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INTRODUCTION

Thyristors can take many forms, but they have certain
things in common. All of them are solid state switches
which act as open circuits capable of withstanding the
rated voltage until triggered. When they are triggered,
thyristors become low-impedance current paths and re-
main in that condition until the current either stops or
drops below a minimum value called the holding level.
Once a thyristor has been triggered, the trigger current
can be removed without turning off the device.

Silicon controlled rectifiers (SCRs) and triacs are both
members of the thyristor family. SCRs are unidirectional
devices where triacs are bidirectional. An SCRis designed
to switch load current in one direction, while a triac is
designed to conduct load current in either direction.

Structurally, all thyristors consist of several alternating
layers of opposite P and N silicon, with the exact structure
varying with the particular kind of device. The load is
applied across the multiple junctions and the trigger cur-
rent is injected at one of them. The trigger current allows
the load current to flow through the device, setting up a
regenerative action which keeps the current flowing even
after the trigger is removed.

These characteristics make thyristors extremely useful
in control applications. Compared to a mechanical
switch, a thyristor has a very long service life and very

fast turn on and turn off times. Because of their fast re-
action times, regenerative action and low resistance once
triggered, thyristors can be used as ac power controllers
as well as simply turning devices on and off. Thyristors
are used to control motors, incandescent lights and many
other kinds of equipment.

Although thyristors of all sorts are generally fairly
rugged, there are several points to keep in mind when
designing circuits using them. One of the most impor-
tant is to respect the devices’ rated limits on rate of
change of voltage and current (dv/dt and di/dt). If these
are exceeded, the thyristor may be damaged or
destroyed. On the other hand, it is important to provide
a trigger pulse large enough and fast enough to turn
the gate on quickly and completely. Usually the gate
trigger current should be at least three times thie min-
imum turn-on current with a pulse rise time of less than
1 microsecond and a pulse width greater than 10 micro-
seconds. Thyristors may be driven in many different
ways, including directly from transistors or logic fami-
lies, by optoisolated triac drivers, unijunction transis-
tors (UJTs), programmable unijunction transistors
(PUTs) and silicon bilateral switches (SBSs). These and
other design considerations are covered in this manual.
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CHAPTER 1
SYMBOLS AND TERMINOLOGY

SYMBOLS

The following are the most commonly used schematic
symbols for thyristors:

name of device symbol

Silicon controlled
rectifier (SCR)

G

Triac MT2 O——HTQ MT1

G

B2
Unijunction E
transistor (UJT)

B1

.. . A K
Programmable unijunction
transistor (PUT) G
G

Silicon bilateral
switch (SBS) MTH MT2

Sidac Mt o— N J——omn2

A K
Gate turn-off (GTO) I 5
G
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THYRISTOR TERMINOLOGY
The following terms are used in SCR and TRIAC specifications:
RATINGS

These ratings are defined as maximum values. Exceeding these values can result in permanent damage or device
failure.

Terminology Symbol Definition

di/dt The maximum rate of change of current the device
will withstand.

FORWARD CURRENT RMS IT(RMS) The maximum value of on-state rms current the
device may conduct.

FORWARD PEAK GATE CURRENT IGM! IGFM The maximum gate current which may be applied
to the device to cause conduction.

PEAK FORWARD SURGE CURRENT ITsm The maximum allowable non-repetitive surge cur-
rent the device will withstand at a specified pulse
width.

AVERAGE ON-STATE CURRENT IT(AV) The maximum average on-state current the device

may conduct under stated conditions.

PEAK GATE POWER PGM The maximum instantaneous value of gate power
dissipation between gate and cathode terminal.

FORWARD AVERAGE GATE POWER PG(AV) The maximum allowable value of gate power, av-
eraged over a full cycle, that may be dissipated
between the gate and cathode terminal.

CIRCUIT FUSING CONSIDERATIONS 12t The maximum forward non-repetitive overcurrent
capability. Usually specified for one-half cycle of 60
Hz operation.

PEAK GATE VOLTAGE VGM The maximum peak value of voltage allowed be-
tween the gate and cathode terminal for any bias
condition.

PEAK GATE VOLTAGE FORWARD VEGM: VGFM The maximum peak value of voltage allowed be-

tween the gate and cathode terminals with these
terminals forward biased.

PEAK GATE VOLTAGE REVERSE VRGM! The maximum peak value of voltage allowed be-
VGRM tween the gate and cathode with these terminals
reverse biased.

PEAK REPETITIVE FORWARD BLOCKING VDRM The maximum allowed value of repetitive forward

VOLTAGE (SCR) voltage which may be applied and not switch the
SCR on.

PEAK REPETITIVE REVERSE BLOCKING VRRM The maximum allowed value of repetitive reverse

VOLTAGE (SCR) voltage which may be applied to the anode
terminal.

PEAK REPETITIVE OFF-STATE VOLTAGE VDRM The maximum allowed value of repetitive off-state

(TRIAC) voltage which may be applied and not switch on
the triac.

MOTOROLA THYRISTOR DEVICE DATA
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CHARACTERISTICS

Terminology Symbol Definition

PEAK FORWARD BLOCKING CURRENT (SCR) Iprm The maximum value of current which will flow at
VDRM and specified temperature.

PEAK REVERSE BLOCKING CURRENT (SCR) IRrm The maximum value of current which will flow at
VRRM and specified temperature.

PEAK BLOCKING CURRENT (TRIAC) IDRM The maximum value of current which wiil flow for
either polarity of VprM and at specified
temperature.

PEAK ON-STATE VOLTAGE VT™M The maximum voltage drop across the terminals at

stated conditions.

GATE TRIGGER CURRENT IGT The maximum value of gate current required to
switch the device from the off state to the on state
under specified conditions.

GATE TRIGGER VOLTAGE VGT The gate dc voltage required to produce the gate
trigger current.

HOLDING CURRENT IH The value of forward anode current which allows
the device to remain in conduction. Below this value
the device will return to a forward blocking state at
prescribed gate conditions.

CRITICAL RISE OF OFF-STATE VOLTAGE dv/dt The minimum value of the rate of rise of forward
voltage which will cause switching from the off
state to the on state.

TURN-ON TIME (SCR) tgt The time interval between a specified point at the
beginning of the gate pulse and the instant when
the device voltage (current) has dropped to a spec-
ified low value during the switching of an SCR from
the off state to the on state by a gate pulse.

TURN-OFF TIME (SCR) tq The time interval between the instant when the SCR
current has decreased to zero after external switch-
ing of the SCR voltage circuit and the instant when
the thyristor is capable of supporting a specified
wave form without turning on.

OPERATING JUNCTION TEMPERATURE Ty The junction temperature of the device as a result
of ambient and load conditions.

STORAGE TEMPERATURE Tstg The temperature at which the device may be stored
without harm.

CASE TEMPERATURE Tc The temperature of the device case under specified
conditions.

AMBIENT TEMPERATURE TA The air temperature measured below a device in an

environment of substantially uniform temperature,
cooled only by natural air currents and not mate-
rially affected by radiant and reflective surfaces.
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CHARACTERISTICS
Terminology

THERMAL RESISTANCE, CASE-TO-AMBIENT  RgcA

THERMAL RESISTANCE, JUNCTION-TO-
AMBIENT

Roga

THERMAL RESISTANCE, JUNCTION-TO-CASE Rgyc

THERMAL RESISTANCE, JUNCTION-TO- Roum
MOUNTING SURFACE

TRANSIENT THERMAL IMPEDANCE, ZoJA(t)
JUNCTION-TO-AMBIENT

TRANSIENT THERMAL IMPEDANCE, ZoJC(t)

JUNCTION-TO-CASE

Symbol

Definition

The thermal resistance (steady-state) from the de-
vice case to the ambient.

The thermal resistance (steady-state) from the
semiconductor junction(s) to the ambient.

The thermal resistance (steady-state) from the
semiconductor junction(s) to a stated location on
the case.

The thermal resistance (steady-state) from the
semiconductor junction(s) to a stated location on
the mounting surface.

The transient thermal impedance from the semi-
conductor junction(s) to the ambient.

The transient thermal impedance from the semi-
conductor junction(s) to a stated location on the
case.
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Symbol
I

lEO
(IEB20)

Ip

'BB

VB2B1

Vb

Unijunction Transistor Nomenclature

Definition
Emitter current.

Emitter reverse current. Measured be-
tween emitter and base-two at a speci-
fied voltage, and base-one open-circuit.

Peak point emitter current. The maxi-
mum emitter current that can flow with-
out allowing the UJT to go into the neg-
ative resistance region. Peak point is the
lowest current on the emitter character-
istic where:
dVEB1_
dlg

Valley point emitter current. The current
flowing in the emitter when the device
is biased to the valley point. Valley point
is the second lowest current on the emit-
ter characteristic where:
dVERi_
dig

Interbase resistance. Resistance be-
tween base-two and base-one mea-
sured at a specified interbase voltage.

Voltage between base-two and base-
one. Also called interbase voltage.

Peak point emitter voltage. The maxi-
mum voltage seen at the emitter before
the UJT goes into the negative resis-
tance region.

Forward voltage drop of the emitter
junction. Also called VE(gB1) or VF.

Symbol

VEB1

VEB1(sat)

Vy

VoB1

“rBB

IB2 (mod)

DRSS

Definition
Emitter to base-one voltage.

Emitter saturation voltage. Forward
voltage drop from emitter to base-one
at a specified emitter current larger than
ly and specified interbase voltage.

