide
for a high degree of uniformity in thermal and electrical parameters.
A secondary benefit is minimum heat exchanger package size. For
operation at maximum current levels water cooling is recommended.

Determination of derating factors using C501 SCR’s will be
undertaken using a design example with the G5 liquid cooled post as
the heat exchanger. It is the basic building block of the G4 and G7
exchangers which allow direct paralleling, water cooling of 3 and 2
SCR’s respectively.

Assume we have a three phase waveform. What average current
can two unmatched C501 type SCR’s handle? Begin by assuming that
the SCR with the lowest Vy (call this device SCR,) will be allowed
to run at maximum rated junction temperature and nominal RMS
current. For the type C501 SCR this is 125°C and 850 amperes respec-
tively. For three phase operation we shall assume a rectangular current
waveshape of 0.333 duty cycle. The RMS value for a rectangular wave-
shape is given by the following relationship

Irms = Ipx V Duty Cycle
For the type C501 SCR in a three phase circuit:
850 = Ipk - v/0.333

Ipx = 1470 amperes
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FIGURE 6.21 EXPANDED ON-STATE CHARACTERISTICS TYPE C501 SCR

During the “on” portion of the cycle, SCR; may conduct 1470
amperes. Remember that SCR; takes a disproportionate share of the
total current. This is the SCR with the lowest on-state voltage drop at
a given current and temperature among the SCR’s of that type con-
nected in parallel. SCR; is represented by the curve designated “min
(T; = 125°C)” in Figure 6.21. From this curve we may calculate the
power dissipation in SCR; when conducting at maximum allowable
junction temperature.

Pgiss(sery) = (Irx) Vp (Duty Cycle) (6.16)
= (1470) (1.55) (0.333) = 760 watts

The problem now is to find how little current other SCR’s in
the cluster will conduct. As we have seen the on-state drop across the
parallel combination must go no higher than that permitted by SCR,
when conducting maximum RMS current at maximum rated junction
temperature. For our assumed example this was 1.55 volts. Note now
that two maximum on-state voltage drop curves are shown in Figure
6.21; one at T; = 125°C and one at T; = 25°C. With SCR, running
at maximum rated junction temperature it follows that high-on-state
drop units will be running at considerably cooler junction temperatures
since they are conducting less current and hence dissipating less power.
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It is seen that the lower the junction temperature the less the current -
conducted at the on-state voltage drop determined by SCR,. Naturally,
use of the T; = 25°C curve will give an ultraconservative estimate of
the mismatch between- units. Conversely, use of the T; = 125°C curve
is inappropriate since it makes the degree of mismatch look better than
it really may be. We must estimate at what temperature the junction
of this device is operating and then check our estimate.

Assume, as an arbitrary starting point, that T; = 100°C. Find
the point (Figure 6.21) where Vg = 1.55 and is 25% of the way
between the T; = 125°C and T; = 25°C. We see that this occurs at
a current of 1060 amps.

First we calculate at what temperature we must hold the water
of the heat exchanger on which the SCR’s are mounted. This is done
from-a knowledge of the power dissipated in SCR; and the maximum
thermal resistance from junction to water. In order to find the lowest
temperature at which the heat exchanger water must be held, we use
maximum thermal resistance Rgj,. For SCR type C501 mounted in
the G5 heat exchanger post configuration

Roga(zp) = -085°C/watt (maximum)
J — Junction
A — Ambient Water
T; — Ta = [Passs(scrys] X [O5a(34)]
125°C — T, = 760 (0.085)
T, = 125°C — 65°C

= 60°C

We see immediately that the junction temperature of SCR, will
be higher than 60°C. We are interested in finding the lowest tempera-
ture any type C501 SCR will run.

The power dissipation in SCR, is
Paiss(sorgy = (1060) (1.55) (0.333)
= 548 watts

In order to get the lowest probable junction temperature we must
use minimum thermal resistances. Usually, minimum thermal resist-
ances are not given on specification sheets. For the type C501 SCR
mounted on a G5 post exchanger the following thermal resistance may
be considered as a minimum value.

eJA(3¢) = 0.08°C/watt
We can now compute the junction temperature of SCR,.

T:l - TA = Pdiss(SCRz) X (9J0(3¢) (mm))

T; — 60°C = 548 x 0.08

=44

T; = 104°C

We see now that our first guess of T; = 100°C was a pretty .
good one and no further calculation is necessary. Naturally if our
assumption did not correlate with the answer, a new assumption and
interpolation would be necessary.

We can now formulate a general relationship for the maximum
three phase average current that a parallel group of standard C501
SCR’s can handle.
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1470 + (n, — 1) 1060
Tav(max) = (ng ) (6.17)

where  n, = number of C501 SCR’s in parallel

If it is found that heat exchanger water temperature cannot be
held at 60°C, then full current capability of SCR; cannot be realized.
One must start with water temperature and adjust average current in
SCR; to maintain junction temperature at +125°C.

It can be seen that in our example we have derated current 149,
for parallel operation of two unmatched C501 SCR’s. Section 6.2.3
defines “9, parallel current derating.”

If we had assumed single phase current rather than three-phase,
the approach would be quite similar. Using the peak current in SCR;,
peak power is obtained from the “min (T; = 125°C)” curve. For 180°
half sine wave conduction, average power dissipation is given by the
following empirical relationship: ’

P,y = (0.286) Py (6.18)

The remainder of the calculation follows that outlined for the
three phase example.

Note that all calculations have been made assuming the SCR’s to
be in full conduction. With a constant impedance load, if you are
operating within SCR rating at full conduction, you will remain within
rating as conduction angle is decreased. However, with a variable
impedance load, particularly back EMF loads, required current at
maximum retard angle is used to choose the proper SCR. Assuming
operation at maximum allowable RMS current at 120° conduction
angle, the average power dissipation is about 159 less than that at
180° conduction angle and full RMS rating. When phasing back to
less than 120° conduction angle, average power dissipation decreases
about 12-15% more for every additional 30° of retard down to 30°
conduction angle. These rules-of-thumb are used to determine power
dissipation in the one low-forward-voltage-drop cell for which the
specification sheet rating curves do not apply. For all other cells (high-
forward-voltage-drop units) the specification sheet curves apply.

6.2.3 Use of SCR’s With Matched Forward Characteristics

As we have seen from Figures 6.20 and 6.21, the range of forward
characteristics for a given SCR production line can be quite wide. If
we define percent derating for parallel operation as follows

% Parallel Derating = (1 — nl'; ) x 1009, (6.19)
p *M
where  Ip = Total required load current through parallel arrange-
ment
Iy = Maximum allowable current for a single cell operating
alone

n, = Number of cells in parallel

then we see that in our previous example of Section 6.2.2, 149, derat-
ing was required when operating two standard cells in parallel
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1470 + 1060
(1 —W) X 100% = 14%

In order to allow for less derating, General Electric supplies C501
type SCR’s with matched characteristics. The matching is quantified
by specifying. a maximum on-state voltage spread or band. Figure
'6.22 gives the relationship between band width; in millivolts at 1500
amps and 125°C, T;, and % parallel current derating.

PER CENT DERATING FACTOR
®

P NOTES:
a I. FOR USE WITH
/ 65'POST DESIGN
ON G4,G7 EXCHANGERS..
/] 2. VALID FOR PEAK
CURRENTS IN RANGE OF
V 1400 TO 2,000 AMPS .

0 ’ I R

o 50 100 150 200 250
ON STATE BAND WIDTH-MILLIVOLTS AT 1,500 AMPS, 125°C

FIGURE 6.22 % PARALLEL CURRENT DERATING FACTOR FOR THE €501 SCR, FACTORY MOUNTED

The procedure for designing parallel arrangements with matched
SCR’s is quite similar to that outlined in Section 6.22 with the follow-
ing possible exception. Since little derating usually accompanies the
use of matched cells, all cells are operating near maximum rated junc-
tion temperature. As such the T; = 125°C forward characteristics can
usually be used exclusively with very little error.

Figures 6.23 and 6.24 show two factory mounted liquid cooled
heat exchanger assemblies available from General Electric with or
without matched cells.

174



SERIES AND PARALLEL OPERATION

FIGURE 6.23 TWO C501’S IN PARALLEL MOUNTED IN A G-7 HEAT EXCHANGER

FIGURE 6.24 THREE C501’S IN PARALLEL MOUNTED IN A G-4 HEAT EXCHANGER
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6.2.4 External Forced Current Sharing

If less than approximately 109, current derating is required when
paralleling SCR’s with unmatched forward characteristics, external
forced sharing is required. Returning to our example of Section 6.2.2
we found that SCR; carried an average current of 490 amperes and
SCR,, carried 353 amperes giving a total capability of 843 amperes.

The maximum average capability of one cell is 490 amperes; it
follows that with varying degrees of forced current sharing, one could
approach about 950 average amperes for two cells in parallel. Let’s see
how we go about designing such an arrangement, Figure 6.25 shows
such an arrangement. Let’s assume we want to force share just enough
to allow 950 amperes of 3 phase average current.

1,
-——
950 AMPS (AVE)
SCRi SCR2 2850 AMPS (PK)
1, e ' 1,
500 A(AVE) | \/| 1 450 A (AVE)
IS00 A (PK) v 1350A (PK)

FIGURE 6.25 PARALLEL OPERATION OF SCR'S WITH FORCED SHARING

At Y duty factor (three-phase operation) the current through the
pair during the “on” portion of the cycle must be 2850 amperes. With
1500 amperes allowed in SCR;, SCR, must handle 1350 amperes.
Reading on-voltage from Figure 6.21, the relationship V; + V3 = V,
+ V4 can be solved.

V,+Vs=V, +V, (6.19)
1.56 + 1500Z = 1.71 + 1350 Z
Z = 1.0 X 10—3 Ohms

If resistors are used to effect the sharing, they will indeed be
effective, but necessarily inefficient. In this example, the 1.0 milliohm
resistor in series with SCR; will dissipate 250 watts.

Current sharing with reactors is a more efficient method than with
resistors.12 Figure 6.26 shows a 1:1 ratio reactor in bucking connection
for two SCR’s in parallel operation.

SCR,

FIGURE 6.26 EXTERNAL FORCED CURRENT SHARING WITH PARALLEL REACTORS

If the current through SCR, tends to increase above the current
through SCR,, a counter EMF will be induced proportional to the
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unbalanced current and tends to reduce the current through SCR;. At
the same instant, a boosting voltage is induced in series with SCR,
increasing the current flow through the cell. When two matched cells
are used, the magnetic flux balance each other and the core becomes
unnecessary. The most important magnetic requirements of such a
reactor are high saturation and low residual flux densities in order to
provide as great a change in total flux each cycle as possible. An effec-
tively designed balancing reactor will produce a peak voltage equal to
the maximum overvoltage deviation of the two cells throughout the
entire conduction period without saturating. In a single phase circuit

the paralleling reactor should be able to support-A2—¥- volt-second with-

out saturation where
f = supply frequency, Hz
AV = maximum on-state voltage mismatch between two
SCR’s
In a conservative estimation, AV equals .5 volt at peak load current.
Figure 6.27 and 6.28 illustrate how equalizing reactors can be
used in paralleling odd and even numbers of SCR’s.13 These arrange-
ments may be physically cumbersome and relatively expensive, but they
are highly reliable when continuous operation under partial fault con-
ditions must be provided.

__ij__m_@__r_(_,
) .m LMF@_

(+) —J SCRy ——— (—)

FIGURE 6.28 FOUR SCR’S IN PARALLEL CONNECTION
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6.3 Triggering of Parallel Connected SCR’s

If parallel SCR’s are triggered from a common source, which is an
essential requirement when switching high currents to large resistive
or capacitive loads, each cell must be supplied with sufficient drive to
exceed its own specific triggering needs. As previously pointed out,
triggering requirements may differ quite widely between individual
SCR’s, whether or not units are. parallel matched. As such the sugges-
tions of Section 6.1.3 apply. In addition, it is necessary to drive the
gate hard, regardless of the structure and sensitivity of the gate, com-
mensurate with the peak and average gate power dissipation ratings in
order to insure fast turn-on. This will help the SCR’s to share the
switching duty.

At low values of anode current the forward voltage-current char-
acteristic changes from a positive to a negative resistance as current is
reduced to the holding current. Below this value, the SCR will turn
off by reverting to the forward blocking state. This transition point
between positive and negative resistance is represented by the valley
indicated in Figure 6.29, i.e., the current at which minimum forward
voltage drep occurs. It is very difficult to match SCR’s satisfactorily

PARALLEL
MATCHING
LEVELS

TO BLOCKING
_____ »  STATE

o Lo 20 30 40
FORWARD VOLTAGE DROP

FIGURE 6.29 ANODE VOLTAGE-CURRENT RELATIONSHIP OF SCR'S WITH
MATCHED FORWARD CHARACTERISTICS

for identical characteristics in this region, particularly over wide
ranges of temperature. This poses no problem when the gate signal
is supplied to the parallel SCR’s throughout the anode conduction
period, since any instability in current-sharing or a tendency of one
SCR to turn off will not overheat the other device(s) in parallel because
of the low current level in the region of the valley. As long as gate
current is maintained, an SCR with a tendency to turn off at low
anode current levels will switch into conduction again as soon as
the total load current moves out of this valley area. It will thus assume
its share of the load before overloading on its partner can occur. When
a pulse type of gate signal is employed for triggering paralleled SCR’s,
instability may be encountered at low anode current levels which may
have serious consequences if high levels of current follow. Pulsed gate
signals are typical of unijunction transistor triggering circuits and some
types of saturable reactor triggering schemes. Unless the total load
current has reached a sufficiently high level to keep all of the parallel
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cells above the valley point by the time the gate pulse is removed, a
cells such as A in Figure 6.29 will turn off. In the absence of any further
gate signal, it will remain in the non-conducting state through the
remainder of that cycle, thus failing to carry its share of the load. This
phenomenon is likely to occur when operating at very large conduction
angles in phase controlled AC circuits and when triggering from reactive
lines or into inductive loads where the buildup of load current to
normal levels is restrained by the inductive effect.

For the above reasons use of a maintained gate signal is recom-

mended for triggering parallel SCR’s whenever possible.14

10.

11.
12.
13.
14.
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THE TRIAC

1.1 DESCRIPTION

“TRIAC” is an acronym that has been coined to identify the
triode (three-electrode) AC semiconductor switch which is triggered
into conduction by a gate signal in a manner similar to the action of
an SCR. The triac, generically called a Bidirectional Triode Thyristor,
first developed by General Electric (patent No. 3,275,909 and others
applied for), differs from the SCR in that it can conduct in both direc-
tions of current flow in response to a positive or negative gate signal.

The primary objective underlying development of the triac was to
provide a means for producing improved controls for AC power. The
use of SCR’s has proven the technical feasibility and benefits of the
basic functions of solid-state switching and phase-control. In many
cases, however, use of these functions has been limited by cost, size,
complexity, or reliability. The triac development was based upon a
continuing study of various ways for improving overall feasibility of
the basic functions, including evaluation of circuits and components.
To this end, the development appears to have been notably successful,
particularly in the most simple functions.

At this time triacs are available from General Electric in current
ratings up to 25 amperes and voltages to 500 volts. These devices are
available in four different packages as shown in Figure 7.1. Triacs
are rated for both 50-60 Hz and 400 Hz. For abbreviated specifications
of these devices see Chapter 22.

(a) Molded Silicone Plastic, T0-220. Available
in 6 and 10 Amperes.

PRESS-FIT sTUD (b) Metal Can Versions. Available in 3, 6, 10, 15
and 25 Ampere Types.

FIGURE 7.1 TRIAC PACKAGES
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7.1.1 Main Terminal Characteristics

The basic triac structure is shown in Figure 7.2(a). The region
directly between terminal MT; and terminal MT, is a p-n-p-n switch
in parallel with an n-p-n-p switch. The gate region is a more complex
arrangement which may be.considered to operate in any one of four
modes: direet gate of normal SCR; junction gate of normal SCR;
remote gate of complementary SCR with positive gate drive; and remote
gate of complementary SCR with negative gate drive. For more
detailed-explanation of triac operation, see Section 7.2.

Figure 7.2 also shows the triac symbol, oriented in proper rela-
tionship to the structure diagram. Note that the symbol, although.not
fully definitive; is composed of -the popularly accepted SCR symbol,
combined with the complementary SCR symbol. Since .the terms
“anode” and “cathode” are not applicable to the triac, connections are
simply designated by number. Terminal MT, is the reference point
for measurement of voltages and currents at the gate terminal and at
terminal MT,.

(a) (b)
MT2
TERMINAL MT2
T HEAT SINK
iN IS B w— ]

N SILICON .

P PELLET ¢
MT,

GATE TERMINAL MT)

FIGURE 7.2 THE TRIAC; (A) SIMPLIFIED PELLET STRUCTURE, (B) CIRCUIT SYMBOL

The AC volt-ampere characteristic of the triac, Figure 7.3, is
based on terminal MT, as the reference point. The first quadrant, Q-1,
is the region wherein MT, is positive with respect to MT,; and vice
versa for Q-IIL. The breakover voltage, V pg,, in either quadrant (with
no gate signal) must be higher than the peak of the normal AC wave-
form applied in order to retain control by the gate. A gate current of
specified amplitude of either polarity will trigger the triac into con-
duction in either quadrant, provided the applied voltage is less than
V(z0y- If V(g is exceeded, even transiently, the triac will switch to
the conducting state and remain conducting until current drops below
the “holding current,” I. This action provides inherent immunity for
‘the triac from excessive transient voltages and generally eliminates the

- need for auxiliary protective devices. In some applications the turning
on of the triac by a transient could have undesirable or hazardous
results on the circuit being controlled, in which case transient suppres-
sion is required to prevent turn-on, even though the triac itself is not
damaged by transients.
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"t
QUADRANT T
(MT,, POSITIVE)
I

“Vs0) R ettt —> v

RS +v i
(80)

QUADRANT I

(MT, NEGATIVE )

FIGURE 7.3 AC VOLT-AMPERE CHARACTERISTIC OF THE TRIAC

Triac current ratings are based on maximum junction tempera-
ture, similar to SCR’s. The current rating is determined by conduction
drop, i.e., power dissipation, and thermal resistance junction to case,
and is predicated on proper heatsinking. If the case temperature is
allowed to go above its rated value, as determined from the specifica-
tion sheet, the triac can no longer be guaranteed to block its rated
voltage, or to reliably turn off when main terminal current goes through
zero. For more details on current ratings of SCR’s and triacs, see
Chapter 3. For information on proper heatsink design, see Chapter 18.

For inductive loads, the phase-shift between line current and line
voltage means that at the time that current drops to the Iy value and
the triac changes to the non-conducting state, a certain line voltage
exists which must then appear across the triac. If this voltage appears
too rapidly, the triac will immediately resume conduction. In order to
achieve proper commutation with certain inductive loads, the dv/dt
must be limited by a series RC circuit in parallel with the triac, or cur-
rent, voltage, phase-shift, or junction temperature reduced. For further
information on the use of triacs with inductive loads, see Section 7.1.4.

1.1.2 Gate Triggering Characteristics

Since the triac may be triggered with low energy positive or nega-
tive gate current in both the first and third quadrants, the circuit
-designer has a wide latitude for selection of the control means. Trigger-
ing can be obtained from DC, rectified AC, AC, or pulse sources such
as unijunction transistors, neon lamps, and switching diodes such as
the ST-2 “diac,” the silicon bilateral switch (SBS), and the asym-
metrical trigger switch (ST-4).

The triggering modes for the triac are:

MT2+, Gate+; I+; First quadrant, positive gate current
and voltage.

MT2+, Gate—; I—; First quadrant, negative gate current
and voltage.
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MT2—, Gate +; III+; Third quadrant, positive gate current
and voltage.

MT2—, Gate—; III—; Third quadrant, negative gate current
and voltage.

The sensitivity of the triac, at present, is greatest in the I+ and
IIT— modes, slightly lower in the I— mode, and much less sensitive in
the III+ mode. The III4+ mode should not be used, therefore, unless
special circumstances dictate it. In such a case, triacs which have been
specially selected for the application are available and should be
specified.

The V-I characteristics of the triac gate shows a low non-linear
impedance between gate and terminal MT,. The characteristic is simi-
lar to a pair of diodes connected in a inverse parallel configuration.
Since in any given mode this characteristic is similiar to an SCR gate,
the gate requirements are rated exactly like SCR’s. For details on
gate trigger ratings, see Chapter 4.

1.1.3 Simplified Triac Theory

Four basic thyristor concepts provide a foundation for the theory
of bidirectional thyristor operation. These concepts are:
a) The basic reverse blocking triode thyristor (or SCR)
See Section 1.4.
b) The shorted emitter thyristor
See Section 1.5.
¢) Junction gate thyristor

+ R,

Gk
CATHODE 11| Fan— eate
‘Ie f

N2 e IN3
L—fd p2 116
EGC V ELECTRON FLOW

1
1
+
CURRENT F!
Moo, R ¢ LOW
]
MAIN
AUXILIARY PNPN
PNPN @ ——
STRUCTURE STRUCTURE

FIGURE 7.4 JUNCTION GATE THYRISTOR

Figure 7.4 shows a typical junction gate thyristor structure.
Initially, gate current I; forward biases the gate junction ps-ng of
the auxiliary p;-n;-ps-ng structure, and this structure turns on in
conventional p-n-p-n fashion. As p;-n;-p,-ns turns on, the voltage
drop across it falls, and the right hand section of region p, moves
towards anode potential. Since the left hand section of p, is
clamped to cathode potential, a transverse voltage gradient now
exists across py, and current flows laterally through p,. As the
right hand edge of p,-n, becomes forward biased, electrons are
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injected at this point and the main structure turns on (compare
this action to that of the shorted emitter structure).
d) Remote gate thyristor

A remote gate thyristor is one that can be triggered without
an ohmic contact to either of its internal base regions. Figure 7.5
depicts a typical remote base structure.

The external gate current I; causes p,-nz to become forward
biased, and inject electrons as shown. These electrons diffuse
through region p; and are collected by junction p,-n;. Note that
junction p;-n, can still act as a collector even though it is forward
biased,* since the electric field associated with it is in the same

CATHODE
i

N2

P2
NI

PI 2 # ELECTRON FLOW
N3 !

Ig
ANODE 1 | | | GATE
+ -

FIGURE 7.5 REMOTE GATE THYRISTOR

direction as it would be if p;-n; were reverse biased, as a “collec-

tor” normally is. The electrons from ng collected by p;-n; cause

an increase of current across p;-n;, regeneration starts, and the
structure turns on.

The salient features of the four devices just described can be com-
bined into a single device—the “triac’—which can block voltage in
either direction, conduct current in either direction, and be triggered
on in either direction by positive or negative gate signals. Figure 7.6
is a pictorial view of a typical device. Operation is as follows:

a) Main terminal #2 positive, positive gate current

In this mode the triac behaves strictly like a conventional
thyristor. Active parts are p;-n;-p,-n.

b) Main terminal #2 positive, negative gate current

Operation is analogous to the junction gate thyristor, p,-n,-

P21y is the main structure, with ng acting as the junction gate

region.

¢) Main terminal #2 negative, negative gate current

Remote gate mode. py,-n;-p;-n4 is the main structure, with
junction py-ng injecting electrons which are collected by the
p2-n; junction.

d) Main terminal #2 negative, positive gate current

pa-n, is forward biased and injects electrons which are col-
lected by p,-n;. ps-n; becomes more forward biased. Current
through the p,-n,-p,-n, portion increases and this section switches
on. This mode, too, is also analogous to remote gate operation.

Reference 1 gives a more detailed description of triac triggering.
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FIGURE 7.6 TYPICAL TRIAC STRUCTURE

1.1.4 Commutation of Triacs

One important difference between use of a pair of SCR’s and
use of a triac in an A-C circuit is that with SCR’s each SCR has an
entire half cycle to turn off, while the triac must turn off during the
brief instant while the load current is passing through zero. For resistive
loads this is fairly simple to accomplish since the time available for the
triac to turn-off extends from the time the device current drops below
holding current until the reapplied voltage exceeds the value of line
voltage required to allow latching current. With inductive loads the
task of commutating the triac becomes more difficult.

LOAD

— 4 -SUPPLY
7 T ~&VoLTAGE

A} LOAD

’
/ -
/ m\¢CURRENT

COMMUTATION
VOLTAGE POINT
ACROSS TRIAC

SEE FI1G.7.8

FIGURE 7.7 INDUCTIVE LOAD WAVEFORMS

Figure 7.7 shows the triac voltage and current waveforms for a
typical inductive load circuit. If we were to examine the waveforms
at the current zero (i.e., at the turn-off point), a waveform such as
Figure 7.8 would be found.
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TRIAC CURRENT

RECOVERY

CURRENT CURRENT DUE TO Cy

TRIAC VOLTAGE

FIGURE 7.8 TRIAC CURRENT AND VOLTAGE AT COMMUTATION

It can be seen from the current waveform in Figure 7.8 that the
recovery current is acting as a virtual gate current and trying to turn
the device back on. In addition there is a component to the reverse
current which is due to the junction capacitance and the reapplied
dv/dt. This component directly adds to the recovery current but does
not appear until the triac begins to block the opposite polarity.

Section 3.13 discusses the reverse recovery phenomenon in
SCR’s. As the rate of removal of current (—di/dt) decreases, the recov-
ery current also decreases. This then implies that at lower di/dts,
higher reapplied dv/dt’s are permissible for a given commutation
capability.

An example of such a relationship is shown in Figure 7.9. If the
dv/dt is above this value then additional protection circuits must be
incorporated. The standard method is to use an R-C snubber such as
R,, C, in Figure 7.7. The values of R; and C; are a function of the
load, line voltage and triac used. For aid in the choice of Ry and C,,
Section 16.3 covers the subject in greater detail.
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COMMUTATING dv/dt FOR SC60/61 TRIACS

1.1.5 Triac Thermal Resistances

e Tit Tj2

Reuc
TC Te
(a) JEDEC Thermal Resistance (b) Triac Effective Thermal Resistance

FIGURE 7.10 THE TWO DIFFERENT TRIAC THERMAL RESISTANCES

On GE triac data sheets two different thermal resistance values

are specified for the same device. This at first sounds impossible, but
consider what these two numbers mean and why theyre there.

1) JECEC Thermal Resistance

188

This thermal resistance specification, usually found in the
Characteristics Table of GE Triac Spec Sheets, is a thermal char-
acteristic specified by JEDEC for purposes of establishing device
interchangeability. It is the value obtained by measuring the peak
junction temperature rise, above the case reference point, pro-
duced by a unidirectional DC power being dissipated in the
device. The conduction direction for which this thermal resistance
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value applies is the one that yields the highest value, assuming
that the thermal characteristic is not quite the same for both
conduction directions.

2) Apparent Thermal Resistance

A triac is generally used in AC applications, and consequently,
the JEDEC unidirectional thermal resistance value would yield
a somewhat conservative device AC current rating when using
it in the current maximum case temperature rating calculations.
To overcome this, GE establishes an “apparent” thermal resist-
ance value which when multiplied by the average power, pro-
duced by a full sinewave of current of specified frequency, yields
the instantaneous junction temperature at the end of each half
cycle of current conduction. The current rating is so established
that this value of instantaneous junction temperature is the maxi-
mum rated value for the device. This assures that the device is
ready to block full rated off-state voltage (within dv/dt limita-
tions) following any half cycle current conduction interval.

This “apparent” thermal resistance of the triac can be repre-
sented by a “Y” model as shown in Figure 7.10(b). The branches
of the Y (Rgs, Rop) each represent the thermal resistance of
approximately half of the silicon element (operation for one
polarity of circuit current). The common leg of the Y represents
the thermal resistance of the package base from the point of silicon
element attachment to the reference point (T¢). GE also estab-
lishes an apparent transient thermal impedance curve for use in
AC overload current calculations. Again the average power pro-
duced by any given number of full cycles of AC current multiplied
by the corresponding value of thermal impedance taken from the
curve will yield the instantaneous junction temperature at the end
of the appropriate half cvcle current conduction interval.

1.2 USE OF THE TRIAC

The versatility of the triac and the simplicity of its use make it
ideal for a wide variety of applications involving AC power control.

1.2.1 Static Switching

The use of the triac as a static switch in AC circuits gives many
definite advantages over mechanical switching. It allows the control
of relatively high currents with a very low power control source. Since
the triac “latches” each half cycle, there is no contact bounce. Since
the triac always opens at current zero, there is no arcing or transient
voltage developed due to stored inductive energy in the load or power
lines. In addition, there is a dramatic reduction in component count
compared to other semiconductor static switches.

The most striking example of circuit simplification is seen in the
elementary static switch shown in Figure 7.11(a). The glass-enclosed
magnetic reed switch provides many million operations from a perma-
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nent magnet or from a DC electromagnet “relay” coil. Since the con-
tacts only handle current during the few microseconds required to
trigger the triac, a wide variety of small switching elements may be
used in place of the reed switch, such as relays, thermostats, pressure
switches, and program/timer switches. In many cases, snap action of
triggering contacts can be eliminated, thus reducing their cost as well.
This circuit uses gate triggering modes MT2+, Gate+ and MT2—,
Gate—. Figure 7.11(b) shows the use of a low current diode in series
with the surge limiting resistor, and a three position switch, to obtain

: 3
£
TRIAC R
120V
AC RI
GE 20RI5 100 X
REED
SWITCH
TRIAC
BASIC STATIC SWITCH 3 POSITION STATIC SWITCH  ISOLATED LOW VOLTAGE CONTROL

(a) (b) (c)
FIGURE 7.11 STATIC AC SWITCHING APPLICATIONS OF THE TRIAC

a simple 3 position power control. In position one, there is no gate con-
nection, and the power is off. In position two, gate current is allowed
in one half cycle only, and the power in the load is half-wave. In posi-
tion three, there is gate current for both half cycles, and the power is
on full. As shown in Figure 7.11(c), the switch can be replaced by a
transformer winding. This circuit makes use of the- difference in pri-
mary impedance between the open circuit and shorted secondary cases.
The resistance R is chosen to shunt the magnetizing current of the
primary to ground. This circuit provides control with isolated low
voltage contacts.

Resonant-reed relays have also been used with the triac in the
circuit of Figure 7.11(a) to provide very sharp frequency-selective
switching in response to coded audio input signals in multi-channel
operations. At the lower frequencies some modulation of triggering
point results from beating with line frequency.

Other useful switching circuits are shown in Figure 7.12, showing
DC and AC triggering for the triac. Switch S; may be replaced by a
transistor which is controlled by a thermistor or a photocell, or other
electrical signal as shown in Figure 7.13. The AC signal of Figure
7.12(b), could be 60 Hz if phased properly to trigger early in each
half cycle of the supply wave. Higher frequencies, above 600 Hz, are
also effective and reduce the size of T, but produce very slight irregu-
larities in triggering point, which are usually negligible. Frequency
selectivity may be obtained by tuning T or by use of other static or
dynamic filter circuits for remote-control work or for tape-recorder
programming of -a system. In any case the trigger signal should be
significantly ON or OFF since the trigger sensitivity of the triac is not
quite uniform in both polarities or both quadrants and should not be
used, therefore, as a threshold detector.
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The transistor connections of Figure 7.13 are ideal for driving the
triac, or an array of triacs, from a low level DC logic source. One
example of this is illustrated by Figure 7.14 which shows two triacs
being driven by a transistor flip-flop circuit in an AC power flasher
arrangement.

For further informative details on static switching, see Chapter 8.