Valley point emitter voltage. The volt-
age at which the valley point occurs with
a specified Vg2B1.

Base-one peak voltage. The peak volt-
age measured across a resistor in series
with base-one when the unijunction
transistor is operated as a relaxation os-
cillator in a specified circuit.

Intrinsic standoff ratio. Defined by the
relationship:

Vp d VD

"7 "Va2g

Interbase resistance temperature coef-
ficient. Variation of resistance between
B2 and B1 over the specified tempera-
ture range and measured at the specific
interbase voltage and temperature with
emitter open-circuited.

Interbase modulation current. B2 cur-
rent modulation due to firing. Measured
at a specified interbase voltage, emitter
current and temperature.
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CHAPTER 2
THEORY OF THYRISTOR OPERATIONS

To successfully apply thyristors, an understanding of
their characteristics, ratings, and limitations is impera-
tive. In this chapter, significant thyristor characteristics,
the basis of their ratings, and their relationship to circuit
design are discussed.

Several different kinds of thyristors are shown in Table
2.1. Silicon Controlled Rectifiers (SCRs) are the most
widely used as power control elements; triacs are quite
popular in lower current (under 40 A) ac power appli-
cations. Diacs, SUSs and SBSs are most commonly used
as gate trigger devices for the power control elements.

Table 2.1. Thyristor Types

*JEDEC Titles Popular Names, Types

Reverse Blocking Diode
Thyristor

tFour Layer Diode, Silicon
Unilateral Switch (SUS)

Reverse Blocking Triode
Thyristor

Silicon Controlled Rectifier
(SCR)

Reverse Conducting Diode
Thyristor

tReverse Conducting Four
Layer Diode

Reverse Conducting Triode
Thyristor

Reverse Conducting SCR

Bidirectional Triode Thyristor

Triac

Turn-Off Thyristor

Gate Turn Off Switch (GTO)

*JEDEC is an acronym for the Joint Electron Device Engineering Councils,
an industry standardization activity co-sponsored by the Electronic
Industries Association (EIA) and the National Electrical Manufacturers
Association (NEMA).

tNot generally available.

Before considering thyristor characteristics in detail, a
brief review of their operation based upon the common
two-transistor analogy of an SCR is in order.

BASIC BEHAVIOR

The bistable action of thyristors is readily explained by
analysis of the structure of an SCR. This analysis is es-

sentially the same for any operating quadrant of triac
because a triac may be considered as two parallel SCRs
oriented in opposite directions. Figure 2.1(a) shows the
schematic symbol for an SCR, and Figure 2.1(b) shows
the P-N-P-N structure the symbol represents. In the two-
transistor model for the SCR shown in Figure 2.1(c), the
interconnections of the two transistors are such that re-
generative action occurs. Observe that if current is in-
jected into any leg of the model, the gain of the transistors
(if sufficiently high) causes this current to be amplified
in another leg. In order for regeneration to occur, it is
necessary for the sum of the common base current gains
(a) of the two transistors to exceed unity. Therefore, be-
cause the junction leakage currents are relatively small
and current gain is designed to be low at the leakage
current level, the PNPN device remains off unless exter-
nal current is applied. When sufficient trigger current is
applied (to the gate, for example, in the case of an SCR)
to raise the loop gain to unity, regeneration occurs and
the on-state principal current is limited primarily by ex-
ternal circuit impedance. If the initiating trigger current
is removed, the thyristor remains in the on state, provid-
ing the current level is high enough to meet the unity
gain criteria. This critical current is called latching current.

In order to turn off a thyristor, some change in current
must occur to reduce the loop gain below unity. From
the model, it appears that shorting the gate to cathode
would accomplish this. However in an actual SCR struc-
ture, the gate area is only a fraction of the cathode area
and very little current is diverted by the short. In practice,
the principal current must be reduced below a certain
level, called holding current, before gain falls below unity
and turn-off may commence.

In fabricating practical SCRs and Triacs, a “shorted
emitter’” design is generally used in which, schematically,
a resistor is added from gate to cathode or gate to MT1.
Because current is diverted from the N-base through the
resistor, the gate trigger current, latching current and
holding current all increase. One of the principal reasons
for the shunt resistance is to improve dynamic perfor-
mance at high temperatures. Without the shunt, leakage
current on most high current thyristors could initiate turn-
on at high temperatures.

MOTOROLA THYRISTOR DEVICE DATA
1-2-1




GATE
n o

Sensitive gate thyristors employ a high resistance
shunt or none at all; consequently, their characteristics
can be altered dramatically by use of an external resis-
tance. An external resistance has a minor effect on most
shorted emitter designs.

ANODE
ANODE

I
CATHODE !
ol
[l
ANODE 81 1
ot PA
T 182 l:! P
T
P I N
N GATEO—4 :
GATEO— P LIK

(c)
CATHODE

Oo—=

CATHODE
(b)

Figure 2.1. Two-transistor analogy of an SCR:
(a) schematic symbol of SCR; (b) P-N-P-N structure
represented by schematic symbol; (c) two-transistor
model of SCR.

Junction temperature is the primary variable affecting
thyristor characteristics. Increased temperatures make
the thyristor easier to turn on and keep on. Consequently,
circuit conditions which determine turn-on must be de-
signed to operate at the lowest anticipated junction tem-
peratures, while circuit conditions which are to turn off
the thyristor or prevent false triggering must be designed
to operate at the maximum junction temperature.

Thyristor specifications are usually written with case
temperatures specified and with electrical conditions
such that the power dissipation is low enough that the
junction temperature essentially equals the case tem-
perature. It is incumbent upon the user to properly ac-
count for changes in characteristics caused by the circuit
operating conditions different from the test conditions.

TRIGGERING CHARACTERISTICS

Turn-on of a thyristor requires injection of current to
raise the loop gain to unity. The current can take the form
of current applied to the gate, an anode current resulting
from leakage, or avalanche breakdown of a blocking junc-
tion. As a result, the breakover voltage of a thyristor can
be varied or controlled by injection of a current at the
gate terminal. Figure 2.2 shows the interaction of gate
current and voltage for an SCR.

‘When the gate current I is zero, the applied voltage
must reach the breakover voltage of the SCR before
switching occurs. As the value of gate current is in-

creased, however, the ability of a thyristor to support
applied voltage is reduced and there is a certain value
of gate current at which the behavior of the thyristor
closely resembles that of a rectifier. Because thyristor
turn-on, as a result of exceeding the breakover voltage,
can produce high instantaneous power dissipation non-
uniformly distributed over the die area during the
switching transition, extreme temperatures resulting in
die failure may occur uniess the magnitude and rate of
rise of principal current (di/dt) is restricted to tolerable
levels. For normal operation, therefore, SCRs and triacs
are operated at applied voltages lower than the break-
over voltage, and are made to switch to the on state by
gate signals high enough to assure complete turn-on

Figure 2.2. Thyristor Characteristics lllustrating
Breakover as a Function of Gate Current

independent of the applied voltage. On the other hand,
diacs and other thyristor trigger devices are designed
to be triggered by anode breakover. Nevertheless they
also have di/dt and peak current limits which must be
adhered to.

A triac works the same general way for both positive
and negative voltage. However since a triac can be
switched on by either polarity of the gate signal regard-
less of the voltage polarity across the main terminals, the
situation is somewhat more complex than for an SCR.

The various combinations of gate and main terminal
polarities are shown in Figure 2.3. The relative sensitivity
depends on the physical structure of a particular triac,

MT2(+)
QUADRANT Il QUADRANT |
MT2(+1, G(-) MT2(+), G(+)
G(-) Gl+)
QUADRANT il QUADRANT IV
MT2(-), G(-) MT2(-), G(+)
MT2(-)

Figure 2.3. Quadrant Definitions for a Triac
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but as a rule, sensitivity is highest in quadrant | and quad-
rant IV is generally considerably less sensitive than the
others.

Gate sensitivity of a triac as a function of temperature
is shown in Figure 2.4.

0 T T 1
\\ OFF-STATE VOLTAGE = 12 Vdc
= 2 ~ ALL QUADRANTS
‘é N
E \\‘ N
2 ~_ |
3 10 N~ \ \
= — S N
] —— — N
2 7 NN ~
-~

5 5 11 >§<\ PN
5 QUADRANT g:éié <

3 i %

-8 —60 —40 —-20 0 20 40 60 80 100 120
Ty, JUNCTION TEMPERATURE (°C)

Figure 2.4. Typical Triac Triggering Sensitivity in the
Four Trigger Quadrants

Since both the junction leakage currents and the cur-
rent gain of the ““transistor’” elements increase with tem-
perature, the magnitude of the required gate trigger cur-
rent decreases as temperature increases. The gate —
which can be regarded as a diode — exhibits a decreasing
voltage drop as temperature increases. Thus it is impor-
tant that the gate trigger circuit be designed to deliver
sufficient current to the gate at the lowest anticipated
temperature.

It is also advisable to observe the maximum gate cur-
rent, as well as peak and average power dissipation rat-
ings. Also in the negative direction, the maximum gate
ratings should be observed. Both positive and negative
gate limits are often given on the data sheets and they
may indicate that protective devices such as voltage
clamps and current limiters may be required in some
applications. It is generally inadvisable to dissipate power
in the reverse direction.

Although the criteria for turn-on have been described
in terms of current, it is more basic to consider the thy-
ristor as being charge controlled. Accordingly, as the du-
ration of the trigger pulse is reduced, its amplitude must
be correspondingly increased. Figure 2.5 shows typical
behavior at various pulse widths and temperatures.