(a) DC CONTROL (b) AC CONTROL

FIGURE 7.12 ELECTRICALLY ACTUATED AC STATIC SWITCHES

]‘ LOAD | f LOAD ll

TRIAC

FIGURE 7.13 TRANSISTOR GATING CONTROL
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FIGURE 7.14 A-C POWER FLASHER. TRIACS 1 AND 2 ALTERNATE THEIR ON-STATE
AT A FREQUENCY DETERMINED BY THE SETTING OF R2

1.2.2 Firing With a Trigger Diode

Only four components are required to form the basic full wave
triac phase control circuit shown in Figure 7.15. Adjustable resistor
R; and capacitor C,; are a single-element phase-shift network. When
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the voltage across C; reaches breakover voltage, V go,, of the diac,
a bi-directional trigger diode, C, is partially discharged by the diac into
the triac gate. This pulse triggers the triac into the conduction mode
for the remainder of that half-cycle. Triggering is in the I+ and 11—
modes in this circuit. Although this circuit has a limited control range,
and a large hysteresis effect at the low-output end of the range, its
unique simplicity makes it suitable for many small-range applications
such as lamp, heater and fan-speed controls.

— e mm = AN
o
o

-Looiuf

.l

“T (FOR INDUCTIVE
LOADS

FIGURE 7.15 BASIC DIAC-TRIAC PHASE CONTROL

To eliminate some of the problems of this basic circuit, more
sophisticated circuits are generally used where the full control range
is required. Other types of bidirectional trigger diodes, such as the
Asymmetrical Trigger Switch (ST-4) may also be used. More details
on this type of firing circuit will be found in Chapter 9.

1.2.3 Other Triggering Methods

In addition to the diac (ST-2) and ATS (ST-4) mentioned above,
devices such as the Unijunction Transistor and Programmable Unijunc-
tion Transistor can also be used as triac triggers. Chapters 4 and 9
outline methods for proper circuit designs using these devices.

General Electric also has developed two integrated circuit triggers
for triacs. The first of these is the GEL300, Zero Voltage Switching
Integrated Circuit. With this IC, a triac and four outboard components,
a precision temperature control can be built. This IC and its uses are
covered in depth in Chapters 11 and 12.

The second IC is the GEL301, Integrated Phase Control. This
circuit is designed for high gain, feedback, phase control systems.
A description of this IC, along with several examples of its use are
covered in Section 9.7 and Chapter 10.

1.3 TRIAC CIRCUITRY

In general triac circuitry js the same as that of other thyristors.
Scattered throughout Chapters 8, 9, 10, 11, 12 and 14 are many exam-
ples of triac circuits. In designing triac circuits it is necessary to keep
in mind the unique characteristics of triacs. Below is a short check list
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of those things unique to triacs. These items should be added to those
of Chapter 21 when triacs are used.
1) Commutating—Has adequate arrangement been made to
guarantee commutation?
2) Gate Trigger Modes—Has the system been designed so
that variations in sensitivity between trigger modes will
not affect system performance?
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STATIC SWITCHING CIRCUITS

8.1 INTRODUCTION

Since the SCR and the triac are bistable devices, one of their
broad areas of application is in the realm of signal and power switching.
This chapter describes circuits in which these thyristors are used to
perform simple switching functions of a general type that might also be
performed non-statically by various mechanical and electromechanical
switches. In these applications the thyristors are used to open or close
a circuit completely, as opposed to applications in which they are used
to control the magnitude of average voltage or energy being delivered
to a load. These latter types of applications are covered in detail in
succeeding chapters.

Static switching circuits can be divided into two main categories:
AC switching circuits and DC switching circuits. AC circuits, as the
name implies, operate from an AC supply and the reversal of the line
voltage turns a thyristor off. Since most triacs are designed for 50-400
Hz operation, applications at higher frequency would dictate the use
of two SCR’s in inverse-parallel connection. The maximum frequency
of operation of SCR’s however is limited to approximately 30 K Hz by
the turn-off time requirement of the SCR. Above these frequencies the
SCR’s may not recover their blocking ability between successive cycles
of the supply. DC switching circuits on the other hand operate from a
DC (or a rectified and filtered AC) source and an SCR must be turned
off by one of the methods described in Chapter 5. In applications where
the circuit turn-off time is limited, special inverter type SCR’s (see
Chapter 22) may be required. These types have tested maximum turn-
off time specifications.

8.2 STATIC AC SWITCHES

8.2.1 Simple Triac Circuit and Inverse-Parallel (“Back-to-Back”)
SCR Connection

The circuits of Figure 8.1 provide high speed switching of AC
power loads, and are ideal for applications with a high duty cycle.
They eliminate completely the contact sticking, bounce, and wear asso-
ciated with conventional electromechanical relays, contactors, etc. As
a substitute for control relays, thyristors can overcome the differential
problem, that is the spread in current or voltage between pickup and
dropout, because thyristors effectively drop out every half-cycle. Also,
providing resistor R is chosen correctly, the circuits are operable over
a much wider voltage range than is a comparable relay. Resistor R is
provided to limit gate current peaks. Its resistance (which can include
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any “contact” resistance of the control device and load resistance)
should be just greater than the peak supply voltage divided by the
peak gate current rating of the SCR. If R is made too high, the SCR’s
may not trigger at the beginning of each cycle, and “phase control” of
the load will result with consequent loss of load voltage and waveform
distortion. The control device indicated can be either electrical or
mechanical in nature. Light dependent resistors and light activated
semiconductors, photocouplers (see Chapter 14 where normally open
and normally closed light activated relays are shown), magnetic cores,
and magnetic reed switches are all suitable control elements. In partic-
ular, the use of hermetically sealed reed switches as control elements
in combination with SCR’s and triacs offers many advantages. The
reed switch can be actuated by passing AC or DC current through a
small winding around it, or by the proximity of a small magnet. In
either case complete electrical isolation exists between the control signal
input, which may be derived from many sources, and the switched
power output. Long life is assured the SCR or triac/reed switch com-
bination by the minimal volt-ampere switching load placed on the reed
switch by the SCR or triac triggering requirements. The thyristor ratings
determine-the amount of load power that can be switched.

_[Loap LOAD
_____ - °
! gl
R | GE
1000 H 47 OHMS——> INI692
1005 ) 4 THYRECTOR
Q2
TRIAC
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(a) Basic Triac Static Switch (b) Inverse-Parallel SCR’S

FIGURE 8.1 STATIC AC SWITCHES
For simple static AC switching, the circuit of Figure 8.1(a) has
the advantage over that of Figure 8.1(b) in that it has fewer compo-
nents. The circuit of Figure 8.1(b), and those circuits to follow using

196



STATIC SWITCHING CIRCUITS

the inverse-parallel SCR configuration, should be kept in mind for
applications where the commercially available triacs cannot handle
severe load requirements such as high frequency, voltage, and current.
For inductive loads an RC snubber circuit, as shown, is required. For
more information on selecting the proper snubber circuit see also
Chapter 15. Triacs are available up to 400 Hz. Above 400 Hz the
circuit shown in Figure 8.1(b) should be used.

8.2.2 Static Switching With Separate Trigger Source

Where DC isolation between control signal input and load is
desired without the use of a mechanical switch (for more details on
light emitters, photosensitive devices, and -photocouplers, see Chapter
14), or saturable core intermediary, or where a widely varying AC
supply precludes satisfactory triggering of the type shown in Figure 8.1,
a triac or a back-to-back pair of SCR’s may be triggered from a sepa-
rate source as shown in Figure 8.2. Here, the high frequency output
of a transistor blocking oscillator, or a UJT free-running oscillator is
transformer coupled to the triac or SCR gates. Suitable oscillator cir-
cuits are discussed in Section 4.14. For minimum load waveform distor-
tion and minimum generated RFI, oscillator frequency should be high
enough to ensure that the triac or SCR’s trigger early in the AC cycle.
Other types of UJT trigger circuits suitable for use with AC static
switching arrays are described in Chapter 4.

3 SCR2
ac FOR
INDUCTIVE '
SUPPLY  |'Ghps ! R
<
.}33“ 3 losciLLATOR[ 3 OSCILLATOR
u £>2kHz FOR|CONTROL || (f>2 kHz FOR | CONTROL
! 50-60 Hz |INPUT 50-60 Hz | INPUT
N AC SUPPLY)|_ AC SUPPLY)
TRIGGER CIRCUIT --{uMp-l TRIGGER CIRCUIT L-].].h_l
POWER SOURCE POWER SOURCE
MAY BE DERIVED MAY BE DERIVED
FROM THE AC SUPPLY FROM THE AC SUPPLY
(@) (b)

FIGURE 8.2 OSCILLATOR DRIVEN AC STATIC SWITCH

8.2.3 Alternate Connections For Full Wave AC Static Switching

Full wave static AC switching can also be performed by various
combinations of SCR’s and conventional rectifiers, or simply by a triac.
The most useful of these arrays are shown in Figure 8.3.

The circuit of Figure 8.3(a) uses a single SCR connected across
the DC output of a rectifier bridge, to switch an AC load connected in
series with the supply line. The bridge rectifies the incoming AC to
full wave pulsating DC, so that one SCR can control both half cycles
of the AC. In this circuit the SCR turns off at the end of each half
cycle when the supply voltage is zero. Unsmoothed DC can be made
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to flow in the load, if desired, by removing the load from the AC supply
line, and placing it in series with the SCR as shown in Figure 8.3(b).
In this case, for proper commutation of the SCR, a “free-wheeling”
diode must be connected across the load if the load is at all inductive.
The circuit of Figure 8.3(c) uses two SCR’s and two rectifiers to switch
an AC load, SCR1 and CR1 conducting on one half cycle of the supply,
SCR2 and CR2 conducting on the other. The “DC load” equivalent to
Figure 8.3(c) is shown in Figure 8.3(d). If the AC supply has signifi-
cant inductance, the AC bridge in Figures 8.3(a) and (b) will reverse
so rapidly that the SCR may not have time to commutate. In such a
case Figures 8.3(c) and (d) will give a better result. The circuit of
Figure 8.3(e) shows how a triac may be triggered with a DC control
signal. Unlike the circuit of Figure 8.1(b), the static switching con-
figurations of Figure 8.3 may be triggered directly by a single-ended
(DC) non-isolated control signal, because the SCR cathodes are tied
together. In low voltage switching applications, the multiple voltage
drops in series with the load for Figures 8.3(a) through (d) may be a
disadvantage.

ADD FREEWHEELING DIODE
IF LOAD IS INDUCTIVE

i T
i a % ! I:l:|
LOAD —a i LOAD
! DIODE i
AC SUPPLY DIODE R AC SUPPLY | BRIDGE [
BRIDGE SCR
o—9 CONTROL G
7 3 Y SIGNAL 4 3 SCR \
CONTROL
SIGNAL
{a) BRIDGE/ SCR WITH AC LOAD (b) BRIDGE /SCR WITH DC LOAD
*R~GATE CURRENT SHARING RESISTORS- SEE SECTION
LOAD P
SCRI 3
g Y ) & cre | a* S

ry ¥ - —— - -4

: P ST
AC SUPPLY conrrOL ACSUPPLY ¢ SONTRO b

R* Y. CRI R* ¥ cri
scr2\ & WELH

ADD FREEWHEELING DIODE IF
LOAD IS INDUCTIVE

(c) DOUBLE SCR/ DIODE BRIDGE (d) DOUBLE SCR/DIODE BRIDGE
WITH AC LOAD WITH DC LOAD

=—=-"
1
L
< FOR
< INDUCTIVE
AC SUPPLY 1 LOADS
'
-0 e
Pad ity
SIGNAL :
|

(e) DC TRIGGERING FOR THE TRIAC
FIGURE 8.3 SCR/DIODE AND TRIAC STATIC SWITCH CONFIGURATIONS
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8.2.4 Triac Latching Technique

The circuits of Figure 8.4 show a basic triac latching switch.
When voltage is applied to the circuit of Figure 8.4(a), the triac is
initially blocking, and the full line voltage appears across the triac.
This means that no voltage appears across the load, and since the gate
must be at the same level as MT} of the triac, there is no voltage across
R; and C;, and no current in the gate. After the triac has been trig-
gered, the line voltage appears across the load, and across R; and C;.
The quadrature current through R;, C; and the triac gate is at its peak
when the load voltage goes through zero, retriggering the triac each
half cycle. Since this circuit uses triggering modes III+ and I—, a
specially selected triac must be used (for example, a SC41B13 should
be specified instead of only SC41B).

Similarly, in Figure 8.4(b), when a trigger pulse is applied, the
triac turns on. The line voltage which now appears across the load
causes the flow of current through inductor L, and resistor R,. This
gate current is about 90° out of phase with the supply voltage. When
the line voltage reverses polarity, this current continues to flow out
of the gate to inductor L, causing the triac to turn on as the line volt-
age on MT, goes negative. Unlike the circuit of Figure 8.4(a), the cir-
cuit in Figure 8.4(b) uses triggering modes I+, III— and therefore does
not require a specially selected triac as was the case for Figure 8.4(a).

The instantaneous current through the gate networks (R;-C;, or
R,-L,) at the instant the line current reverses polarity determines if the
triac will latch on. It is therefore necessary to select the values of
R;-C; or Rs-L; to produce a sufficient quadrature current to trigger the
triac each half cycle. For reactive loads, the sinusoidal gate current is
sufficiently phase shifted from the line current such that R; or R, alone
(without C; or L;) may be used to trigger the triac provided that
enough gate drive is available when the line current goes through zero.

It will be noted that if the triac is triggered by a transient on the
line, the latching characteristic of the circuit will cause the load to
remain energized until the circuit is reset.

sl sl
o——/
o TRIAC o MT2
MT2
TRIAC
TRIGGER A MTI TRIGGER A MTI
izo IION " sz | 20 IION L
VAC 1.0 “OFF" VAC R2
ufFD TN
LOAD LOAD
470 S Ry
OHMS Ll

(a) (b)

FIGURE 8.4 TRIAC LATCHING CIRCUIT
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8.2.5 AC-Static SPDT Switch o

A SPDT solid state relay is shown in Figure 8.5. When voltage is
applied Q, will turn on, activating load #1, because the full line volt-
age appears across Q,, supplying gate current through R;. When S,
is closed Q, turns on removing the gate drive from Q, and activating
load #2. This circuit can be modified by using the different latching
networks shown in Figure 8.4(a) and (b).

o
[}
100
120v
o 0.luF
v
o

FIGURE 8.5 AC STATIC SPDT SWITCH

8.3 NEGATIVE HALF CYCLE SCR SLAVING TECHNIQUES

The circuit of Figure 8.6 shows how one SCR, in a back-to-back
configuration, can be latched on to trigger at the beginning of a nega-
tive half cycle as a slave of another SCR. When SCR, is triggered,
capacitor C; is charged through diode CR; and resistor R;. C; then
discharges through R, and the gate of SCR,, supplying the necessary
gate current to trigger SCR, at the beginning of the negative half cycle.

RI

[0

Cl 1~ R2

SCRI SCR2
=@ TG
CIRCUIT

FIGURE 8.6 NEGATIVE HALF CYCLE SCR SLAVING CIRCUIT
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Design Equation: Igp, . from Specification

IGTpenk 5 X IGTmax

E

R, = —_imex (8.1)
IGTpoak

72 = C; * Ry =~ 4 ms (for 60 Hz operation) (8.2)

C, = 2

1 — R2
Rl ~ Eline ) \/2 : R2 (8.3)
EClmax

If inductive loads have to be actuated, r, may have to be increased.

In order to fire SCR; again when the AC line goes positive, the
control circuit must supply the necessary trigger current; otherwise both
SCR’s would stay off. This circuit therefore is not a latching circuit.

8.3.1 SCR Slaving and Zero Voltage Switching

Figure 8.7 shows another combination of SCR slaving and syn-
chronous switching. Here the absence of an “open” signal causes the
SCR'’s to deliver full wave power to the load. Regardless of the phasing
of the control signal, load voltage is always applied in full cycles with
negligible discontinuities, hence minimum radio frequency interference.
SCR, operates as a “slave” of SCR, because the energy stored in induc-
tor L, triggers SCR, at the beginning of the next half cycle, thus always
delivering an even number of half cycles to the load, and reducing
magnetic saturation effects in inductive loads. By applying a gate sig-
nal to SCR;j, the gate drive to SCR, is diverted and its gate is essen-
tially clamped to its cathode. When the line goes positive on the anode
of SCR;, since there is no gate signal present, SCR; is kept off, thus
de-energizing the load. These circuits are ideal wherever RFI and audio
filtering is undesirable, where magnetizing inrush current to trans-
formers causes nuisance fuse blowing, and where sensitive test equip-
ment operates in the vicinity of power switches.