The gate pulse width required to trigger a thyristor also
depends upon the time required for the anode current to
reach the latching value. It may be necessary to maintain
a gate signal throughout the conduction period in appli-
cations where the load is highly inductive or where the
anode current may swing below the holding value within
the conduction period.

When triggering an SCR with a dc current, excess leak-
age in the reverse direction normally occurs if the trigger
signal is maintained during the reverse blocking phase
of the anode voltage. This happens because the SCR op-

erates like a remote base transistor having a gain which
is generally about 0.5. When high gate drive currents are
used, substantial dissipation could occur in the SCR or a
significant current could flow in the load; therefore, some
means usually must be provided to remove the gate sig-
nal during the reverse blocking phase.

300
| TTTTT
\ Iy
= OFF-STATE VOLTAGE = 12V
£ 100 NN .-k
g n N
s 50N
o N
& % q T 1y = s
b4
é 10 N \\‘-q 25°C
g, ~- T
T 100°C
)
3 [
02 05 1 2 5 10 20 50 100 200

PULSE WIDTH (us)

Figure 2.5. Typical Behavior of Gate Trigger Current as
Pulse Width and Temperature Are Varied

LATCH AND HOLD CHARACTERISTICS

In order for the thyristor to remain in the on state when
the trigger signal is removed, it is necessary to have suf-
ficient principal current flowing to raise the loop gain to
unity. The principal current level required is the latching
current, IL. Although triacs show some dependency on
the gate current in quadrant I, the latching current is
primarily affected by the temperature on shorted emitter
structures.

In order to allow turn off, the principal current must be
reduced below the level of the latching current. The cur-
rent level where turn off occurs is called the holding cur-
rent, I4. Like the latching current, the holding current is
affected by temperature and also depends on the gate
impedance.

Reverse voltage on the gate of an SCR markedly in-
creases the latch and hold levels. Forward bias on thy-
ristor gates may significantly lower from the values
shown in the data sheets since those values are normally
given with the gate open. Failure to take this into account
can cause latch or hold problems when thyristors are
being driven from transistors whose saturation voltages
are a few tenths of a volt.

Thyristors made with shorted emitter gates are ob-
viously not as sensitive to the gate circuit conditions as
devices which have no built-in shunt.

SWITCHING CHARACTERISTICS

When triacs or SCRs are triggered by a gate signal, the
turn-on time consists of two stages: a delay time, tq, and
a rise time, t;, as shown in Figure 2.6. The total gate
controlled turn-on time, tgt, is usually defined as the time
interval between the 50 percent point of the leading edge
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Figure 2.6. Waveshapes lllustrating Thyristor Turn-On
Time For A Resistive Load

of the gate trigger voltage and 90 percent point of the
principal current. The rise time t; is the time interval re-
quired for the principal current to rise from 10 to 90 per-
cent of its maximum value. A resistive load is usually
specified.

Delay time decreases slightly as the peak off-state volt-
age increases. It is primarily related to the magnitude of
the gate-trigger current and shows a relationship which
is roughly inversely proportional.

The rise time is influenced primarily by the off-state
voltage, as high voltage causes an increase in regener-
ative gain. Of major importance in the rise time interval
is the relationship between principal voltage and current
flow through the thyristor di/dt. During this time the dy-
namic voltage drop is high and the current density due
to the possible rapid rate of change can produce localized
hot spots in the die. This may permanently degrade the
blocking characteristics. Therefore, it is important that
power dissipation during turn-on be restricted to safe
levels.

Turn-off time is a property associated only with SCRs
and other unidirectional devices. (In triacs or bidirectional
devices a reverse voltage cannot be used to provide
circuit-commutated turn-off voltage because a reverse
voltage applied to one half of the structure would be a
forward-bias voltage to the other half.) For turn-off times
in SCRs, the recovery period consists of two stages, a
reverse recovery time and a gate or forward blocking
recovery time, as shown in Figure 2.7.

When the forward current of an SCR is reduced to zero
at the end of a conduction period, application of reverse
voltage between the anode and cathode terminals causes
reverse current flow in the SCR. The current persists until
the time that the reverse current decreases to the leakage
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level. Reverse recovery time (t) is usually measured
from the point where the principal current changes po-
larity to a specified point on the reverse current waveform
as indicated in Figure 2.7. During this period the anode
and cathode junctions are being swept free of charge so
that they may support reverse voltage. A second recovery
period, called the gate recovery time, tgr, must elapse
for the charge stored in the forward-blocking junction to
recombine so that forward-blocking voltage can be reap-
plied and successfully blocked by the SCR. The gate re-
covery time of an SCR is usually much longer than the
reverse recovery time. The total time from the instant
reverse recovery current begins to flow to the start of the
forward-blocking voltage is referred to as circuit-
commutated turn-off time tq.

Turn-off time depends upon a number of circuit con-
ditions including on-state current prior to turn-off, rate of
change of current during the forward-to-reverse transi-
tion, reverse-blocking voltage, rate of change of reapplied
forward voltage, the gate bias, and junction temperature.
Increasing junction temperature and on-state current
both increase turn-off time and have a more significant
effect than any of the other factors. Negative gate bias

will decrease the turn-off time.
REAPPLIED
/ dvidt

FORWARD

] 0
\ REV&RSE

PRINCIPAL
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di/dt \

PRINCIPAL
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Figure 2.7. Waveshapes lllustrating Thyristor
Turn-Off Time



For applications in which an SCR is used to control ac
power, during the entire negative half of the sine wave
a reverse voltage is applied. Turn off is easily accom-
plished for most devices at frequencies up to a few kilo-
hertz. For applications in which the SCR is used to control
the output of a full-wave rectifier bridge, however, there
is no reverse voltage available for turn-off, and complete
turn-off can be accomplished only if the bridge output is
reduced close to zero such that the principal current is
reduced to a value lower than the device holding current
for a sufficiently long time. Turn-off problems may occur
even at a frequency of 60 Hz particularly if an inductive
load is being controlled.

In triacs, rapid application of a reverse polarity voltage
does not cause turn-off because the main blocking junc-
tions are common to both halves of the device. When the
first triac structure (SCR-1) is in the conducting state, a
quantity of charge accumulates in the N-type region as
a result of the principal current flow. As the principal
current crosses the zero reference point, a reverse current
is established as a result of the charge remaining in the
N-type region, which is common to both halves of the
device. Consequently, the reverse recovery current be-
comes a forward current to the second half of the triac.
The current resulting from stored charge causes the sec-
ond half of the triac to go into the conducting state in the
absence of a gate signal. Once current conduction has
been established by application of a gate signal, there-
fore, complete loss in power control can occur as a result
of interaction within the N-type base region of the triac
unless sufficient time elapses or the rate of application
of the reverse polarity voltage is slow enough to allow
nearly all the charge to recombine in the common N-type
region. Therefore, triacs are generally limited to low-
frequency — 60 Hz applications. Turn-off or commutation
of triacs is more severe with inductive loads than with
resistive loads because of the phase lag between voltage
and current associated with inductive loads. Figure 2.8
shows the waveforms for an inductive load with lagging
current power factor. At the time the current reaches zero
crossover (Point A), the half of the triac in conduction
begins to commutate when the principal current falls be-
low the holding current. At the instant the conducting
half of the triac turns off, an applied voltage opposite the
current polarity is applied across the triac terminals (Point
B). Because this voltage is a forward bias to the second
half of the triac, the suddenly reapplied voltage in con-
junction with the remaining stored charge in the high-
voltage junction reduces the over-all device capability to

Figure 2.8. Inductive Load Waveforms

support voltage. The result is a loss of power control to
the load, and the device remains in the conducting state
in absence of a gate signal. The measure of triac turn-off
ability is the rate of rise of the opposite polarity voltage
it can handle without remaining on. It is called commu-
tating dv/dt (dv/dt[c]). Circuit conditions and temperature
affect dv/dt(c) in a manner similar to the way tqis affected
in an SCR.

It is imperative that some means be provided to restrict
the rate of rise of reapplied voltage to a value which will
permit triac turn-off under the conditions of inductive
load. A commonly accepted method for keeping the com-
mutating dv/dt within tolerable levels is to use an RC
snubber network in parallel with the main terminals of
the triac. Because the rate of rise of applied voltage at
the triac terminal is a function of the load impedance and
the RC snubber network, the circuit can be evaluated
under worst-case conditions of operating case temper-
ature and maximum principal current. The values of re-
sistance and capacitance in the snubber are then adjusted
so that the rate of rise of commutating dv/dt stress is
within the specified minimum limit under any of the con-
ditions mentioned above. The value of snubber resis-
tance should be high enough to limit the snubber ca-
pacitance discharge currents during turn-on and dampen
the LC oscillation during commutation. The combination
of snubber values having highest resistance and lowest
capacitance that provides satisfactory operation is gen-
erally preferred.

FALSE TRIGGERING

Circuit conditions can cause thyristors to turn on in the
absence of the trigger signal. False triggering may result
from:

1) A high rate of rise of anode voltage, (the dv/dt
effect).

2) Transient voltages causing anode breakover.

3) Spurious gate signals.

Static dv/dt effect: When a source voltage is suddenly
applied to a thyristor which is in the off state, it may
switch from the off state to the conducting state. If the
thyristor is controlling alternating voltage, false turn-on
resulting from a transient imposed voltage is limited to
no more than one-half cycle of the applied voltage be-
cause turn-off occurs during the zero current crossing.
However, if the principal voltage is dc voltage, the tran-
sient may cause switching to the on state and turn-off
could then be achieved only by a circuit interruption.

The switching from the off state caused by a rapid rate
of rise of anode voltage is the result of the internal ca-
pacitance of the thyristor. A voltage wavefront impressed
across the terminals of a thyristor causes a capacitance-
charging current to flow through the device which is a
function of the rate of rise of applied off-state voltage
(i = Cdv/dt). If the rate of rise of voltage exceeds a critical
value, the capacitance charging current exceeds the gate
triggering current and causes device turn-on. Operation
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at elevated junction temperatures reduces the thyristor
ability to support a steep rising voltage dv/dt because of
increased sensitivity.

dv/dt ability can be improved quite markedly in sen-
sitive gate devices and to some extent in shorted emitter
designs by a resistance from gate to cathode (or MT1)
however reverse bias voltage is even more effective in
an SCR. More commonly, a snubber network is used to
keep the dv/dt within the limits of the thyristor when the
gate is open.

TRANSIENT VOLTAGES: — Voltage transients which
occur in electrical systems as a result of disturbance on
the ac line caused by various sources such as energizing
transformers, load switching, solenoid closure, contrac-
tors and the like may generate voltages which are above
the ratings of thyristors. Thyristors, in general, switch
from the off state to the on state whenever the breakover
voltage of the device is exceeded, and energy is then
transferred to the load. However, unless a thyristor is
specified for use in a breakover mode, care should be
exercised to ensure that breakover does not occur, as
some devices may incur surface damage with a resultant
degradation of blocking characteristics. It is good practice
when thyristors are exposed to a heavy transient envi-
ronment to provide some form of transient suppression.

For applications in which low-energy, long-duration
transients may be encountered, it is advisable to use thy-
ristors that have voltage ratings greater than the highest
voltage transient expected in the system. The use of volt-
age clipping celis (MOV or Zener) is also an effective
method to hold transient below thyristor ratings. The use

of an RC “snubber” circuit is effective in reducing the’

effects of the high-energy short-duration transients more
frequently encountered. The snubber is commonly
required to prevent the static dv/dt limits from being
exceeded, and often may be satisfactory in limiting the
amplitude of the voltage transients as well.

For all applications, the dv/dt limits may not be
exceeded. This is the minimum value of the rate of rise
off-state voltage applied immediately to the MT1-MT2
terminals after the principal current of the opposing
polarity has decreased to zero.

SPURIOUS GATE SIGNALS: In noisy electrical envi-
ronments, it is possible for enough energy to cause gate
triggering to be coupled into the gate wiring by stray
capacitance or electromagnetic induction. It is therefore
advisable to keep the gate lead short and have the com-
mon return directly to the cathode or MT1. In extreme
cases, shielded wire may be required. Another aid com-
monly used is to connect a capacitance on the order of
0.01 to 0.1uF across the gate and cathode terminals. This
has the added advantage of increasing the thyristor dv/dt
capability, since it forms a capacitive divider with the
anode to gate capacitance. The gate capacitor also re-
duces the rate of application of gate trigger current which
may cause di/dt failures if a high inrush load is present.

THYRISTOR RATINGS

To insure long life and proper operation, it is important
that operating conditions be restrained from exceeding
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thyristor ratings. The most important and fundamental
ratings are temperature and voltage which are interre-
lated to some extent. The voltage ratings are applicable
only up to the maximum temperature ratings of a par-
ticular part number. The temperature rating may be cho-
sen by the manufacturer to insure satisfactory voltage
ratings, switching speeds, or dv/dt ability.

OPERATING CURRENT RATINGS

Current ratings are not independently established as a
rule. The values are chosen such that at a practical case
temperature the power dissipation will not cause the
junction temperature rating to be exceeded.

Various manufacturers may choose different criteria to
establish ratings. At Motorola, use is made of the thermal
response of the semiconductor and worst case values of
on-state voltage and thermal resistance, to guarantee the
junction temperature is at or below its rated value. Values
shown on data sheets consequently differ somewhat
from those computed from the standard formula:

Tc (max) = T (rated) — Rgyc x Pp(AV)
where

Tc (max) = Maximum allowable case temperature

T (rated) = Rated junction temperature or maximum
rated case temperature with zero principal
current and rated ac blocking voltage
applied.

ReJc = Junction to case thermal resistance

Pp(av) = Average power dissipation

The above formula is generally suitable for estimating
case temperature in situations not covered by data sheet
information. Worst case values should be used for ther-
mal resistance and power dissipation.

OVERLOAD CURRENT RATINGS

Overload current ratings may be divided into two
types: non-repetitive and repetitive.

Non-repetitive overloads are those which are not a part
of the normal application of the device. Examples of such
overloads are faults in the equipment in which the de-
vices are used and accidental shorting of the load. Non-
repetitive overload ratings permit the device to exceed
its maximum operating junction temperature for short
periods of time because this overload rating applies fol-
lowing any rated load condition. In the case of a reverse
blocking thyristor or SCR, the device must block rated
voltage in the reverse direction during the current over-
load. However, no type of thyristor is required to block
off-stage voltage at any time during or immediately fol-
lowing the overload. Thus, in the case of a triac, the
device need not block in either direction during or
immediately following the overload. Usually only ap-
proximately one hundred such current overloads are per-
mitted over the life of the device. These non-repetitive
overload ratings just described may be divided into two
types: multicycle (which include single cycle) and sub-
cycle. For an SCR, the multicycle overload current rating,
or surge current rating as it is commonly called, is gen-
erally presented as a curve giving the maximum peak




values of half sine wave on-state current as a function of
overload duration measured in number of cycles for a 60
Hz frequency.

For a triac, the current waveform used in the rating is
a full sine wave. Multicycle surge curves are used to se-
lect proper circuit breakers and series line impedances
to prevent damage to the thyristor in the event of an
equipment fault.

The subcycle overload or subcycle surge rating curve
is so called because the time duration of the rating is
usually from about one to eight milliseconds which is
less than the time of one cycle of a 60 Hz power source.
Overload peak current is often given in curve form as a
function of overload duration. This rating also applies
following any rated load condition and neither off-state
nor reverse blocking capability is required on the part of
the thyristor immediately following the overload current.
The subcycle surge current rating may be used to select
the proper current-limiting fuse for protection of the thy-
ristor in the event of an equipment fault. Since this use
of the rating is so common, manufacturers simply publish
the i2t rating in place of the subcycle current overload
curve because fuses are commonly rated in terms of i2t,
The i2t rating can be approximated from the single cycle
surge rating (Itgm) by using:

i2t = 1275M x t/2
where the time t is the time base of the overload, i.e.,
8.33 ms for a 60 Hz frequency.

Repetitive overloads are those which are an intended
part of the application such as a motor drive application.
Since this type of overload may occur a large number of
times during the life of the thyristor, its rated maximum
operating junction temperature must not be exceeded
during the overload if long thyristor life is required. Since
this type of overload may have a complex current wav-
eform and duty-cycle, a current rating analysis involving
the use of the transient thermal impedance characteris-
tics is often the only practical approach. In this type of
analysis, the thyristor junction-to-case transient thermal
impedance characteristic is added to the user’'s heat dis-
sipator transient thermal impedance characteristic. Then
by the superposition of power waveforms in conjunction
with the composite thermal impedance curve, the over-
load current rating can be obtained. The exact calculation
procedure is found in the power semiconductor
literature.

THEORY OF SCR POWER CONTROL

The most common form of SCR power control is phase
control. In this mode of operation, the SCR is held in an
off condition for a portion of the positive half cycle and
then is triggered into an on condition at a time in the half
cycle determined by the control circuitry (in which the
circuit current is limited only by the load — the entire line
voltage except for a nominal one volt drop across the
SCR is applied to the load).

One SCR alone can control only one half cycle of the
waveform. For full wave ac control, two SCRs are con-
nected in inverse parallel (the anode of each connected
to the cathode of the other, see Figure 2.9a). For full
wave dc control, two methods are possible. Two SCRs
may be used in a bridge rectifier (see Figure 2.9b) or
one SCR may be placed in series with a diode bridge
(see Figure 2.9c).

Figure 2.10 shows the voltage waveform along with
some common terms used in describing SCR operation.
Delay angle is the time, measured in electrical degrees,
during which the SCR is blocking the line voltage. The
period during which the SCR is on is called the conduc-
tion angle.

It is important to note that the SCR is a voltage con-
trolling device. The load and power source determine the
circuit current.

Now we arrive at a problem. Different loads respond
to different characteristics of the ac waveform. Some
loads are sensitive to peak voltage, some to average volt-
age and some to rms voltage. Figure 2.11 shows the
various characteristic voltages plotted against the con-
duction angle for half wave and full wave circuits. These
voltages have been normalized to the rms of the applied
voltage. To determine the actual peak, average or rms
voltage for any conduction angle, we simply multiply the
normalized volitage by the rms value of the applied line
voltage. (These normalized curves also apply to current
in a resistive circuit.) Since the greatest majority of cir-
cuits are either 115 or 230 volt power, the curves have
been redrawn for these voltages in Figure 2.12.

A relative power curve has been added to Figure 2.12
for constant impedance loads such as heaters. (Incan-
descent lamps and motors do not follow this curve pre-
cisely since their relative impedance changes with ap-
plied voltage.) To use the curves, we find the full wave
rated power of the load, then multiply by the fraction
associated with the phase angle in question. For example,
a 180° conduction angle in a half wave circuit provides
0.5 x full wave full-conduction power.