LOAD Al4D
>

3 UP TO 8 KW

ON 240 VAC GE
40 A44F
y

3 Ll
0.1H
209 é
7.5k O.ipF
5W S
240V oE
60 Hz e #
SCR2
G-E
c330 (¥ ) ot
SCRI Al4F "

RANDOM
scr3 (Y 10K “OPEN"
GE SIGNAL
Y closy 1 VOLT 2004A

FIGURE 8.7 ZERO VOLTAGE SWITCHING FOR LOW RFI OPERATION
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This circuit is shown to explain how slaving techniques can be
employed. For more information on zero voltage switching refer to
Chapter 11 on zero voltage switching.

8.4 “ONE SHOT” SCR TRIGGER CIRCUIT

A circuit to trigger an SCR for one complete half cycle only of
the AC supply is shown in Figure 8.8. Triggering is initiated by closing
push button switch SW, and the SCR triggers always near the beginning
of a positive half cycle, even though the switch may be closed ran-
domly at any time during the two preceding half cycles. The SCR will
not trigger again until SW is opened and then reclosed. This type of
logic is required for some test equipment supplies and for the solenoid
drives of electrically operating stapling guns, impulse hammers, etc.,
where load current must flow for one complete half cycle only.

A
% CR3 SOLENOID
GE Al4B LOAD
§ R2 _]E CRI GE A40D
829 SCRI
172W GE C208B
c2 GE %
€308
lov OlpF o D
. 60Hz GE CI22 RI
) 3300
! 2w
2
¥ CR2
GE A40F
R3 + %
1009 "
y 2 W T 10pF

*TIME CONSTANT OF CI RI MAY NEED TAILORING DEPENDING ON
HOLDING CURRENT OF SCRI. SEE TEXT.

FIGURE 8.8 ONE SHOT SCR TRIGGER CIRCUIT

During half cycles of the AC line when the SCR anode is positive,
capacitor C; will be charged through the load, CR; and R;. As long as
switch SW is maintained in position 1, the SCR will be non-conducting.
When SW is flipped to position 2 and the line voltage is negative, the
charging current of C, (through the series-network of R, the gate to
cathode junction of the SCR, SW, C,, R, and CRj) will trigger the
SCR even though the line voltage is negative because the anode of
the SCR sees the positive voltage on C;. SCR; is thus only turned on
when the line voltage is negative and maintained on by supplying hold-
ing current from capacitor C,, through resistor R;. The series network
of R, and C, is selected to supply a sufficient amount of holding current
for one-half cycle only since providing holding current for a longer
duration than one-half cycle would keep the SCR on for succeeding
half cycles. The SCR holding current therefore determines R; C;. Once
C, has been charged, there will be no gate current through the SCR
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even if SW is maintained in position 2. To trigger the SCR again, SW
would have to be flipped to position 1 in order to discharge C,.

8.5 BATTERY CHARGING REGULATOR

Figure 8.9 illustrates an inexpensive means of utilizing the SCR
as a battery charging regulator, thus eliminating the problems inherent
in electromechanical voltage relays — contact sticking, burning, wide
range of pickup and drop out, wear, etc. As shown the circuit is capable
of charging a 12 volt battery at up to a six ampere rate. Other voltages
and currents, from 6 to 600 volts and up to 300 amperes, can be accom-
modated by suitable component selection.? When the battery voltage
reaches its fully charged level, the charging SCR shuts-off, and a trickle
charge as determined by the value of R, continues to flow.

CR, and CR; deliver full-wave rectified DC to SCR; in series with
the battery to be charged. With the battery voltage low, SCR; is trig-
gered on each half cycle via resistor R, and diode CR;. Under these con-
ditions, the pick-off voltage Vy at the wiper of potentiometer Rj is less
than the breakdown voltage V, of zener diode CR,, and SCR, cannot
trigger. As the battery approaches full charge, its terminal voltage rises,

- the magnitude of Vy equals V, (plus gate voltage required to trigger
SCR,), and SCR, starts to trigger each half cycle. At first SCR, triggers
at 7/2 radians (90°) after the start of each half cycle, coincident with
peak supply voltage, peak charging current and maximum battery volt-
age. As the battery voltage climbs yet higher as charging continues, the
triggering angle of SCR, advances each half cycle until eventually
SCR, is triggering before the input sine wave has sufficient magnitude
to trigger SCR;. With SCR, on first in a half-cycle, the voltage divider
action of R; and R, keeps CR; back-biased, and SCR; is unable to
trigger. Heavy charging then ceases. Diode CRj and resistor Ry may
be added, if desired, to trickle charge the battery during the normal
“off” periods. Heavy charging will recommence automatically when Vg
drops below V, and SCR, stops triggering each cycle.

"nr
VOLTS

CR3
GE A4OF RI
_j SCRI 47 OHMS
GE C20F CRI (2w)
OR GE Ci22  GEAI4A
@
T

470 OHMS
5w

47 OHMS R2

»l
T RS R4
UTC #FTIO | Gg A4OF 47((2)3))'18
(n7/12.6) 250 OHMS
(5W) GE CR2 SCR2
. INIT72 GE ClOBY
L (Vg
12 VOLT — __
BaTTERY = § S35

T

- 750
R | oums  _L* 50at
§ oW Th2sv

all—-

ALL RESISTORS 1/2 WATT EXCEPT AS NOTED
FIGURE 8.9 BATTERY CHARGING REGULATOR
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8.6 DC STATIC SWITCH

+E ‘
FOR
LoAD L X inoucTive gﬂ
LOAD
G, ?scm g ‘9$caz
OoN OFF

|||—

FIGURE 8.10 DC STATIC SWITCH (SCR FLIP-FLOP)

Figure 8.10 illustrates a static SCR switch for use in-a DC circuit.
When a low power signal is applied to the gate of SCR;, this SCR is
triggered and voltage is applied to the load. The right hand plate of C
charges positively with respect to the left hand plate through R;.
When SCR, is triggered on, capacitor C is connected across SCR,, so
that this SCR is momentarily reverse biased between anode and
cathode. This reverse voltage turns SCR; off provided the gate signal
is not applied simultaneously to both gates. The current through the
load will decrease to zero in an exponential fashion as C becomes
charged.

SCR; should be selected so that the maximum load current is
within its rating, SCR, need conduct only momentarily during the
turn-off action, it can be smaller in rating than SCR;. The minimum
value of commutating capacitance C can be determined by the follow-
ing equations:

For Resistive Load: C = L]::O”I pfd (8.4)
For Inductive Load: C = —E%I— ufd (8.5)

Where t,;; = Turn-off time of SCR in y seconds (see specification for
inverter-type SCR)
I = Maximum load current (including possible overloads) in
amperes at time of commutation
E = Minimum DC supply voltage
The resistance of R; should be ten to one hundred times less than
the minimum effective -value of the forward blocking resistance of .
SCR,. This latter value can be derived from the published leakage
current curves for the SCR under consideration. :
In some cases a mechanical switch may be substituted for SCR,,
to turn off SCR; when it (the switch) is momentarily closed. Many
other useful variations of this basic PC static switch can be devised,
among them the following circuits.
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8.6.1 DC Latching Relay or Power Flip-Flop

By replacing resistor R; with a second driven load, and selecting
SCR, to suit, the circuit of Figure 8.10 becomes the static analog of a
single pole double throw latching relay. In this case commutating
capacitor C should be selected on the basis of the heavier of the two
loads. By driving the gates with a train of pulses as shown in Figure
8.11 the circuit becomes a high power flip-flop or multivibrator. Sine
wave or square wave sources may also be used to drive the gates in
this configuration.

- +
—if—
SCR]
PR
W}
GE AI4A %
CH FOR
INDUCTIVE
SIGNAL O LoAos
GE Al4A
>
t
A

LOAD2
SCR2

FIGURE 8.11 POWER FLIP-FLOP AND LATCHING RELAY

8.7 FLASHER CIRCUITS

The different types of flasher circuits described in Section 8.6 are
basically power flip-flop and used in a variety of applications such as
traffic lights, navigational beacons, aircraft beacons, and illuminated
signs. The SCR and the triac are ideally suited for this type of applica-
tion since they can function over a wide range of current and voltage
with a much higher degree of reliability than the commonly used
electromechanical systems. The SCR and the triac also offer an impor-
tant advantage over power transistors in that they do not require
excessive derating of current to handle the high inrush currents of
incandescent lamps. The UJT, PUT and transistor make ideal trigger
devices for the SCR and triac in this type of application since they
permit an economical method for obtaining a wide frequency range
and a high degree of frequency stability. More information on flashers
will be found in Reference 4.

8.7.1 DC-Flasher With Adjustable On & Off Time

Figure 8.12 shows a flasher circuit utilizing a power flip-flop and
programmable unijunction (PUT) to obtain adjustable “on” and “off”
times.
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FIGURE 8.12 DC FLASHER WITH ADJUSTABLE ‘“‘ON” AND “‘OFF” TIME

Assume SCR; is on, which inhibits the 0.1 uf capacitor on the
gate of SCR, from charging. Resistor R, is clamped to ground through
SCRy, so that it cannot contribute to the charging current of the 5Spuf
timing capacitor on the anode of the PUT. When the anode voltage on
Q, exceeds the gate voltage by about 0.5 volt, Q; will trigger and
trigger SCR,. SCR; will be turned off by energy stored in the 10uf
commutating capacitor. The 0.1 capacitor on the gate of SCR, will
charge to the anode voltage of SCR; and R, will be clamped by SCR,.
Now only R, can charge the 5uf capacitor. When the triggering voltage
of Qy is reached for the second time, SCR; will be triggered and SCR,
will be commutated.

“On” and “off” times can be independently adjusted. The 1 K
resistor in the anode circuit of SCR; can be replaced by a second lamp.

8.7.2 Low Voltage Flasher

Using an SCR and a complementary SCR, as shown in Figure 8.13,
a simple low cost, low voltage flasher is feasible.
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Rq
47K

—) Rs
220K
Rp 2
IK 100uF
v

LAMP OFF = .5-.6 SEC
LAMP ON = 100 mSEC
% NON POLARIZED

FIGURE 8.13 LOW VOLTAGE FLASHER

Applying voltage to the circuit triggers SCR;. With SCR; on the
voltage on the anode of SCR, rises until SCR, triggers to commutate
SCR;. The voltage on the gate of SCR; will swing negative at this
time and only after a positive potential of ~ 0.5 volt is once again
attained, will SCR, retrigger.

The circuit could be used for higher voltage levels, but the peak
negative voltage on the gate of SCR; must be limited to less than
6 volts.

8.7.3 Sequential Flasher

A sequential flasher as used in automotive turn signals is shown in
Figure 8.14.

OFF
N

TIMER NO.1 TIMER NO.2
I}

+l2v MECHANICAL H
FLASHER
DEI(DI;:?:J';NT R2 R

3 LAMPS) 10K Mo
SCR,
ClO6F

2N6027 2N6027
LAMP [

Rz R
3 Rg
No.i 100K |oox% ~5;LFT
o—
B

FIGURE 8.14 SEQUENTIAL FLASHER

When the turn signal switch S, is closed, Jamp #1 will be activated
and capacitor C; will charge to the triggering voltage of Q. As soon as
the anode voltage on Q, exceeds its gate voltage by 0.5 V, Q; will
switch into the low resistance mode, thereby triggering SCR, to activate
lamp #2 and the second timing circuit. After Q, switches into the low
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resistance state, SCR, will be triggered to activate lamp #3.

When the thermal flasher interrupts the current to all three lamps,
SCR; and SCR, are commutated and the circuit is ready for another
cycle.

8.7.4 Low Power Flasher

The circuit shown in Figure 8.15 has been chosen to illustrate
the basic principles of an SCR/U]JT flasher which can be easily sim-
plified or modified to meet specific application requirements.

Unijunction transistor Q, operates as a relaxation oscillator, deliv-
ering a train of trigger pulses to the two SCR gates via resistor R;.
Assume SCR, is “on” and the lamp is energized. When the next trigger
pulse comes along it triggers SCR; and SCR, is turned off by the com-
mutation pulse coupled to its anode via capacitor C,. Because the
commutation pulses have longer duration than the trigger pulses, SCR,
cannot be re-triggered inadvertently at this time. SCR, is re-triggered
properly by the next trigger pulse from R,. “Lock-up” (failure to flash
caused by both SCR’s being on together) is prevented by making SCR;’s
turn off independent of the commutating capacitor. This is done by
operating SCR; in a “starved” mode, that is by making resistor R, so
large that SCR; is unable to remain “on”, except to discharge C,. Dur-
ing the remainder of the cycle SCR; is off, and C,, therefore, is always
able to develop commutating voltage for SCR,. With the components
shown, the flash rate is adjustable by potentiometer R; within the
range 36 flashes per minute to 160 flashes per minute.

+12V o—

R2 GE
2.2K ¢2 #1073
LAMP

8uf 50V
nya

1\
NON-POLARIZED

SCR2 GE CIOSY
SCRI TYPE |
D GE ClosY ‘D(ON
HEATSINK)

l ' NOTE: ALL RESISTORS /2 WATT

FIGURE 8.15 DC LOW POWER FLASHER

8.1.5 AC Flasher

For heavy load requirements, the DC flashers have the disad-
vantage of requiring a large commutating capacitor. In such applica-
tions, the use of AC flashers ends up being more economical. Figure
8.16 illustrates a power flip-flop flasher circuit that can handle two
independent loads up to 2.5 KW each. Transformer T,, diodes CR,
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through CR,, resistor R; and capacitor C; provide the DC supply to
the free running unijunction oscillator and the transistor flip-flop of
Q,, Q3. The interbase voltage for Q, is taken directly from the positive
side of the bridge rectifier in order to synchronize the free running
unijunction oscillator with the supply frequency. The negative going
output pulses developed across R, trigger the transistors of the flip-
flop which alternately turn the triacs on and off. The flashing rate is
determined by the time constant of R,, Ry and Co.

TI 120:12.6 STEPDOWN

TRIAC | - TRIAC 2 : GE SC40B-SC60B
600W - 2.5KW

CRI- CR4: GE AI4F

CR5,CR6 : GE DT230F

Ql: GE 2N2646

Q2,03: GE 2N3416

Cl: 5004 F25V ELECTROLYTIC m

C2: 0.2uF

€3,c4: 0.05uF

RI: 56 2W

R2:2 MEG TRIMMER
R3: 1 MEG

R4:1000

R5,R6: 330
R7,R8,R9: 6800
RIO,RIL,RI2,RI3: 10K

LOADI

TRIAC |

LOAD 2

TRIAC 2

120 VAC

).

RS R2 \ MAKE CONNECTION
éRS R6 S HERE WHEN ONLY
< TRIAC | IS NEEDED

R8

Q3

FIGURE 8.16 AC POWER FLASHER

8.8 PROTECTIVE SCR CIRCUITS

The fast switching characteristic of the SCR makes possible some
interesting protective circuits against line transients, excessive voltages,
.and short circuit currents.

Some examples of this type of circuit are shown below, but a more
thorough treatment of the subject of overcurrent and overvoltage on
thyristors can be found in Chapters 14 and 15.