An interesting point is illustrated by the power curves.
A conduction angle of 30° provides only three per cent
of full power in a full wave circuit, and a conduction angle
of 160° provides 97 per cent of full power. Thus, the con-
trol circuit can provide 94 per cent of full power control
with a pulse phase variation of only 120°. Thus, it be-
comes pointless in many cases to try to obtain conduc-
tion angles less than 30° or greater than 150°.

CONTROL CHARACTERISTICS

The simplest and most common control circuit for
phase control is a relaxation oscillator. This circuit is
shown diagrammatically as it would be used with an SCR
in Figure 2.13. The capacitor is charged through the re-
sistor from a voltage or current source until the breakover
voltage of the trigger device is reached. At that time, the
trigger device changes to its on state, and the capacitor
is discharged through the gate of the SCR. Turn-on of the
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SCR is thus accomplished with a short, high current
pulse. Commonly used trigger devices are unijunction *\

and programmable unijunction transistors, silicon bilat- <
eral switches, sidacs and optically coupled thyristors. ’7"

Phase control can be obtained by varying the RC time
constant of a charging circuit so that trigger device turn-
on occurs at varying phase angles within the controlled o CONTROL
half cycle. CIRCUIT

If the relaxation oscillator is to be operated from a pure LINE LOAD
dc source, the capacitor voltage-time characteristic is o -0
shown in Figure 2.14. This shows the capacitor voltage (a)

as it rises all the way to the supply voltage through sev- ac Control
1 eral time constants. Figure 2.14(b) shows the charge char-
acteristic in the first time constant greatly expanded. It is o P
this portion of the capacitor charge characteristic which I
is most often used in SCR and Triac control circuits.

Generally, a design starting point is selection of a CONTROL
capacitance value which will reliably trigger the thyristor LINE CIRCUIT
when the capacitor is discharged. Gate characteristics
and ratings, trigger device properties and the load
impedance play a part in the selection. Since not all of
the important parameters for this selection are com- LOAD &
pletely specified, experimental determination is often the
best method. (b)

Low-current loads and strongly inductive circuits Two SCR dc Control
sometimes cause triggering difficulty because the gate
current pulse goes away before the principal thyristor o A
current achieves the latching value. A series gate resistor
can be used to introduce a RC discharge time constant
in the gate circuit and lengthen trigger pulse duration LINE q
allowing more time for the main terminal current to rise
to the latching value. Small thyristors will require a series
gate resistance to avoid exceeding the gate ratings. The
discharge time constant of a snubber, if used, can also

aid latching. The duration of these capacitor discharge | ¢
duration currents can be estimated by

tw10 = 2.3 RC where ty,19 = time for current to decay Cg:gg?rL
to 10% of the peak. i

LOAD
For example, when an 8 volt SBS is used to discharge

a 0.5 uF capacitor through a 15 ohm resistor into the gate lc)
of an SCR One SCR dc Control
tw10 = (2.3) (15) (0.5) = 17.3 us. Figure 2.9. SCR Connections For Various Methods
Because of internal voltage drops in the SBS and SCR Of Phase Control
gates, the peak current will be somewhat less than
|pk = 8/15 = 0.53 amp. FULL WAVE RECTIFIED OPERATION
All trigger devices require some drive current to fire. VOLTAGE APPLIED TO LOAD
Highly sensitive devices appear to be voltage operated , /’\
when the current required to fire them is insignificant. / : \
The MBS4991 SBS requires that the switching current be ’ AN
taken into consideration. For a given RC time constant, / (Y
larger capacitors allow the use of lower value timing LN
resistors and less sensitive trigger components. %,—J\/\‘
An example will demonstrate the procedure. Assume _t
that we wish to trigger a 2N4170 SCR with an 8 volt DELAY ANGLE \
MBS4991. We have determined that a 1 uF capacitor will CONDUCTION ANGLE *
supply the necessary SCR gate current magnitude and
duration while not exceeding the gate ratings. Assume a Figure 2.10. Sine Wave Showing Principles
16 volt 60 Hz dc gate power supply, 30° minimum con- Of Phase Control
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16V 4mA 60 Hz

Voltage Source 8V
r—————— 7 MBS4991
1 | " 0k 2k B N4170
| +16 | SCR
| 0 I I | I | =1 uf
| | | 100
| |
I I

Figure 2.13. SCR Trigger Circuit

duction angle and 150° maximum conduction angle with
a 60 Hz anode power source. The capacitor must charge
to 8/16 or 0.5 of the available charging voltage in the
desired time. Referring to Figure 2.14(b), we see that 0.5
of the charging voltage represents 0.693 time constant.
The 30° conduction angle requires that the firing pulse
be delayed 150° or 6.94 milliseconds (8.33 milliseconds
is the period of 1/2 cycle at 60 Hz). To obtain this delay,

6.94 ms = 0.693 RC
RC = 10.01 ms.

fC =1puF

_10x10-3

R—m_—e—= 10 k ohms.

The timing resistor must be capable of supplying at
least the worst case maximum SBS switching current at
the peak point voltage. The available current is
16 V-8 V
104 ohms

This is more than the 500 uA needed by the MBS4991
at 25°C. If it were not, the design procedure would need
to be repeated using larger C and smaller R. Alternatively,
a more sensitive MBS4992 could be used.

To obtain minimum R, 150° conduction angle, the delay
is 30° or
30/180x8.33 = 1.39 ms
1.39 ms = 0.693 RC

= 800 pA.

RC = 2.01 ms
2.01x10-3
R = W = 2000 ohms.

A 10 k potentiometer with a 2 k series resistor will serve
this purpose.

In this application, the trigger circuit is reset by line
crossing each half cycle. Consequently, SBS latching after
firing is permissible. If the device were used as a free
running oscillator, it would be necessary for the peak
point current to be less than the minimum holding current
specification of the SBS at maximum operating temper-
ature. Timing accuracy requires the 16 V source to be
capable of supplying the worst case required current. In
the example, the initial instantaneous capacitor charging
current will be 16 V/2 k = 8 mA. The gate load line must
also enclose the peak point voltage. The SBS clamps the
capacitor voltage when it breaks over causing little or no
further change in the voltage across the capacitor. Con-

09 /
08 /

07 /
06

05 /
|
03

0.2 /

CAPACITOR VOLTAGE AS
FRACTION OF SUPPLY VOLTAGE

0 1 2 3 4 5 6
TIME CONSTANTS

Figure 2.14(a). Capacitor Charging From dc Source

0.7

06 <
y e
04 /

03 /
0.2 /,
0.1

0 0.2 0.4 0.6 0.8 1 12
TIME CONSTANTS
Figure 2.14(b). Expanded Scale

CAPACITOR VOLTAGE AS
FRACTION OF SUPPLY VOLTAGE

sequently, all of the available current at that time (16 V-8
V)/2 k = 4 mA) diverts through the SBS causing it to fire.

In many of the recently proposed circuits for low cost
operation, the timing capacitor of the relaxation oscillator
is charged through a rectifier and resistor using the ac
power line as a source. Calculations of charging time with
this circuit become exceedingly difficult, although they
are still necessary for circuit design. The curves of Figure
2.15 simplify the design immensely. These curves show
the voltage-time characteristic of the capacitor charged
from one half cycle of a sine wave. Voltage is normalized
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Figure 2.15(c). Expansion of Figure 2.15(b)

to the rms value of the sine wave for convenience of use.
The parameter of the curves is a new term, the ratio of
the RC time constant to the period of one half cycle, and
is denoted by the Greek letter . It may most easily be
calculated from the equation

7 = 2RCf. Where: R
[

resistance in Ohms
capacitance in Farads
f = frequency in Hertz.

To use the curves when starting the capacitor charge
from zero each half cycle, a line is drawn horizontally
across the curves at the relative voltage level of the trig-
ger breakdown compared to the rms sine wave voltage.
The 7 is determined for maximum and minimum con-
duction angles and the limits of R may be found from
the equation for 7.

An example will again clarify the picture. Consider the
same problem as the previous example, except that the
capacitor charging source is the 115 Vac, 60 Hz power
line.

The ratio of the trigger diode breakover voltage to the
RMS charging voltage is then

8/115 = 69.6 x 10—3.
A line drawn at 0.0696 on the ordinate of Figure 2.15(c)
shows that for a conduction angle of 30°, 7 = 12, and for

a conduction angle of 150°, + = 0.8. Therefore, since R
7/(2CF)

[ ]

12
Rmax = _———-6——2(1.0)(10_ )60 100 k Ohms,

0.8
len = 2(1x10-6)60 = 6667 ohms.

These values would require a potentiometer of 100 k
in series with a 6.2 k minimum fixed resistance.

The timing resistor must be capable of supplying the
highest switching current allowed by the SBS specifica-
tion at the switching voltage.

When the conduction angle is less than 90°, triggering
takes place along the back of the power line sine wave
and maximum firing current thru the SBS is at the start
of SBS breakover. If this current does not equal or exceed
“Is” the SBS will fail to trigger and phase control will be
lost. This can be prevented by selecting a lower value
resistor and larger capacitor. The available current can
be determined from Figure 2.15(a). The vertical line
drawn from the conduction angle of 30° intersects the
applied voltage curve at 0.707. The instantaneous current
at breakover is then

1={0.707x115—8)/100 k = 733 pA.