~8.8.1 Overvoltage Protection on AC Circuits

Figure 8.17 illustrates a circuit that may be employed for general
transient protective service on AC lines. When the line exceeds the
avalanche voltage of the zener diode, either SCR; or SCR, triggers,
depending on the polarity of the AC line at that instant. Resistor R,
limits the current to the short term surge capabilities of the SCR’s. For
the C35, R; must limit the one cycle peak current to less than 225
amperes. This loading effect on the circuit drops the transient voltage
across line impedance. Alternation of the AC line voltage turns off the
current through the conducting SCR at the end of the cycle.
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FIGURE 8.17 TRANSIENT VOLTAGE PROTECTION USING SILICON CONTROLLED RECTIFIERS

8.8.2 SCR Current-Limiting Circuit Breakers

In some phase controlled applications, the fault current due to a
short circuit may reach destructive proportions within one-half cycle.
This would prohibit use of conventional circuit breakers for protection.
Also, in some types of inverters operating on DC it may be desirable
to have a fast electronic circuit breaker in the event of loss of commu-
tation in the inverter for any reason.

An SCR current limiting circuit breaker of the type shown in its
simplest form in Figure 8.18 will provide these protective functions
very nicely. This package can be inserted in series with the DC output
of a phase-controlled rectifier or in series with the DC input to an
inverter circuit.

% L
L0AD S ACR2 STOP* R4

cl
AYl .
+ Pl
o—J SCRI
125 VDC G R3 START ng
2—1 5™ SCR2
ml ol l
Ll Lt} Ll
CRI
RI Rz%

Riz 3/Imp0HMS NON-INDUCTIVE Cl2 0.4 Itrip MFD
R2-220 OHMS, I/2 WATT SCRI- GE C408B
R3- 100 OHMS, 1/2 WATT SCR2-G E C408B
R4-2200 OHMS, 10 WATTS CRI- (3) GE Al4A
R5-2200 OHMS, 5 WATTS CR2- G E IN2158

FIGURE 8.18 16 AMPERE DC CIRCUIT BREAKER
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The circuit breaker is basically a parallel capacitor commutated
flip-flop. When the “Start” button is momentarily depressed, SCR,
starts to conduct and delivers power to the load provided the load
current is above the minimum holding current of SCR,. Capacitor C,
then charges to the load voltage through R, the right hand terminal
of C, being positive with respect to the left hand terminal. When SCR,
is triggered by momentary closing of the “Stop” button, the positive
terminal of capacitor C, is connected to the cathode of SCR;, reversing
the polarity across this SCR and turning it off. This interrupts the flow
of load current and opens the circuit. SCR, will also be triggered by
the voltage developed across R; by load current if this exceeds the
forward voltage drop of the string of series diodes CR; plus the gate
triggering requirements of SCR,. By adjustment of the value of R; and
by selecting the proper number of series diodes CR,, the circuit can
be made to trip out and interrupt overload or fault current at any
predetermined level. For a more consistent tripping level under tem-
perature variations, a zener diode can be substituted in place of all
but one of the series diodes at CR,. For still more precise tripping, a
U]JT or PUT overcurrent sensor can be used.

The characteristics of the germanium tunnel diode are also very
useful in developing a gate signal when a specific level of current is
exceeded. The tunnel diode has a very stable peak current at which it
switches from a low resistance to a relatively high resistance. This,
combined with a very low voltage drop, makes it almost ideal for this
type of application. A tunnel diode overcurrent detecting network for
the circuit breaker of Figure 8.18 is shown in Figure 8.19. Main load
current flows through SCR; and R;. Part of the load is shunted through
Rg, tunnel diode CRg, and the primary winding of T,, R; and Rg are
selected so that less than 20 ma. flows through the tunnel diode at
maximum rated load. Under this condition CR; remains in its low resist-
ance state. If the main load current rises to the point where more than
20 ma. flows through CRg, it switches instantaneously to its high resist-
ance state. If the current through the tunnel diode is maintained con-
stant through the switching interval, the voltage across it increases
about five-fold. This sudden change in voltage across CR; induces a
pulse of voltage in the primary of T; which is stepped up by auto-
transformer action and applied to the gate of SCR3, thereby tripping
the circuit breaker. The tripping point is stable within a few percent
over a wide temperature range and is independent of the triggering
characteristics of SCR3.

The component values in Figure 8.18 apply for a 125 volt DC
system. When using the C40 SCR, the tripping current level should
not exceed 100 amperes in order to stay within the switching rating

of SCR2
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OVERCURRENT
TRIP ADJUST SCR3

R6

Ri

PRI. T! sgc. CR4

IR

SCR3 - GE CI068
RI' —3/1yip OHMS, NON -INDUCTIVE
R6 - 250 OHM LINEAR POT

R7 - 1000 OHMS, |/2 WATT
C2 - 2MFD, 10VOLT
CR3 - GERMANIUM TUNNEL DIODE GE IN372
CR4 - GE INSI
Ti- AIR CORE TRANSFORMER, 174" DIA.,
P =50T, S=500T, # 26 AWG

FIGURE 8.19 TUNNEL DIODE SENSING NETWORK FOR FIGURE 8.18

8.8.3 High Speed Switch or “Electronic Crowhar”

A form of “electronic crowbar,” shown in Figure 8.20, has proved
very -useful for protecting DC circuits against input line voltage tran-
sients and short circuit load conditions. If the DC supply exceeds the
desired maximum value as determined by the setting of potentiometer
R, the voltage at the emitter of UJT, exceeds the peak point voltage
causing UJT; to trigger which in turn triggers the SCR. The full supply
voltage is then applied to the circuit breaker trip coil causing the circuit
breaker to open the main DC supply bus. Besides increasing the speed
of the circuit breaker action this circuit instantly loads down the DC
bus, preventing the voltage on the load from rising until the circuit
breaker has time to operate. The circuit also protects the load and the
supply against short circuit conditions by monitoring the current
through resistor R;. When the voltage across Rj exceeds the desired
maximum value as determined by the setting of potentiometer R, the
voltage at the emitter of UJT, exceeds the peak point voltage, causing
UJT, and the SCR to trigger as before. Due to the stable firing voltage
of the UJT the trip voltage across Rg can be very low, a value in the
range from 100 millivolts to 500 millivolts being suitable for most
applications. If only overvoltage protection is desired the circuit of
Figure 8.20 can be simplified by eliminating UJT, and its associated
circuitry. Similarly, if only overcurrent protection is desired UJT; and
its associated circuitry can be eliminated.

In the circuit of Figure 8.20 rectifier CR; and capacitor C; are
used to provide filtering against negative voltage transients which
would otherwise result in false tripping of the circuit. The values of
potentiometer R; and R, are chosen to have appropriate time constants
with C; and C, so as to give the desired voltage-time response in the
tripping action.

The SCR is ideal for this type of circuit because of its ability to
switch on within a few microseconds after being triggered.
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FIGURE 8.20 ELECTRONIC CROWBAR PROTECTION OF DC CIRCUITS AGAINST
OVERVOLTAGE AND/OR OVERCURRENT

For higher capacity circuits, the C35F or C50F SCR’s can be
substituted for the C22F shown. With the C50F SCR this circuit is
capable of carrying momentary currents as high as 2000 amps for
2 milliseconds without damage to the SCR.

8.9 RING COUNTERS

A ring counter may be considered as a circuit that sequentially
transfers voltage from one load to the next, when a number of loads are
connected in parallel from a common supply. Transfer along the string
proceeds always in the same direction, and each transfer is initiated
by pulsing a common input line. The ring counter is an extremely
useful tool in digital applications, and SCR ring counters in particular
excel in low speed applications that require high voltage, high current
or both.

8.9.1 Cathode Coupled Ring Counter

As an example a ten stage SCR ring counter can function as a
decade counter with direct lamp or glowtube (Nixie)® readout. The
circuit of Figure 8.21 is a three stage cathode coupled ring counter,
suitable for driving high voltage loads up to 50 mA. Additional stages
may be added as required. Assume SCR; is conducting load current,
and SCR, and SCR; are both blocking. Capacitors C3 and C; charge
to the supply voltage through R;/R;, and R;/Ry; respectively, while
capacitors C; and Cg; charge through Ry, and Ry3. Because SCR; is
conducting, C, and C, cannot charge. When a shift pulse arrives at
the shift line only SCR, can be triggered, since its gate steering diode
CR, is the only diode not reverse biased by a pre-charged capacitor.
In any ring counter only the SCR following the conducting SCR will
trigger. As SCR, turns on, capacitor C; is connected across R,, which
drives the common cathode line momentarily to the supply voltage,
reverse biasing SCR; and forcing it to turn off. When the next shift
pulse arrives, SCR, turns on and SCR, turns off and so on. The advan-
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tage of the cathode coupled ring counter is that undistorted square-
waves free from -commutation- transients appear across each load. Its
major disadvantage is that relatively large value commutating capaci-
tors (C,, C;, Cg4) are required with consequent limitations on circuit

speed.
+180V
Rul Ri2 Ri3
SCRI SCR2 -
GE CI06B GE CI06B
RI R2 R3
33K S gas 3k & > 33K
IK IK
CRI
CR2
R4
GE A148B GF AI4B §|oon
3w
ca L i
o1 N T~ol
[ou—
A h e T GND
SHIFT LINE

FIGURE 8.21 CATHODE COUPLED RING COUNTER

8.9.2 - Anode Coupled Ring Counter

In applications where commutation transients can be tolerated
and/or higher speed operation is required (lamp driving circuits for
instance), the ring counter circuit can be modified as follows:

1. Remove resistor R,, and ground the common cathode line.

2. Remove Cy4, C;, and Cg.

3. Connect a .005 uf capacitor between each pair of SCR anodes.

Figure 8.22 shows the modified circuit being used to drive a
#6844A Nixie Decade Readout Tube.?

@® Trademark Burroughs Corporation.

+170 vOLTS

NIXIE

10k #6488
(BURROUGHS)

C

' EEREEEEE:
R T
4 7k2W) [ [
47K(2W)
4.7K(2W)
YN oS 8
Y
@ 7T Al Al @
33k 3 33k
@ e®
) senr 1) scre 1) scrs
ce G N
w| &
K C:)QKGB K ﬂlg:! an'
C1038. Ccl038 cl038
o€ 3 w 1
K Alaa f YN E YN
AN
SHIFT LINE

FIGURE 8.22 ANODE COUPLED RING COUNTER ‘(DECADE READOUT)
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8.10 TIME DELAY CIRCUITS

Time delay circuits are used frequently in industrial controls and
aircraft and missile systems to apply or remove power from a load a
predetermined time after an initiating signal is applied. Cascaded time
delay circuits can be used to sequentially perform a series of timed
operations.

8.10.1 UIJT/SCR Time Delay Relay

R5
ANN\—oO + 28V

y EXTERNAL
AD

9 SCRI

GND
Rl - 2.2K, I/2 WATT Cl - Q.2 TO 100 MFD, I5V
R2 - IK TO:500K LINEAR POT SCRI — GE C22F OR CIIF OR Ci22F
R3-150Q, 1/2 WATT CRI- 18V, 10%, | WATT ZENER, INI776
R4- 27,0 ,1/72 WATT CR2- GE AI4A
R5-560Q, 2 WATT Qi - GE -2NI67IB

FIGURE 8.23 PRECISION SOLID STATE DC TIME DELAY CIRCUIT

Figure 8.23 illustrates an extremely simple yet accurate and versa-
tile solid state time delay circuit. The operating current and voltage
of the circuit depend only on the proper choice of the SCR. Resistor
R; and Zener diode CR; provide a stable voltage supply for the UJT.
Initially SCR; is off and there is no voltage applied to the load. Timing
is initiated either by applying supply voltage to the circuit or by open-
ing a shorting contact across C,. The timing capacitor C; is charged
through R; and R, until the voltage across C, reaches the peak point
voltage of the UJT at which time the UJT triggers, generating a pulse
across Ry which triggers SCR,. The full supply voltage minus the SCR
drop then appears across the external load terminals. Holding current
for SCR, is provided by the current through R; and CR,. Thus the
external load may be removed or connected at any time without affect-
ing the performance of the circuit. When SCR, triggers, the voltage
across the UJT drops to less than 2 volts due to the clamping action
of CR,. This acts to rapidly set and maintain a low voltage on C; so
that the time interval is maintained with reasonable accuracy if the
circuit is rapidly recycled. For the highest accuracy, however, addi-
tional means must be used to rapidly and accurately set the initial
voltage on C, to zero at the beginning of the timing cycle. A pair of
mechanical contacts connected across C, is ideal for this purpose.
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The time delay of the circuit depends on the time constant
(R; + R,) C; and can be set to any desired value by appropriate choice
of R;, R,, and C;. The upper limit of time delay which can be achieved
depends on the required accuracy, the peak point current of the UJT,
the maximum ambient temperature, and the leakage current of the
capacitor and UJT (Ig,) at the maximum ambient temperature. The
absolute upper limit for the resistance R; 4+ R, is determined by the
requirement that the current to the emitter of the UJT be large enough
to permit it to trigger (i.e., be greater than the peak point current) or

R, + R, < =2 V1
5L,
Vi

where 4 is the maximum value of intrinsic standoff ratio, V, is the
minimum supply voltage on the UJT, I, is the maximum peak point
current measured at an interbase voltage of 25 volts, and I is the
maximum leakage current of the capacitor at a voltage of 4V;. If high
values of capacitance are required it is desirable to use stable, low
leakage types of tantalytic capacitors. If tantalytic or electrolytic
capacitors are used it is necessary to consider forming effects which
will cause the effective capacitance and hence the period to change as
a function of the voltage history of the capacitor. These effects can be
reduced by applying a low bias voltage to the capacitor in the standby
condition. )

The resistor Rg can serve as a temperature compensation for the
circuit, increasing the value of Ry causes the time delay interval to
have a more positive temperature coefficient. The over-all temperature
coefficient can be set exactly zero at any given temperature by careful
adjustment of R;. However, ideal compensation is not possible over a
wide range because of the nonlinear effects involved. To reset the
circuit in preparation for another timing cycle SCR; must be turned off
either by momentarily shorting it with a switch contact or by opening
the DC supply.

8.10.2 AC Powered Time Delay Relay

Figure 8.24 illustrates a time delay circuit using a relay output
with a push button initiation of the timing sequence. In the quiescent
state SCR; is on and relay S, is energized. Contact S;A is closed, short-
ing out the timing capacitor C;. To initiate the timing cycle push button
switch SW, is momentarily closed which shorts SCR; through contact
S;B causing SCR; to turn off. When SW, is released S, is de-energized
and the timing sequence begins. The particular configuration of SW,
and S;B is used to prevent improper operation in case SW, is closed
again during the timing cycle. Capacitor C; is charged through R; and
R, until the voltage across C; reaches the peak point voltage of Q,
causing Q, to trigger. The positive pulse generated across R, triggers
SCR, which pulls in the relay and ends the timing cycle. The timing
cycle can be terminated at any tirae by push button switch SW; which
causes current to flow in R;; thus triggering SCR;. Capacitor C, sup-
plies current through R4 during the instant after the supply is turned
on thus triggering SCR, and setting the circuit in the proper initial state.

(8.6)
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R7 - 100K, 1/2%, 172 WATT
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R9-10Q,1/72 WATT

RIO - 100K, 10 TURN HELIPOT
RII-150Q, 1/2 WATT
RI2-18Q, 1/2 WATT

RI3 - 1.2K, 2 WATT
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Ci- 500pxFD, 50V
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4PDT RELAY
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FIGURE 8.24 VARIABLE TIME CONTROL CIRCUIT

The timing interval is determined by the setting of a precision
ten turn Helipot R;, which may be set from 0.25 to 10.25 seconds in
increments of 0.01 second. The initial setting of 0.25 seconds takes
into account the added series resistance of the time calibration potenti-
ometer R;. Additional series resistance of 100K and 200K may be
added by SW; to extend the time range by 10 seconds and 20 seconds.
A fourth position of SW; open circuits -the timing resistors and thus

Tests of the circuit have shown an absolute accuracy of 0.5% after
initial calibration and a repeatability of 0.05% or better.