When the conduction angle is greater than 90°, trig-
gering takes place before the peak of the sine wave. If
the current thru the SBS does not exceed the switching
current at the moment of breakover, triggering may still
take place but not at the predicted time because of the
additional delay for the rising line voltage to drive the
SBS current up to the switching level. Usually long con-
duction angles are associated with low value timing resis-
tors making this problem less likely. The SBS current at
the moment of breakover can be determined by the same
method described for the trailing edge.

It is advisable to use a shunt gate-cathode resistor
across sensitive gate SCR's to provide a path for leakage
currents and to insure that firing of the SCR causes turn-
on of the trigger device and discharge of the gate circuit
capacitor.

MOTOROLA THYRISTOR DEVICE DATA
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cuit. Rgk is optional on non-sensitive gate parts. Figure
2.16(b) shows an ac control derived from that of Figure
2.16(a). Figure 2.16(c) is a double time constant circuit
featuring low hysteresis.

2N4170

Figure 2.16(a) shows a simple dc full wave control cir- LINE T

TRIAC THEORY

The triac is a three-terminal ac semiconductor switch
which is triggered into conduction when a low-energy
signal is applied to its gate. Unlike the silicon controlled
rectifier or SCR, the triac will conduct current in either
direction when turned on. The triac also differs from the
SCR in that either a positive or negative gate signal will Figure 2.16(a). Simple dc Power Control Circuit
trigger the triac into conduction. The triac may be thought
of as two complementary SCRs in parallel.

The triac offers the circuit designer an economical and “ MAC210-4
versatile means of accurately controlling ac power. It has
several advantages over conventional mechanical Rgk
switches. Since the triac has a positive ““on” and a zero- o
current “‘off'” characteristic, it does not suffer from the MBS4991 1uF
contact bounce or arcing inherent in mechanical /:? 100k G
switches. The switching action of the triac is very fast LINE ] LOAD
compared to conventional relays, giving more accurate
control. A triac can be trigged by dc, ac, rectified ac or :E 62k 15
pulses. Because of the low energy required for triggering
a triac, the control circuit can use any of a number of
low-cost solid-state devices presently on the market such
as transistors, unijunction transistors, bilateral switches,
four-layer diodes and sensitive-gate SCRs and optically o o
coupled drivers.

MDA3502

CHARACTERISTICS OF THE TRIAC Figure 2.16(b). Simple Full-Wave Power Control

Figure 2.17(a) shows the triac symbol and its relation-
ship to a typical package. Since the triac is a bilateral
device, the terms “anode’” and “cathode’’ used for uni-
lateral devices have no meaning. Therefore, the terminals
are simply designated by MT1, MT2, and G, where MT1
and MT2 are the current-carrying terminals, and G is the
gate terminal used for triggering the triac. To avoid con- !
fusion, it has become standard practice to specify all cur- /:
rents and voltages using MT1 as the reference point.

The basic structure of a triac is shown in Figure 2.17(b).
This drawing shows why the symbol adopted for the triac
consists of two complementary SCRs with a common p
gate. The triac is a five-layer device with the region
between MT1 and MT2 being a P-N-P-N switch (SCR) in
parallel with a N-P-N-P switch (complementary SCR).

Also, the structure gives some insight into the triac’s abil- I(

ity to be triggered with either a positive or negative gate

signal. The region between MT1 and G consists of two

complementary diodes. A positive or negative gate signal o o
will forward-bias one of these diodes causing the same

transistor action found in the SCR. This action breaks

down the blocking junction regardless of the polarity of Figure 2.16(c). Full Range ac Power Control

MAC210-4
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LINE LOAD
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MT1. Current flow between MT2 and MT1 then causes
the device to provide gate current internally. It will remain
on until this current flow is interrupted.

The voltage-current characteristic of the triac is shown
in Figure 2.18 where, as previously stated, MT1 is used
as the reference point. The first quadrant, Q-l, is the
region where MT2 is positive with respect to MT1 and
quadrant lll is the opposite case. Several of the terms
used in characterizing the triac are shown on the figure.
VDRM is the breakover voltage of the device and is the
highest voltage the triac may be allowed to block in either
direction. If this voltage is exceeded, even transiently, the
triac may go into conduction without a gate signal.
Although the triac is not damaged by this action if the
current is limited, this situation should be avoided
because control of the triac is lost. A triac for a particular
application should have VpRp\ at least as high as the
peak of the ac waveform to be applied so reliable control
can be maintained. The holding current (Iy) is the mini-
mum value of current necessary to maintain conduction.
When the current goes below I, the triac ceases to con-
duct and reverts to the blocking state. IpRp\ is the leakage
current of the triac with Vpr\ applied from MT2 to MT1
and is several orders of magnitude smaller than the cur-
rent rating of the device. The figure shows the charac-
teristic of the triac without a gate signal applied but it
should be noted that the triac can be triggered into the
on state at any value of voltage up to VpRrm by the appli-
cation of a gate signal. This important characteristic
makes the triac very useful.

Since the triac will conduct in either direction and can
be triggered with either a positive or negative gate signal
there are four possible triggering modes (Figure 2.3):

Quadrant I; MT2(+), G(+), positive voltage and posi-
tive gate current. Quadrant Il; MT2(+), G(—), positive
voltage and negative gate current. Quadrant lll;
MT2(-), G(-), negative voltage and negative gate cur-
rent. Quadrant IV; MT2(—), G(+), negative voltage and
positive gate current.

Present triacs are most sensitive in quadrants | and lil,
slightly less so in quadrant I, and much less sensitive in
quadrant IV. Therefore it is not recommended to use
quadrant IV unless special circumstances dictate it.

An important fact to remember is that since a triac can
conduct current in both directions, it has only a brief
interval during which the sine wave current is passing
through zero to recover and revert to its blocking state.
For this reason, reliable operation of present triacs is
limited to 60 Hz line frequency and lower frequencies.

For inductive loads, the phase-shift between the cur-
rent and voltage means that at the time the current falls
below I and the triac ceases to conduct, there exists a
certain voltage which must appear across the triac. If this
voltage appears too rapidly, the triac will resume con-

MT2 ———

GATE —»=

MT| ————»

(a)

MT2

L~ |
J —
} !
M1 (b) G

Figure 2.17. Triac Structure and Symbol
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Figure 2.18. Triac Voltage-Current Characteristic

duction and control is lost. In order to achieve control
with certain inductive loads, the rate of rise in voltage
(dv/dt) must be limited by a series RC network across the
triac. The capacitor will then limit the dv/dt across the
triac. The resistor is necessary to limit the surge of current
from the capacitor when the triac fires, and to damp the
ringing of the capacitance with the load inductance.

MOTOROLA THYRISTOR DEVICE DATA
1-2-14



METHODS OF CONTROL

AC SWITCH

A useful application of the triac is as a direct replace-
ment for an ac mechanical relay. In this application, the
triac furnishes on-off control and the power-regulating
ability of the triac is not utilized. The control circuitry for
this application is usually very simple, consisting of a
source for the gate signal and some type of small current
switch, either mechanical or electrical. The gate signal
can be obtained from a separate source or directly from
the line voltage at terminal MT2 of the triac.

PHASE CONTROL

An effective and widely-used method of controlling the
average power to a load through the triac is by phase
control. Phase control is a method of utilizing the triac to
apply the ac supply to the load for a controlled fraction
of each cycle. In this mode of operation, the triac is held
in an off or open condition for a portion of each positive
and negative cycle, and then is triggered into an on con-
dition at a time in the half cycle determined by the control
circuitry. In the on condition, the circuit current is limited
only by the load — i.e., the entire line voltage (less the
forward drop of the triac) is applied to the load.

Figure 2.19 shows the voltage waveform along with
some common terms used in describing triac operation.
Delay angle is the angle, measured in electrical degrees,
during which the triac is blocking the line voltage. The
period during which the triac is on is called the conduc-
tion angle.

Itis importantto note that the triac is either off (blocking
voltage) or fully on (conducting). When it is in the on
condition, the circuit current is determined only by the
load and the power source.

As one might expect, in spite of its usefulness, phase
control is not without disadvantages. The main disad-
vantage of using phase control in triac applications is the
generation of electro-magnetic interference (EMI). Each
time the triac is fired the load current rises from zero to
the load-limited current value in a very short time. The
resulting di/dt generates a wide spectrum of noise which
may interfere with the operation of nearby electronic
equipment unless proper filtering is used.

ZERO POINT SWITCHING

In addition to filtering, EMI can be minimized by zero-
point switching, which is often preferable. Zero-point
switching is a technique whereby the control element (in
this case the triac) is gated on at the instant the sine wave
voltage goes through zero. This reduces, or eliminates,
turn-on transients and the EMI. Power to the load is con-
trolled by providing bursts of complete sine waves to the
load as shown in Figure 2.20. Modulation can be on a
random basis with an on-off control, or a proportioning
basis with the proper type of proportional control.

In order for zero-point switching to be effective, it must
indeed be zero point switching. If a triac is turned on with

as little as 10 volts across it into a load of a few-hundred
watts, sufficient EMI will result to nullify the advantages
of adopting zero-point switching in the first place.

BASIC TRIAC AC SWITCHES

Figure 2.21 shows methods of using the triac as an on-
off switch. These circuits are useful in applications where
simplicity and reliability are important. As previously
stated, there is no arcing with the triac, which can be very
important in some applications. The circuits are for resis-
tive loads as shown and require the addition of a dv/dt
network across the triac for inductive loads. Figure 2.21(a)
shows low-voltage control of the triac. When switch S1
is closed, gate current is supplied to the triac from the
10 volt battery. In order to reduce surge current failures
during turn on (tgp), this current should be 5 to 10 times
the maximum gate current (IgT) required to trigger the
triac.