8.10.3 Ultra-Precise Long Time Delay Relay -

Predictable time delays from as low as 0.3 milliseconds to over

560 OHMS
A%

150
RI R3 OHMS
IOOM OHMS 390K
( Q2 GE
2.7k 3 2N2646
.001pf
D al GE
8 2N494C
voLT
GEZENER 1C|f 10227 —=C4
z4xLi8 T dur < OHMS T .05t

+28V

¥ GE Al4A
OUTPUT

— 0

y SCR1
- |/ GE CI22F, CISF
OR GE CHF

1

FIGURE 8.25 ULTRA-PRECISE LONG PERIOD TIME DELAY
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3 minutes are obtainable from the circuit of Figure 8.25, without
resorting to a large value electrolytic-type timing capacitor. Instead, a
stable low leakage paper or mylar capacitor is used and the peak point
current of the timing UJT (Q,) is effectively reduced, so that a large
value emitter resistor (R;) may be substituted. The peak point require-
ment of Q; is lowered up to 1000 times, by pulsing its upper base with
a 34 volt negative pulse derived from. free-running oscillator Q,. This
pulse momentarily drops the peak point voltage of Q,, allowing peak
point current to be supplied from C; rather than via R;. Pulse rate of
Q, is not critical, but it should have a period r that is less than .02
(Ry * Cy). With R; = 2000 megohms and C; = 2 pf (mylar), the circuit
has given stable time delays of over one hour. R, is selected for best
stabilization of the triggering point over the required temperature
range. Because the input impedance of the 2N494C UJT is greater than
1500 megohms before it is triggered, the maximum time delay that
can be achieved is limited mainly by the leakage characteristics of C;.

8.104  Time Delay Circuits Utilizing the Programmable
Unijunction Transistor (PUT)

Very simple and precise time delay circuits can be achieved with
the PUT.® Among the important advantages are elimination of calibra-
tion pots, longer time delays and low cost.

8.10.4.1 30 Second Timer

Figure 8.26(a) shows a 30 second time delay using the 2N6028.
Here we are taking advantage of high sensitivity to achieve high values
of timing resistance (30 megs). Calibration has been eliminated by
using 1% components for the intrinsic standoff resistors and also for

the RC timing components. Note the additional use of the compensa-
tion diode 1N4148.

420y START START
—” +20
30MEGS 16k 313‘”‘ 3 16k3 10k
X% S 2N6028 |naigs 3 1% | [HOAP 2neo2r ' "SAMPLING"
1 ¢ — e 1o
10 =k 10 leTk o\ een 0 [ [0 nn
F T @ MEG 31% F k- 2.7 SCR
1% T 5% T $Mes 3%
17 -
C- GE AAIBAIOBC DIODES~IN4148

(a) (b)

FIGURE 8.26 PRE-CALIBRATED 30 SECOND TIMERS

The same performance can be achieved using the 2N6027, as in
Figure 8.26(b). When using the 2N6027, one must either significantly
decrease the value of the timing resistor and increase the capacitance,
or use a sampling scheme as shown here. This is precisely the same
timer as in Figure 8.26(a) with the addition of the 10K resistor, a diode
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and the sampling transistor. A 1KHz pulse train is applied to the base
of the NPN transistor. Each pulse lasts 10 psecs. This modulates the
intrinsic standoff voltage once every 1 millisecond to “take a look™ at
the capacitor voltage. The 2N6027 derives its peak point current from
the capacitor.

Calibration of timers is easier using the PUT. When Ry and Cyp
are not 19, parts, the scheme in Figure 8.27 can be used. Here an
inexpensive, low resistance, trimpot can be used instead of a wire-
wound pot for the time adjustment.

SRy b3
2N6027 LTR,M
% POT
¢ 327 2
’[ T i-MEG b3
1

FIGURE 8.27 CALIBRATION VIA THE “INTRINSIC STAND-OFF RATIO”

8.10.4.2 Long Delay Timer Using PUT

Figure 8.28 shows the use of the PUT’s as both a timing element
and sampling oscillator. A low leakage film capacitor is required for C,
due to the low current supplied to it.

START
+28V o—e »

1OM

2N6027

C C2 L n4aa3 100 PULSE
oy #T
o *- L 2 ® 9 —0

FIGURE 8.28 LONG DELAY TIMER

8.10.5 AG60-Second Time Delay Circuit Switching AC

Figure 8.29 shows a time delay circuit using the triac latching
technique. When capacitor C; charges to the breakover voltage of the
diac, the triac triggers and energizes the load. The time delay is deter-
mined by the time constant of (R; + R,) and C,. To reset the circuit,
capacitor C, is discharged through R4 and S,.
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15K 1k FD

200V
: Tax
FIGURE 8.29 A SIXTY-SECOND TRIAC TIME DELAY CIRCUIT

8.10.6 One Second Delay Static Turn-0ff Switch

An AC-switch with delayed turn-off is shown in Figure 8.30. The
components CR;, R;, CR, and C, supply about —20 V between the
MT; and the gate terminal of the triac, but gate current can only flow
to trigger Q; when SW is closed to forward bias Q, into conduction.
As long as SW is closed Q, is saturated and Q; maintains the load
activated.

120V CR
I
60Hz L
O
CRp
20k (N &
W
Ry
10KQ
2w
LAAA

FIGURE 8.30 ONE SECOND DELAY STATIC TURN-OFF SWITCH
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When SW is opened C, will discharge through R, and the base
emitter junction of Q,, keeping Q, and Q; conducting. As C, dis-
charges, Q, will finally turn off and the triac will commutate at the
next zerc crossing, interrupting the load current.

Changing the time constant C, R, permits the selection of various
turn-off delay intervals.

8.11 NANOAMPERE SENSING CIRCUIT WITH
100 MEGOHM INPUT IMPEDANCE

The circuit of Figure 8.31 may be used as a sensitive current
detector, or as a voltage detector having high input impedance. A sam-
pling technique similar to that described in the previous section is used
to give an input current sensitivity (I;y) of less than 35 nanoamperes.
Input impedance is better than 100 megohms.

+
O—AAA—
INPUT R2
TERMINALS | _  o0M
o
+28V
v
% « Iin 150
1 OHMS
: o]
Q2 GE
CRI
GE 2N2646
L IN 3604 SCRI
Ri<e >} GE y
25K S CISF
OR C22F
OR Ci22
4 ¢ _1
T.ny T .Olpf

FIGURE 8.31 NANOAMPERE SENSING CIRCUIT

Current gain between output and input of the circuit as shown is
greater than (200 X 10—9).

Resistor R, is adjusted so that the circuit will not trigger in the
absence of the current input signal I;y. Iy then charges C, through
the 100 megohm input resistor R, towards the emitter triggering volt-
age of Q,. R,, however, cannot supply the peak point current (2 pA)
necessary to trigger Q;, and this current is obtained from C, itself by
dropping Qy’s triggering voltage momentarily below V,. Relaxation
oscillator Q, supplies a series of .75 volt negative pulses to base two
of Q, for this purpose. The period of oscillation of Q, is not critical
but should be less than .02 times the period of Q,. Capacitor C, can
be kept small for fast response time because C; stores the energy
required to trigger SCR;. Rapid recovery is possible because both
capacitors are charged initially from R;. Some temperature compensa-
tion is provided by the leakage current of CR; subtracting from the
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leakage current of Q,. Further compensation is obtainable by adjusting
the value of Rs. A floating power supply for the UJT trigger circuit
with pulse transformer coupling from Q; to SCR;, enables one of the
two input terminals to be grounded, where this may be desirable.

8.12 MISCELLANEOUS SWITCHING CIRCUITS USING
GE LOW CURRENT SCR’S

The C103 C5, C6 and C106 series of SCR’s have a high gate
sensitivity. Gate triggering can therefore be achieved from such low
level elements as thermistors and light sensitive resistors. When used
as a gate amplifier for the higher rated SCR’s, either of these devices
makes possible a multitude of solid state thyratron tube analogues.
The C5 SCR is also suitable for use as a very high voltage remote-base
- transistor. For more detailed application-information on the low cur-
rent SCR’s, see Reference 5.

8.12.1 Dual Output, Over-Under Temperature Manitor

The circuit of Figure 8.32 is ideal for use as an over-under tem-
perature menitor, where its dual output feature can be used to drive
“HIGH” and “LOW” temperature indicator lamps, relays, etc.

FOR INDUCTIVE LOADS
CR2 r- -1
o GEAIAA !

LOAD # 2

mscn GE
o ) CloeY

CR3
GE Al4A LOAD #1 N
T

NOTES: (1) T1:6.3 FILAMENT Lt
TRANSFORMER

(2) T: GE2D052 THERMISTOR

FIGURE 8.32 TEMPERATURE MONITOR

T, is a 6.3 volt filament transformer whose secondary winding is
connected inside a four arm bridge. When the bridge is balanced, its
AC output is zero, and the C5 (or C7) receives no gate signal. The
bridge’s DC resistance is sufficiently low to stabilize the SCR during
forward blocking periods.* If now the bridge is unbalanced by raising
or lowering the thermistor’s ambient temperature, an AC voltage will
appear across the SCR’s gate cathode terminals. Depending in which
sense the bridge is unbalanced, positive gate voltage will be in phase
with, or 180° out of phase with the AC supply. If positive gate voltage
is in phase, SCR will deliver load current through diode CR; to load (1),
diode CR, blocking current to load (2). Conversely, if positive gate

*See Section 4.3.6 ‘“Negative Gate Biasing.”
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voltage is 180° out of phase, diode CR, will conduct and deliver power
to load (2), CR; being reverse biased under these conditions. CR3 pre-
vents excessive negative voltage from appearing across the SCR’s
gate/cathode terminals. With component values shown, the circuit will
respond to changes in temperature of approximately 1-2°C. Substitu-
tion of other variable-resistance sensors, such as cadmium sulphide
light dependent resistors (LDR) or strain gauge elements, for the ther-
mistor shown is of course permissible. The balanced bridge concept of
Figure 8.31 may also be used to trigger conventional SCR-series load
combinations. As a low power temperature controller for instance, a C5
could be used to switch a heater element, with a thermistor providing
temperature feedback information to the trigger bridge.

For more information on temperature controls see Chapter 12 on
zero voltage switching.

8.122 Mercury Thermostat/SCR Heater Control

The mercury-in-glass thermostat is an extremely sensitive measur-
ing instrument, capable of sensing changes in temperature as small as
0.1°C. Its major limitation lies in its very low current handling capa-
bility — for reliability and long life, contact current should be held
below 1 mA. In the circuit of Figure 8.33 the General Electric C5B or
C106B SCR serve as both current amplifier for the Hg thermostat and
as the main load switching element.

100 WATT HEATER LOAD
g p Ny -

GE c58
R
closs 120 VAC
60 CPS
GE A14B
CRI — CR4

|u TWIST LEADS TO MINIMIZE
PICKUP

o
4// HG IN GLASS THERMOSTAT

(SUCH AS VAP AIR DIV. 206-44
SERIES; PRINCO # Ti4l, OR
EQUIVALENT)

FIGURE 8.33 TEMPERATURE CONTROLLER

With the thermostat open, the SCR will trigger each half cycle
and deliver power to the heater load. When the thermostat closes, the
SCR can no longer trigger, and the heater shuts off. Maximum current
through the thermostat in the closed position is less than 250 yA rms.
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8.12.3 Touch Switch or Proximity Detector

The circuit shown in Figure 8.34 is actuated by an increase in
capacitance between a sensing electrode and the ground side of the
line. The sensitivity can be adjusted to switch when a human body is
within inches of the insulated plate used as the sensing electrode. Thus,
this circuit can be used as an electrically-isolated touch switch, or as a
proximity detector in alarm circuits.

LOA
115 VOLTS
60Hz >,
Sgg IM/? GE
cloéB

(e} &
ALL RESISTORS I/4 WATT

D

TO
SENSING
ELECTRODE

FIGURE 8.34 TOUCH SWITCH OR PROXIMITY DETECTOR

The GE 2N6027 Programmable Unijunction Transistor (PUT),
will switch “ON” when the anode voltage exceeds the gate voltage by
an amount known as the trigger voltage (approximately 0.5 volts). This
anode voltage is clamped at the “ON” voltage of the diac (ST2). As
the capacitance between the sensing electrode and ground increases
(due to an approaching body), the angle of phase lag between the
anode and gate voltages of the D13T increases until the voltage differ-
ential at some time is large enough to trigger this PUT. Because the
anode voltage is clamped, it is larger only at the beginning of the cycle;
hence, switching must occur early in the cycle, minimizing RFI.

Sensitivity is adjusted with the I megohm potentiometer which
determines the anode voltage level prior to clamping. This sensitivity
will be proportional to the area of the surfaces opposing each other.

8.124 Voltage Sensing Circuit

A low cost voltage or threshold detector is shown in Figure 8.35.
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+25V FULLWAVE
RECTIFIED DC

ng o,
CRp
Al4F
NO.382
4 CRg
Al4F 2
—o

FIGURE 8.35 LOW COST VOLTAGE DETECTOR

When +25 V DC (full wave rectified) is applied between terminal
#1 and 2, current will flow through Ry, L,, CR; and CR,. L, will be
illuminated and L, will be dark. As soon as a voltage is applied between
terminals #3 and 4 (3 positive) and a threshold of about 2.8 V is
exceeded SCR; will turn on, actuating L. L, will be turned off because
Of CR5.

The threshold voltage can be increased by adding more diodes to
CR,, CR; and CR, or replacing them by a zener diode.

This circuit is useful in detecting the voltage across an SCR in
the on or off positions or indicating the output state of an operational
amplifier, etc.

8.12.5 Single Source Emergency Lighting System

An emergency lighting system which maintains a 6 volt battery
at full charge and switches automatically from the AC supply to the
battery is shown in Figure 8.36.
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CRy SELECT TO GIVE DESIRED CHARGE
Al4F Ry RATE (VALUE AND WATTAGE)
L g AN
SCR,
CR, Cl06YI
Al4F
° >
AC 6.3V
INPUT
:(E):;TGZO 63v| °R3
AlaF 6V R2 K =
© T B LAMP 150 = BATTERY
|

FIGURE 8.36  SINGLE SOURCE EMERGENCY LIGHTING SYSTEM

Transformer T; and diodes CR, and CR; supply DC voltage for
the 6 V lamp load. CR, and R, supply the battery with charging cur-
rent, which can be varied by R;. The anode and gate of SCR; are kept
at the battery voltage, while the cathode of SCR; is kept at a higher
potential by C;. Should the voltage on the cathode of SCR; fall below
the battery voltage due to interruption of the AC input, SCR, will
trigger and supply the lamp with power from the battery. When the
AC reappears, SCR; will turn off automatically and the battery will
re-recharge.

8.12.6 Liguid Level Control

When it is desirable to keep the fluid level of a liquid between
two fixed points, this hybrid control is extremely useful. The control
takes advantage of the best characteristics of both power semiconduc-
tors and electromechanical devices.

Two modes, for filling or emptying are possible by simply revers-
ing the contact connections of K; as shown in Figure 8.37.

AlaF ¥

1}

- —-— HIGH LEVEL

~— — -4 ——LOWLEVEL

FIGURE 8.37 LIQUID LEVEL CONTROL
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The loads can be either electric motors or solenoid operated valves,
operating from AC power. Liquid level detection is accomplished by
two metal probes, one measuring the high level and the other the low
level.

The relay K, is energized by Q; which is controlled by Q,, a PUT,
whose gate form the detector. The PUT is normally off but when liquid
rises to the high probe level, the impedance of the liquid creates a volt-
age divider and the PUT triggers. When the PUT conducts it turns on
Q, which will pick up K;. K; will turn on Qg activating the load and
will also arm the low level probe which holds the circuit on until the
liquid level drops below this probe. At this time the circuit is de-ener-
gized, turning off the load. .

An inversion of the logic (keeping the container filled) can be
accomplished by replacing the normally open contact on the gate of
Q; with a normally closed contact.

8.13 THYRATRON REPLACEMENT

A thyratron tube is characterized by a very high signal input
impedance, low pick-up and drop-out currents, and good power han-
dling capabilities. On the other hand, it is fragile, requires filament
power, is frequency limited by a long deionization time, and has a
fairly high forward drop. While the solid-state equivalents to this
device, using the C5 as a trigger element for a larger size SCR, can
match the thyratron in input impedance, current handling ability and
low pick-up current, they possess none of the gas tube’s limitations.
At the present time, however, the maximum forward blocking voltage
attainable using a single C5 is 400 volts. This can be increased by
series connecting additional SCR’s (see Chapter 6).

|

|

: GRID-CATHODE VOLTAGE
3
!
|
[

9 ;
GE | ——

"GRID"

TIME

(100Q)

CRI——GE AI4D CATHODE
(a) Equivalent Circuit (b) Grid Voltage Waveforms

FIGURE 8.38 SIMPLE THYRATRON REPLACEMENT

Referring to Figure 8.38; with a negative potential on grid ter-
minal “G”, stabilizing gate bias is provided through R1 and R3 for the
C5. When the “Grid” is driven positive, however, a maximum current
of 200 microamps will trigger the smaller SCR into conduction. The
C35D is triggered in turn by the C5, and can conduct up to 25 amps
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rms load current. With the voltage grades shown, the “device” is capa-
ble of blocking voltages up to 400 volts. Over-all pick-up current is
determined by the C5 rather than by the C35, a useful feature when
the “thyratron” is operating into a highly inductive load. Diode CR,
prevents transistor action in the C5 if positive grid voltage should coin-
cide with negative anode potential.

General Electric is manufacturing the S26 and S27 solid state
thyratrons which are 200 volt devices, but higher voltage devices such
as the SL-3 and SL-4 and custom designs are available. (For more
information on solid state thyratrons see also Reference 7.)

8.14 SWITCHING CIRCUITS USING THE C5 OR C106
SCR AS A REMOTE-BASE TRANSISTOR

8.14.1 “Nixie”® and Neon Tube Driver

The C5 SCR, when biased as a remote-base transistor (for detailed
information on remote-base transistors see Chapter 1), makes an excel-
lent high voltage transistor suitable for driving Nixie, neon and other
type of high voltage digital readout displays. Collector voltage rating
of the equivalent transistor equals or exceeds the Vpp px, rating of
the parent SCR (400 volts) while the common emitter current gain is
approximately two (2). The circuit Figure 8.39 is self-explanatory; note
however the connections to the C5 terminals. Where a memory feature
is desirable (pulse initiation with load remaining energized until reset
externally), the same basic circuit may be used, but with the C5 con-
nected conventionally as an SCR.

® Trademark Burroughs Corporation.
B+ = +180 VOLTS

AAA—o
R,= 10K
® NixiE TuBE | Tvpe 6gaan L ©

220S 220S 2205 220 —_— - - —
K K K K ,
TUBE "ON" TUBE "OFF" COLLECTOR
5 9 9 ,9 9 (C5 ANODE)
L SCR'S: GE C50X142

‘\\ EMITTER __i'_

INPUT (C5 GATE)
INPUT

INPUT BASE

INPUT (C5 CATHODE)

FIGURE 8.39 TRANSISTORIZED NIXIE® DRIVER

8.14.2 Electroluminescent Panel Driver

Either of the circuits of Figure 8.40 may be used to drive the
elements of an electroluminescent display panel, depending on the input
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logic required. Here, the high voltage capabilities of the C5 SCR are
again combined with its usefulness as a transistor, in this case a
symmetrical transistor, to control full-wave AC drive at high voltage
and frequency, low current.

EL

ELEMENT

)
[}
BLEEDER
MAY BE
___S REQUIRED
GE

AC SUPPLY 230V RMS
C5DXI42 60 TO 2K HERTZ

_ K 4

3v g SWITCH
T
(a) Series Drive — No Signal, Display ‘‘Off”
RS
A%
GE l
C5D0x142
AC SUPPLY 230V RMS
EL ? 60 TO 2K HERTZ
—NMNWN—
SWITCH -_
3V =

(b) Shunt Drive — Mo Signal, Display ‘‘On’’

FIGURE 8.40 ELECTROLUMINESCENT PANEL DRIVER
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AC PHASE CONTROL

AC PHASE CONTROL

9.1 PRINCIPLE OF PHASE CONTROL

“Phase Control” is the process of rapid ON-OFF switching which
connects an AC supply to a load for a controlled fraction of each
cycle. This is a highly efficient means of controlling the average power
to loads such as lamps, heaters, motors, DC suppliers, etc. Control is
accomplished by governing the phase angle of the AC wave at which
the thyristor is triggered. The thyristor will then conduct for the
remainder of that half-cycle.

There are many forms of phase control possible with the thyristor,
as shown in Figure 9.1. The simplest form is the half-wave control of
Figure 9.1(a) which uses one SCR for control of current flow in one
direction only. This circuit is used for loads which require power con-

o P

{CoAD }
o 9 RECTIFIER

CONTROL|
SWITCH
CONTROLLED HALF-WAVE CONTROLLED HALF PLUS

FIXED HALF-WAVE
(a) (b)
{LoAD

Rava SCRy
D @ SCR2
conTROL[ |

CONTROLLED FULL WAVE
(c)

BRIDGE RECTIFIER yava N

%iF %x

.
i | t=-0c LoAD
1
18

@SCR

CONTROLLED FULL WAVE CONTROLLED FULL WAVE FOR AC OR DC
(e) (f)

FIGURE 9.1 BASIC FORMS OF AC PHASE CONTROL
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trol from zero to one-half of full-wave maximum and which also permit
(or require) direct current. The addition of one rectifier, Figure 9.1(b),
provides a fixed half-cycle of power which shifts the power control
range to half-power minimum and full-power maximum but with a
strong DC component. The use of two SCR’s, Figure 9.1(c), controls
from zero to full-power and requires isolated gate signals, either as two
control circuits or pulse-transformer coupling from a single control.
Equal triggering angles of the two SCR’s produce a symmetrical output
wave with no DC component. Reversible half-wave DC output is
obtained by controlling symmetry of triggering angle.

An alternate form of full-wave control is shown in Figure 9.1(d).
This circuit has the advantage of a common cathode and gate connec-
tion for the two SCR’s. While the two rectifiers prevent reverse voltage
from appearing across the SCR’s, they reduce circuit efficiency by their
added power loss during conduction.

The most flexible circuit, Figure 9.1(e), uses one SCR inside a
bridge rectifier and may be used for control of either AC or full-wave
rectified DC. Losses in the rectifiers, however, make this the least effi-
cient circuit form, and commutation is sometimes a problem (see Sec-
tion 9.3). On the other hand, using one SCR on both halves of the AC
wave is a more efficient utilization of SCR capacity, hence the choice
of circuit form is based on economic factors as well as performance
requirements.

By far the most simple, efficient and reliable method of controlling
AC power is the use of the bidirectional triode thyristor, the triac, as
shown in Figure 9.1(f). Triac characteristics are discussed in Chapter 7.
The fact that the triac is controlled in both directions by one gate and
is self-protecting against damage by high-voltage transients has made
it the leading contender for 120 and 240 VAC power control up to
6 KW at this writing.

9.2 ANALYSIS OF PHASE CONTROL

Rectifiers and SCR’s are rated in terms of average current since
this is easily found by a DC ammeter. Most AC loads are more con-
cemned, however, with the RMS, or effective, current, which is why
triacs are rated in terms of RMS current.

Figures 9.2 and 9.3 show the relationships as a function of phase-
angle, @, at turn-on, of average, RMS, and peak voltages as well as
power in a resistive load. Since the SCR is a switch it will apply this
voltage to the load, but the value of current will depend on load
impedance.

As an example of the use of these charts, suppose it is desired to
operate a 1200 watt resistive load, rated at 120 volts, from a 240 volt
supply. Connection of this load directly to the supply would result in
4800 watts, therefore the desired operation is at ¥ maximum power
capability. We may use, for this case, either a half-wave or full-wave
form of control circuit.

Starting with the half-wave case and Figure 9.2, the % power
point is a triggering phase angle of 90 degrees. Peak output voltage
Epq is equal to peak input voltage, 1.41 X 240 volts or 340 volts.
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FIGURE 9.2 HALF-WAVE PHASE CONTROL ANALYSIS CHART

[) [
10 e
L N1 Epo N
- =P0
Ep
3 N
N
8
\
.7 \
] \
\
J
'6 — \
5
LN ERMS
T TS~ P
~
N \
4 -
p Lo h N
FULL-WAVE (R LOAD) 5.~ N
318 N, K \
3 < :
P N
- N
N
.2 ‘\
Eave ] N N \
Ep N ~N \
N
I .
\
o
[o] 20° 40° 60° 80° 90° 100° 120* 140* 160°

180°

233



SCR MANUAL

0ddly enough, the RMS voltage is .353 X 340 volts or 120 volts. Aver-
age voltage is .159 X 340 volts or 54 volts, which would be indicated
by a DC voltmeter across the load. Since the load resistance is 12 ohms
(1202/1200), peak current is 340/12 = 28.3 amperes; RMS current is
120/12 = 10 amperes; and average current is 54/12 = 4.5 amperes,
which would be indicated by a DC ammeter in series with the load.
Power is Eqys X Igys (since the load is pure resistance) which is 1200
watts. Note carefully that E v¢ X Isve is 243 but is not true power
in the load. The SCR must be rated for 4.5 amperes (average) at a con-
duction angle (180 — «) of 90 degrees. Furthermore, the load must be
able to accept the high peak voltage and current, and the line “power-
factor” is 0.5 (if defined as PLOAI) - ELINE X ILINE RMS)'

The other alternative is a symmetrical full-wave circuit, such as
Figure 9.1(c), for which Figure 9.3 is used. The phase-angle of trig-
gering is found to be 113 degrees for V4 power. Peak voltage is .92 X
340 = 312 volts, only a slight reduction from the half-wave case. RMS
voltage is again .353 X 340 = 120 volts. Average voltage is zero, pre-
suming symmetrical wave form. RMS current is 10 amperes and power
is 1200 watts, but peak current has been reduced to 26 amperes. To
determine rating required of the two SCR’s, each can be considered as
a single half-wave circuit. From Figure 9.2, the average voltage, at
113 degrees, is .097 x 340 = 33 volts. Average current in each SCR
is then 33/12 = 2.75 amperes at a conduction angle of 180 — 113
= 67 degrees.

In the case of a bridged SCR circuit, Figure 9.1(e), used for this
same load, the average current through each rectifier is 2.75 amperes
but the average current through the SCR is 5.5 amperes, corresponding
to a total conduction angle of 134 degrees.

If a triac were used, its RMS current would of course be 10
amperes with a conduction angle of 67 degrees each half cycle, for a
total conduction angle of 113 degrees. This corresponds to either two
SCR’s in inverse parallel or one SCR and four diodes in a bridge, but
the triac has reduced the power components to just one.

Of particular importance to note in the analysis charts is the non-
linearity of these curves. The first and last 30 degrees of each half-
cycle contribute only 6 per cent (1.59, each) of the total power in each
cycle. Consequently, a triggering range from“30° to:-150° will produce
a power-control range from 39 to 979 of full power, excluding volt-
age drop in the semiconductors.

Figure 9.4 shows a large variety of SCR circuits for the control

"of DC and AC loads, along with the appropriate equations for voltages
and currents. This information may be used in the selection of the best
circuit for a particular use, and for determining the proper ratings of
the semiconductors. Figure 9.4 is from reference 8, which also gives
the approach for derivation of the equations shown in the chart.
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FIGURE 9.4 (CONTINUED)
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AC PHASE CONTROL

9.2.1 AC Inductive Load Phase Control

The above discussion considered a phase controlled resistive load
and using Figures 9.2 and 9.3 derived the required information to
properly size the SCR’s. In the real world most loads have some
amount of inductance. Motors, solenoids; transformers and even some
“resistive” heaters have inductive components as a part of their imped-
ance. The effect of this reactance is that the RMS to average current
ratio is lowered. In lowering this ratio, the dissipation of the device is
also lowered and higher average currents can be safely passed through
the SCR.

Figure 9.5 shows inverse parallel SCR’s controlling a resistive
load. Also shown are the associated current and voltage waveforms.
The average current through either SCR is the average of that portion
of the load-current waveform either above or below zero. It is on this
waveform of current that the SCR rating is based.

] -
e
=D

VOLTAGE I\ r\ T
4 4

N N il

LOAD o
CURRENT V Vv

FIGURE 9.5 FULL-WAVE PHASE CONTROL OF RESISTIVE LOAD

Figure 9.6 shows such a rating. This is a curve of the average
current versus maximum case temperature for a 235 ampere (RMS),
C180 type SCR. Note that for different retard angles (nonconducting
portion of the cycle) the maximum-allowable average current differs.
This is due to the form factor (RMS/avg) changing with retard angle.
Figure 9.7 shows how form factor changes with retard.angle for a
resistive load. Let’s coordinate Figures 9.6 and 9.7. Note from Figure
9.7 that at 0 degree retard angle (full-cycle conduction) the form factor
is 1.57. In order to maintain the maximum rated 235 Amps (RMS), the
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average current must be limited to 150 amperes average (235/1.57 =
150). At 150 degree retard angle, the form factor is approximately 4,
thus dictating a maximum average current of approximately 60 Amps.
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SCR \
\\
\ 5
*RETARD ANGLEb—-l °
125 /
1 —
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we 3 ~ o~ ~~— e 7
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3
]
. L1
25 50 75 K 125 150 175 200 225 250 0 20 40 6 80 100 120 140 160
AVERAGE FORWARD CURRENT (AMPS) RETARD ANGLE (DEGREES)

FIGURE 9.6 AVERAGE FORWARD CURRENT  FIGURE 9.7 FORM FACTOR VERSUS RETARD
VERSUS CASE TEMPERATURE FOR ANGLE FOR PHASE-CONTROLLED
TYPE C180 SCR RESISTIVE LOAD

If the load is slightly inductive, as in Figure 9.8, the waveforms
change as shown. Note that the current waveform has been “softened”
considerably. As expected, this softening improves (lowers) the form
factor because the peak of the current waveform is reduced and its
duration extended. Figure 9.9 shows the variation of form factor with
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FIGURE 9.8 FULL-WAVE PHASE CONTROL OF FIGURE 9.9 FORM FACTOR VERSUS RETARD
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242



AC PHASE CONTROL

retard angle for loads of different lagging power factor. Note the sig-
nificant improvement in form factor at large retard angles with a
slightly inductive load. At a retard angle of 150 degrees, a 25-percent
reduction (improvement) in form factor is realized by changing the load
power factor from unity to 0.9 inductive; better than 15-percent reduc-
tion in form factor is realized from a 0.98 power-factor load. Form
factor decreases even more for power factors less than 0.9. This
improvement in average-current capability at large retard angles can
be quite significant. This is particularly true when using high-current
SCR’s, where 10, 20 or 40 Amps of additional capability can be a sub-
stantial economic factor. With the introduction of high-voltage (1000v
to 2600v) SCR’s, this additional current capability represents a substan-
tial amount of additional kva handling capability.

Now you might say, “This is all fine, but I'm still saddled with the
same old rating curves.” This is true, but there’s a suggestion on how
to use these curves when the load is somewhat inductive. The procedure
for determining the approximate amount of increase is as follows:

A. Average Current Versus Case Temperature

1. Locate curve on spec sheet for retard angle in question.
2. Determine new maximum average current from relationship.
Iavg(max) — Irms(max)
Fppa
where:

Lims(max) = Maximum-rms-current rating of SCR (from spec
sheet)
Fpp,, = Form factor at given lagging power factor (PF)
and retard angle («)
3. Draw maximum-average-current cutoff line as shown in
Figure 9.10
4. Plot remainder of curve by determining distance X:

F
X(OC) = (FPF@) (Tc(max) - c(ss))

1.0,a
Fpp o = Form factor for power factor and retard angle
in question
F;.0. = Form factor for unity power factor and retard
angle in question
Te(maxy = Max allowable case temperature
T.(ssy = Case temperature curve from spec sheet
B. Average Current Versus Average
Power Dissipation
1. Locate curve from spec sheet for retard angle in question.
2. Mark maximum average current on curve as previously
calculated in A.2. See Figure 9.11.
3. Plot curve by determining distance Y:

Y (watts) = (&M) P,
Fl.O,a
where:

P,, = Power dissipation curve from spec sheet
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Figure 9.12 shows a set of actual curves for the C180 used with
a 0.9 P.F. load at 150° conduction. Note the 25% improvement in
current carrying capability and reduced power dissipation.
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9.2.2 Using Thyristors on Incandescent Lamp Loads

When incandescent lamps are switched on, there is a large cur-
rent surge for the first several cycles. The ratio of surge or inrush to
operating currents are, theoretically, inversely proportional to the fila-
ment’s hot to cold resistance. Typical supply circuits of 100 to 200 kva
capacity have given inrush currents of up to 25 times operating current.
Time constants of inrush current decay for typical large lamps are on
the order of 5 to 20 cycles of 60 Hertz line frequency.