The triac turns on and remains on until S1 is opened.
This circuit switches at zero current except for initial turn
on. S1can be a very-low-current switch because it carries
only the triac gate current.

Figure 2.21(b) shows a triac switch with the same char-
acteristics as the circuit in Figure 2.21(a) except the need
for a battery has been eliminated. The gate signal is
obtained from the voltage at MT2 of the triac prior to turn
on.

The circuit shown in Figure 2.21(c) is a modification of
Figure 2.21(b). When switch S1 is in position one, the
triac receives no gate current and is non-conducting. With
S1 in position two, circuit operation is the same as that
for Figure 2.21(b). In position three, the triac receives gate
current only on positive half cycles. Therefore, the triac
conducts only on positive half cycles and the power to
the load is half wave.

Figure 2.21(d) shows ac control of the triac. The pulse
can be transformer coupled to isolate power and control
circuits. Peak current should be 10 times IGT(max) and
the RC time constant should be 5 times ton(max)- A high
frequency pulse (1 to 5 kHz) is often used to obtain zero
point switching.

P / VOLTAGE APPLIED TO LOAD

-/

Figure 2.19. Sine Wave Showing Principles
of Phase Control
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ZERO POINT SWITCHING TECHNIQUES

Zero-point switches are highly desirable in many ap-
plications because they do not generate electro-magnetic
interference (EMI). A zero-point switch controls sine-
wave power in such a way that either complete cycles or
half cycles of the power supply voltage are applied to the
load as shown in Figure 2.22. This type of switching is
primarily used to control power to resistive loads such
as heaters. It can also be used for controlling the speed
of motors if the duty cycle is modulated by having short
bursts of power applied to the load and the load char-
acteristic is primarily inertial rather than frictional. Mod-
ulation can be on a random basis with an on-off control,
or on a proportioning basis with the proper type of pro-
portioning control.

In order for zero-point switching to be effectlve it must
be true zero-point switching. If an SCR is turned on with
an anode voltage as low as 10 volts and a load of just a
few hundred watts, sufficient EMI will result to nullify the
advantages of going to zero-point switching in the first
place. The thyristor to be turned on must receive gate
drive exactly at the zero crossing of the applied voltage.

The most successful method of zero-point thyristor
control is therefore, to have the gate signal applied before
the zero crossing. As soon as the zero crossing occurs,
anode voltage will be supplied and the thyristor will come
on. This is effectively accomplished by using a capacitor
to derive a 90° leading gate signal from the power line
source. However, only one thyristor can be controlled
from this phase-shifted signal, and a slaving circuit is
necessary to control the other SCR to get full-wave power
control. These basic ideas are illustrated in Figure 2.23.
The slaving circuit fires only on the half cycle after the
firing of the master SCR. This guarantees that only com-
plete cycles of power will be applied to the load. The gate
signal to the master SCR receives all the control; a con-
venient control method is to replace the switch with a

LOAD

NN NP
AVAVAVAERVAVAVL

HALF POWER TO LOAD
LINE
VOLTAGE
AVAVAVAVAVAvVEvAvL

FULL POWER TO LOAD

Figure 2.20. Sine Wave Showing Principles of
Zero-Point Switching
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Figure 2.21. Triac Switches
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W 200V
low-power transistor, which can be controlled by bridge- | MAC210-4
sensing circuits, manually controlled potentiometers, or AC LINE 11?2:; A
various other techniques. 1

A basic SCRis very effective and trouble free. However, Yy

it can dissipate considerable power. This must be taken ON-OFF  {, %\ LOAD
into account in designing the circuit and its packaging. CONTROL‘{

In the case of triacs, a slaving circuit is also usually
required to furnish the gate signal for the negative half
cycle. However, triacs can use slave circuits requiring less
power than do SCRs as shown in Figure 2.23. Other con-
siderations being equal, the easier slaving will some-
times make the triac circuit more desirable than the SCR

Figure 2.24. Triac Zero-Point Switch

circuit.

Besides slaving circuit power dissipation, there is an- o
other consideration which should be carefully checked l
when using high-power zero-point switching. Since this 3‘/3
is on-off switching, it abruptly applies the full load to the o1 LOAD
power line every time the circuit turns on. This may cause 1Ndoos &
a temporary drop in voltage which can lead to erratic AC — o
operation of other electrical equipment on the line (light LINE R 025 uF D4 !01
dimming, TV picture shrinkage, etc.). For this reason, 38k KT 1Ns760 J 2N4216
loads with high cycling rates should not be powered from R2 1
the same supply lines as lights and other voltage- 8.2k 1N04(2104 1N3304 1k
sensitive devices. On the other hand, if the load cycling 1w
rate is slow, say once per half minute, the loading flicker . . )
may not be objectionable on lighting circuits. Figure 2.25. Sensitive-Gate Switch

A note of caution.is in order here. The full-wave zero-
point switching control illustrated in Figure 2.23 should
not be used as a half-wave control by removing the slave
SCR. When the slave SCR in Figure 2.23 is removed, the
master SCR has positive gate current flowing over ap- T
proximately 1/4 of a cycle while the SCR itself is in the I
reverse-blocking state. This occurs during the negative St o1
half cycle of the line voltage. When this condition exists, o1 0.25 uF LOAD
Q1 will have a high leakage current with full voltage ap- 14004 200V
plied and will therefore be dissipating high power. This AC
will cause excessive heating of the SCR and may lead to LINE R1 D3 D4 R a
its failure. If it is desirable to use such a circuit as a half- 10§§ 38k] INdOO4 TNSTED 400 !2N4442
wave control, then some means of clamping the gate 200V R2 D2
signal during the negative half cycle must be devised to 82k 1N4004
inhibit gate current while the SCR is reverse blocking. ! [ 1w

The circuits shown in Figures 2.25 and 2.26 do not have . A X
this disadvantage and may be used as half-wave controls. Figure 2.26. Zero-Point Switch
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OPERATION

The zero-point switches shown in Figures 2.25 and 2.26
are used to insure that the control SCR turns on at the
start of each positive alternation. In Figure 2.25 a pulse
is generated before the zero crossing and provides a
small amount of gate current when line voltage starts to
go positive. This circuit is primarily for sensitive-gate
SCRs. Less-sensitive SCRs, with their higher gate cur-
rents, normally require smaller values for R1 and R2 and
the result can be high power dissipation in these resis-
tors. The circuit of Figure 2.26 uses a capacitor, C2, to
provide a low-impedance path around resistors R1 and
R2 and can be used with less-sensitive, higher-current
SCRs without increasing the dissipation. This circuit ac-
tually osciliates near the zero crossing point and provides
a series of pulses to assure zero-point switching.

The basic circuit is that shown in Figure 2.25. Operation
begins when switch S1 is closed. If the positive alterna-
tion is present, nothing will happen since diode D1 is
reverse biased. When the negative alternation begins,
capacitor C1 will charge through resistor R2 toward the
limit of voltage set by the voltage divider consisting of
resistors R1 and R2. As the negative alternation reaches
its peak, C1 will have charged to about 40 volts. Line
voltage will decrease but C1 cannot discharge because
diode D2 will be reverse biased. It can be seen that C1
and three-layer diode D4 are effectively in series with the
line. When the line drops to 10 volts, C1 will still be 40
volts positive with respect to the gate of Q1. At this time
D4 will see about 30 volts and will trigger. This allows C1
to discharge through D3, D4, the gate of Q1, R2, and R1.
This discharge current will continue to flow as the line
voltage crosses zero and will insure that Q1 turns on at
the start of the positive alternation. Diode D3 prevents
reverse gate-current flow and resistor R3 prevents false
triggering.

The circuit in Figure 2.26 operates in a similar manner
up to the point where C1 starts to discharge into the gate.
The discharge path will now be from C1 through D3, D4,
R3, the gate of Q1, and capacitor C2. C2 will quickly
charge from this high pulse of current. This reduces the
voltage across D4 causing it to turn off and again revert
to its blocking state. Now C2 will discharge through R1
and R2 until the voltage on D4 again becomes sufficient
to cause it to break back. This repetitive exchange of
charge from C1 to C2 causes a series of gate-current
pulses to flow as the line voltage crosses zero. This
means that Q1 will again be turned on at the start of each
positive alternation as desired. Resistor R3 has been
added to limit the peak gate current.

AN SCR SLAVING CIRCUIT

An SCR slaving circuit will provide full-wave control of
an ac load when the control signal is available to only
one of a pair of SCRs. An SCR slaving circuit is commonly
used where the master SCR is controlled by zero-point
switching. Zero-point switching causes the load to re-
ceive a full cycle of line voltage whenever the control
signal is applied. The duty cycle of the control signal

e

4

therefore determines the average amount of power sup-
plied to the load. Zero-point switching is necessary for
large loads such as electric heaters because conventional
phase-shift techniques would generate an excessive
amount of electro-magnetic interference (EMI).

This particular slaving circuit has two important ad-
vantages over standard RC discharge slaving circuits. It
derives these advantages with practically no increase in
price by using a low-cost transistor in place of the current-
limiting resistor normally used for slaving. The first ad-
vantage is that a large pulse of gate current is available
at the zero-crossing point. This means that it is not nec-
essary to select sensitive-gate SCRs for controlling
power. The second advantage is that this current pulse
is reduced to zero within one alternation. This has a cou-
ple of good effects on the operation of the slaving SCR.
It prevents gate drive from appearing while the SCR is
reverse-biased, which would produce high power dissi-
pation within the device. It also prevents the slaved SCR
from being turned on for additional half cycles after the
drive is removed from the control SCR.