Figure 9.13 shows a typical oscillogram of a GE 1500 watt pro-
jection lamp inrush current.

(a) Decay of Inrush Current
(Scale: 40 A/Division)

(b) Top: Inrush Current
Bottom: Voltage Showing Switch
Closure at Approximately 85
Electrical Degrees
(Current Scale: 100 A/Division)

FIGURE 9.13 INCANDESCENT LAMP INRUSH CURRENT

From Figure 9.13 it can readily be seen that the inrush surge is an
important consideration. Thyristors typically have a capability for
inrush for ratios of inrush to operating current anywhere from 8:1 to
12:1. It is important to note that lamp inrushes can be considerably
higher. Table 9.1 presents lamp theoretical inrush currents for several
of the more common lamps. In order to allow the designer to properly
allow for this inrush Table 9.2 shows a list of recommendations of
which thyristors should be used for a given lamp load.

Theoretical
Amps. Hot/Cold
Wattage Voriene Type Steady Siate | Resistance P o
Rated Voltage Ratio (Amps)
6 120 Vacuum 0.050 124 0.88
25 120 Vacuum 0.21 135 4.05
60 120 Gas Filled 0.50 13.9 9.70
100 120 Gas Filled 0.83 143 17.3
100 (proj) 120 Gas Filled 0.87 =155 19.4
200 120 Gas Filled 1.67 16.0 40.5
300 120 Gas Filled 2.50 15.8 55.0
500 120 Gas Filled a.17 16.4 97.0
1000 120 Gas Filled 8.3 16.9 198.0
1000 (proj) 115 Gas Filled 8.7 =180 221.0

TABLE 9.1 Inrush Characteristics of Several Common Lamps
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This table has been subdivided into four columns showing both
120 and 240 volt wattages. The table is then further divided into
house wiring and industrial/commercial wiring. The house wiring
column includes the limiting effect of a standard 20 ampere household
circuit, whereas the industrial/commercial column assumes a zero
impedance line. The final assumption of the table is that the lamps are
normal incandescent lights and not high brightness types such as are
used in projection systems. To use the projection bulbs the thyristor
capability must be reduced at least an additional 109%.

PERMISSIBLE LAMP WATTAGE
120 Volt Line 240 Volt Line
i Industrial,
Devices House t!:&?:?;lgi'a/l House eowma.’.

Two C103's * 60 60
Two C106's * 150 150 300 300
$C35/36 360 180 720 360
$C40/41,5C240/241 - 600 250 1,200 500
SC141 600 480 1,200 960
$C45/46,5C245/246 1,000 450 2,000 900
SC146 1,000 600 2,000 1,200
18€50/51,5€250/251 1,200 600 2,400 © 1,200
SC60 . 2,000 1,300 4,000 2,600
Two C45/46’s 3,400 7,800
Two €50/52’s 5,000 10,000
Two €350’s 7,500 15,000
Two C178’s 12,500 25,000
Two C180's 17,500 35,000
Two €290,1’s 1 27,500 55,000
- Two C530’s ! - 50,000 - 100,000

* Ballast Resistor Must Be Used In Series With Load—See Application Note 200.53.

TABLE 9.2 Maximum Lamp Wattage For Thyristors

9.3 COMMUTATION IN AC CIRCUITS

Commutation of the thyristor in AC circuits is usually no problem
because of the normal periodic reversal of supply voltage. There are
cases, however, which can lead to failure to commutate properly as
the result of insufficient time for turmn-off, or of excessive dv/dt of
reapplied forward voltage, or both. Supply frequency and voltage, and
inductance in load or supply, are determining factors.
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Consider the inverse-parallel SCR circuit of Figure 9.14, with an
inductive load. At the time that current reaches zero so that the con-
ducting SCR can commutate (point A), a certain supply voltage exists
which must then appear as a forward bias across the other SCR. The
rate-of-change of this voltage is dependent on inductance and capaci-
tance in the load circuit, as well as on reverse recovery characteristics
of the SCR’s. In certain cases, an L di/dt transient may be observed
as the result of the SCR turning off when current drops below holding
current, I;. The addition of a series RC circuit in parallel with the
SCR’s, or with the load, can reduce the dv/dt to acceptable limits.
The magnitude of C is determined by the load impedance and the
dv/dt limitation of the SCR. The value of R should be such as to damp
any LC oscillation, with a minimum value determined by the repetitive
peak SCR current produced when the SCR’s discharge the capacitor.
Design data for dv/dt protection circuits is covered in depth in Sec-
tion 16. 3

Ry Gt
A=
[\ SUPPLY VOLTAGE
>}
& LOAD CURRENT
o—rv
T
LoAD \'{
R| VOLTAGE N s

TRANSIENT

FIGURE 9.14 SUPPRESSION OF DV/DT AND TRANSIENTS FOR INDUCTIVE LOAD

An alternate solution is, obviously, the use of SCR’s capable of
turning off in a short time with a high applied dv/dt and a high volt-
age. In high-power circuits, this is often the best approach because of
the size and cost of adequate RC networks.

Inductive AC loads in the bridged SCR circuit of Figure 9.15
have a slightly different effect. The rapid reversal of voltage at the
input terminals of the bridge rectifier not only represents a high dv/dt,
but it also reduces the time available for commutation. If the rectifiers
used in the bridge have slow reverse-recovery time, compared with
turn-off time of the SCR, the reverse-recovery current is usually enough
to provide adequate time for commutation. Where this is not practical,
a series R,C, circuit at the input terminals of the bridge may be used.
An atlernate form of suppression is to use RyC, across the SCR, which
will limit dv/dt, but a resistor R; is then required to provide a circu-
lating current path (for current on the order of Iy) to allow sufficient
commutating time. If capacitor C, is large, it can provide holding cur-
rent to the SCR during the normal commutation period, and thus
prevent turn-off until the capacitor is discharged.
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FIGURE 9.15 SUPPRESSION OF DV/DT AND INCREASING TURN-OFF TIME

The inductive AC load has a similar effect upon the commutation
of the triac, and the solution is to either obtain a faster triac or suppress
dv/dt with an RC network. This is discussed further in Section16.3.

Inductive DC loads often require the addition of a free-wheeling
diode, D, in Figure 9.16, to maintain current flow when the SCR is
OFF. When an inductive DC load is used in the bridge circuit, Figure
9.16(c), the inductance causes a holding current to flow through the
SCR and the bridge rectifier during the time line voltage goes through
zero, preventing commutation. The addition of a free-wheeling diode,
D,, is required to by-pass this current around the SCR. The average
current rating required for the diode D, is % maximum average load
current for (a) and ¥ maximum average load current for (b) and (c).

FIGURE 9.16 FREE-WHEELING DIODE BY-PASSES HOLDING CURRENT

248



AG PHASE CONTROL

9.4 BASIC TRIGGER CIRCUITS FOR PHASE CONTROL

Any of the relaxation oscillator pulse generators described in
Chapter 4 may be adapted to phase control work. Since these are simply
timing circuits, provision must be made for synchronizing them with
the AC supply. This is usually done by taking the oscillator input volt-
age from the supply. There are many ways of connecting the various
versions of the basic oscillator circuit, using the different semiconductor
triggering devices and the thyristor, supply, and load circuits. Each
combination has unique properties which must be considered in the
selection of a circuit to perform a desired function.

9.4.1 Half-Wave Phase Control

The circuit of Figure 9.17 uses the basic relaxation oscillator to
trigger the SCR at controlled triggering angles, &, during the positive
half-cycles of line voltage. Since the adjustable resistor R; may go to
zero resistance, diode D, is used to protect the triggering device and
the gate of the SCR during the negative half-cycles. Certain triggering
devices will permit the use of a fixed resistor R, instead of the diode,
as will be shown later.

The waveforms of supply voltage, e, and voltage V, across the
capacitor are shown in Figure 9.18. The magnitudes of R,, C, E;, and
Vg determine the rate of charging the capacitor and the phase angle, a;,
at which triggering occurs. The earliest and latest possible triggering
angles which can be obtained are indicated by a; and a, on the wave-
forms of Figure 9.18. If the switching current, I (see Chapter 4), of
the trigger device is considered, the following relationships exist:

Vs = E, sin a; 9.1)
and
Vs + ISRI = Ep sin *o (9.2)

Since the maximum useful value of R, produces triggering at a,,
R, may be calculated for given values of e, C and Vg, but ignoring Ig
for the moment, using the following equation:

2E

Ri=—F"2— 9.3
' Vs — Vo) 63
Conversely, the peak voltage across the capacitor is
2E
— = .
Vep oR, C + Vo (9.4)
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FIGURE 9.18 WAVE FORMS FOR FIGURE 9.17 (WITH D, AND SUS)

Equations 9.3 and 9.4 assume a low value of Vg compared with
E,, as would be the case when using an SUS trigger device on a 120
volt AC line.

From equation 9.4 it can be seen that the residual (or initial) volt-
age, V,, left on the capacitor has a pronounced effect upon this simple
trigger circuit. The residual voltage, V,,, is usually the sum of the mini-
mum holding voltage, Vg, of the trigger, and the gate-to-cathode source
voltage, Vg, which appears when the SCR turns on.

If the switching voltage is not reached during one positive half-
cycle, the trigger device does not switch and a high residual voltage is
left on the capacitor. The result, as shown in Figure 9.18(b) is “cycle-
skipping” as the capacitor continues to charge each positive half-cycle
until the trigger device switches. If the range of R, can be limited so
that triggering always occurs each half-cycle under worst-case tolerance
conditions of minimum E,, minimum C, maximum Vg, minimum Ig,
and minimum Vg, this cycle-skipping can be avoided. On the other
hand, with the opposite tolerance conditions, the latest possible trig-
gering angle may produce an unacceptable minimum power in the load.

The ultimate solution to cycle-skipping is to automatically reset
the capacitor to a known voltage, V, a the end of each half-cycle even
though Vg was never reached. One way of doing this is to substitute
resistor R, in the place of diode D, in Figure 9.17. This causes the
capacitor voltage to reverse on the negative half-cycle, yielding a nega-
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tive value of V, at the start of the positive half-cycle. If the triggering
device does not conduct during the negative excursion of V, then Vg
will be predictable for any given value of R,. This connection provides
one cycle for the residual voltage on C to decay, and eliminates cycle
skipping. If the triggering device conducts when V, is negative, a
second diode, D,, may be used to clamp V to approximately —1 volt
during the negative half-cycle.

If a bilateral trigger is used, such as the SBS or a Diac, the
diode D, is not required (provided R, adequately limits the negative
current) but V,, at the beginning of the positive half-cycle, will depend
on the number of oscillations occurring during the negative half-cycle,
hence upon setting of R,. Changing R; will make an integral change
in the number of negative oscillations, hence will make step changes
in V. This action results in step changes in triggering angle.

Automatic reset of capacitor voltage is achieved in the circuits of
Figure 9.19 by forcing the triggering device to switch at the end of the
positive half-cycle. In circuit (a), resistor R, provides a negative current
out of the gate of the SUS (see Chapter 4) when the line voltage goes
negative, thus causing the SUS to switch and discharge the capacitor.

Dy

T o ‘
(880W)
120 VAC
=)

®8ow) Sk
(Al4D) R2 (240 VAC)
$ 220
120 V RI (470K) scr Y
(240V) 500K Q
OHz (IMEG)

&/
L

(b)
SCR=GE(CZOB) Ry SOK OHMS

ci
ozpi T C20D 0.1 MFD
. QyGE 2N2646 R 47 OHMS

Ro: 33K OHMS D}:AI4B(AI4D)

{a)
NOTE: VALUES IN PARENTHESES APPLY FOR 240 VAC SUPPLY

FIGURE 9.19 HALF-WAVE PHASE CONTROL WITH CAPACITOR RESET

Since the switching voltage of the unijunction transistor is a func-
tion () of the interbase voltage, the capacitor in circuit (b) is reset
through the U]JT at the end of the positive half-cycle when the inter-
base voltage dips toward zero.

In the preceding examples, the supply voltage for the triggering
circuit collapses when the SCR turns on. This connection avoids multi-
ple oscillations and permits decreasing R, to zero without damage to
the control circuit. If the triggering circuit were connected directly to
the supply voltage instead of to the SCR anode, a fixed resistor, approxi-
mately 5000 ohms, in series with R, would be required to limit current.

Since this latter connection changes the control circuit from a two-
terminal to a three-terminal circuit, wiring considerations in certain
applications may prohibit its use.
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9.4.2 Full-Wave Phase Control

Either of the half-wave control circuits of Figure 9.19 may be
used for full-wave power control by connecting them “inside” the
bridge rectifier circuit shown in Figure 9.1(e). The UJT circuit of Fig-
ure 9.19(b) requires no modification for this use, but the SUS circuit (a)
requires changing R, to 22 K ohms, adding another 22 K ohms between
gate of SUS and cathode of SCR, and deleting diode D,. These revi-
sions are needed to obtain the reset action of the SUS.

The most elementary form of full-wave phase control is the simple
diac/triac circuit of Figure 9.20. The waveform: of capacitor voltage,
V¢ in Figure 9.21, is quite similar to the half-wave case with the major
exception that the residual capacitor voltage, V,, at the start of each
half-cycle is opposite in polarity to the next succeeding switching volt-
age, Vg, that must be reached. The waveform shown for V is a steady-
state condition, triggering late in each half-cycle. If the resistor R; is
increased slightly, the dotted waveform, V/, shows what happens in
the next cycle after the last triggering. At the start of this cycle, Vg, is
the same as steady-state since the diac had switched in the preceding
half-cycle. At the end of the first half-cycle, however, the capacitor
voltage is just below Vg, and the diac remains dormant. This changes
Vo to +Vyg at the beginning of the second half-cycle. The peak capaci-
tor voltage in the negative half-cycle is, therefore, considergbly below
Vs, as shown earlier by equation 9.4. In all succeeding cycles Vo = V¢,
and the peak value of V will then remain well below Vg until the value
of R, is reduced.

LOADr

720W
(1440 W) RI

120v
(240v) 9 piond
s0Hz

4 (5C410)

NOTE:
VALUES IN PARENTHESES ARE FOR 240VAC SUPPLY.

FIGURE 9.20 BASIC DIAC-TRIAC FULL-WAVE FIGURE 9.21 WAVEFORMS FOR FIGURE 9.20
PHASE CONTROL

Once triggering has ceased, reducing R; will raise V¢, but when
Vg is reached again and the diac switches, Vg is suddenly reduced.
This action increases the value of V on the next half-cycle, which
causes triggering to occur at a much earlier phase angle. As a result,
the load current suddenly snaps from zero to. some intermediate value,
from which point it may be smoothly controlled over the full range
from a, to as.
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The “snap-on” effect may be eliminated by using the ST4 asym-
metrical silicon bilateral switch (ASBS), as shown in Figure 9.22. It was
shown that the snap-on of the diac-triac phase control of Figure 9.20
was due to the fact that the capacitor was charging through a voltage
of two times Vg each half cycle, but when the diac triggered the offset
caused the capacitor to reach Vg earlier in the cycle. The ASBS has
been designed to use this offset to an advantage. Figur