OPERATION

The SCR slaving circuit shown in Figure 2.27 provides
a single power pulse to the gate of SCR Q2 each time
SCR Q1 turns on, thus turning Q2 on for the half cycle
following the one during which Q1 was on. Q2 is there-
fore turned on only when Q1 is turned on, and the load
can be controlled by a signal connected to the gate of
Q1 as shown in the schematic. The control signal can be
either dc or a power pulse. If the control signal is syn-
chronized with the power line, this circuit will make an
excellent zero-point switch. During the time that Q1 is
on, capacitor C1 is charged through R1, D1 and Q1. While
C1 is being charged, D1 reverse-biases the base-emitter
junction of Q3, thereby holding it off. The charging time
constant, R1, C1, is set long enough that C1 charges for
practically the entire half cycle. The charging rate of C1
follows an ‘S’ shaped curve, charging slowly at first,
then faster as the supply voltage peaks, and finally slowly
again as the supply voltage decreases. When the supply
voltage falls below the voltage across C1, diode D1 be-
comes reverse biased and the base-emitter of Q3 be-
comes forward biased. For the values shown, this occurs
approximately 6° before the end of the half cycle con-

10k $ R1
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Figure 2.27. SCR Slave Circuit
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duction of Q1. The base current is derived from the en-
ergy stored in C1. This turns on Q3, discharging C1
through Q3 and into the gate of Q2. As the voltage across
C1 decreases, the base drive of Q3 decreases and some-
what limits the collector current. The current pulse must
last until the line voltage reaches a magnitude such that
latching current will exist in Q2. The values shown will
deliver a current pulse which peaks at 100 mA and has
amagnitude greater than 50 mA when the anode-cathode
voltage of Q2 reaches plus 10 volts. This circuit com-

pletely discharges C1 during the half cycle that Q2 is on.
This eliminates the possibility of Q2 being slaved for ad-
ditional half cycles after the drive is removed from Q1.
The peak current and the current duration are controlled
by the values of R1 and C1. The values chosen provide
sufficient drive for “shorted emitter’” SCRs which typi-
cally require 10 to 20 mA to fire. The particular SCR used
must be capable of handling the maximum current re-
quirements of the load to be driven; the 8 ampere, 200
V SCRs shown will handle a 1000 watt load.
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CHAPTER 3

THYRISTOR DRIVERS AND TRIGGERS

Triggering a thyristor requires meeting its gate energy
specifications and there are many ways of doing this. In
general, the gate should be driven hard and fast to ensure
complete gate turn on and thus minimize di/dt effects.
Usually this means a gate current of at least three times
the gate turn on current with a pulse rise of less than one
microsecond and a pulse width greater than 10 micro-
seconds. The gate can also be driven by a dc source as
long as the average gate power limits are met.

Some of the methods of driving the gate include:

1) Direct drive from logic families of transistors

2) Opto triac drivers

3) Unijunction transistors (UJTs) and programmable

unijunction transistors (PUTs)

4) Silicon bilateral switches (SBSs)

5) SIDACs

In this chapter we will discuss all of these, as well as
some of the important design and application consider-
ations in triggering thyristors in general. In the chapter
on applications, we will also discuss some additional con-
siderations relating to drivers and triggers in specific
applications.

PULSE TRIGGERING OF SCRs

GATE TURN-ON MECHANISM

The turn-on of PNPN devices has been discussed in
many papers where it has been shown that the condition

of switching is given by% = 0(i.e., a1 + a2 = 1, where

a1 and a3 are the current amplification factors of the two
“transistors.” However, in the case of an SCR connected
to a reverse gate bias, the device can have a1 + a2 = 1
and still stay in the blocking state. The condition of turn-
on is actually e + ag > 1.

The current amplification factor, a, increases with emit-
ter current; some typical curves are shown in Figure 3.1.
The monotonical increase of a with Ig of the device in
the blocking state makes the regeneration of current (i.e.,
turn-on) possible.

Using the two transistor analysis, the anode current,
IA, can be expressed as a function of gate current, Ig, as:
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Figure 3.1. Typical Variation of Transistor a with
Emitter Current Density

a21G + Ics1 + Ics2
T-a1 — a2

Definitions and derivations are given in Appendix |. Note-
that the anode current, |a, will increase to infinity as aq
+ ap = 1. This analysis is based upon the assumption
that no majority carrier current flows out of the gate cir-
cuit. When no such assumption is made, the condition
for turn-on is given by:

K 1-o

A a

(1)

(2)

which corresponds to a1 + a2 > 1 (see Appendix |).
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Figure 3.2. Schematic Structure of an SCR, Positive
Currents Are Defined as Shown by the Arrows

Current regeneration starts when charge or current is
introduced through the gate (Figure 3.2). Electrons are
injected from the cathode across J3; they travel across
the Py “base” region to be swept out by the collector
junction, Jg, and thrown into the N1 base. The increase
of majority carrier electrons in region N1 decreases the
potential in region N1, so that holes from P are injected
across the junction J1, into the N1 “base” region to be
swept across Jg, and thrown into the P “base” region.
The increase in the potential of region Py causes more
electrons to be injected into Py, thereby repeating the
cycle. Since a increases with the emitter current, an in-
crease of regeneration takes place until a1 + a3 > 1.
Meanwhile, more carriers are collected than emitted from
either of the emitters. The continuity of charge flow is
violated and there is an electron build-up on the N1 side
of Jg, and a hole build-up on the P2 side. When the inert
impurity charges are compensated for by injected ma-
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Figure 3.3(a). Typical Variation of Minimum Gate
Current Required to Trigger

jority carriers, the junction J2 becomes forward biased.
The collector emits holes back to Jq and electrons to J3
until a steady state continuity of charge is established.

During the regeneration process, the time it takes for
a minority carrier to travel across a base region is the
transit time, t, which is given approximately as:

w2; where Wj = base width
207

t (3)
Dj = diffusion length

(The subscript “i"” can be either 1 or 2 to indicate the
appropriate base.) The time taken from the start of the
gate trigger to the turn-on of the device will be equal to
some multiple of the transit time.

CURRENT PULSE TRIGGERING

Current pulse triggering is defined as supplying current
through the gate to compensate for the carriers lost by
recombination in order to provide enough current to sus-
tain increasing regeneration. If the gate is triggered with
a current pulse, shorter pulse widths require higher cur-
rents as shown by Figure 3.3(a). Figure 3.3(a) seems to
indicate there is a constant amount of charge required to
trigger on the device when |G is above a threshold level.
When the charge required for turn-on is plotted versus
pulse current or pulse width, there is an optimum range
of current levels or pulse widths for which the charge is
minimum, as shown in region A of Figure 3.3(b) and (c).
Region C shows that for lower current levels (i.e., longer
minimum pulse widths) more charge is required to trig-
ger on the device. Region B shows increasing charge
required as the current gets higher and the pulse width
smaller.
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The charge characteristic curves can be explained qual-
itatively by the variation of current amplification (aT) with
respect to emitter current. A typical variation of a1 and
ap for a thyristor is shown in Figure 3.4(a). From Figure
3.4(a), it can be deduced that the total current amplifi-

cation factor, aT = a1 + ag, has a characteristic curve
as shown in Figure 3.4(b). (The data does not correspond
to the data of Figure 3.3 — they are taken for different
types of devices.)

The gate current levels in region A of Figure 3.3 cor-
respond to the emitter (or anode) currents for which the
slope of the aT curve is steepest (Figure 3.4(b)). In region
A the rate that o7 builds up with respect to changes of
Ig (or la) is high, little charge is lost by recombination,
and therefore, a minimum charge is required for turn-on.

In region C of Figure 3.3, lower gate current corre-
sponds to small Ig (or Ip) for which the slope of oT, as
well as o itself, is small. It takes a large change in Ig (or
Ia) in order to build up oT. In this region, a lot of the
charge supplied through the gate is lost by recombina-
tion. The charge required for turn-on increases markedly
as the gate current is decreased to the threshold level.
Below this threshold, the device will not turn on regard-
less of how long the pulse width becomes. At this point,
the slope of a7 is equal to zero; all of the charge supplied
is lost completely in recombination or drained out
through gate-cathode shunt resistance. A qualitative
analysis of variation of charge with pulse width at region
A and C is discussed in Appendix Il

In region B, as the gate current level gets higher and
the pulse width smaller, there are two effects that con-
tribute to an increasing charge requirement to trigger-on
the device: (1) the decreasing slope of aT and, (2) the
transit time effect. As mentioned previously, it takes some
multiple of the transit time for turn-on. As the gate pulse
width decreases to N (ty1 + tp2) or less, (where N is a
positive real number, tN1 = transit time of base N1, and
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tp2 = transit time of base P2) the amount of current
required to turn-on the device should be large enough to
flood the gate to cathode junction nearly instantaneously
with a charge which correspondsto Ig (or ) high enough
to give aT > 1.

CAPACITANCE CHARGE TRIGGERING

Using a gate trigger circuit as shown in Figure 3.5, the
charge required for turn-on increases with the value of
capacitance used as shown in Figure 3.7. Two reasons
may account for the increasing charge characteristics:

1) An effect due to threshold current.
2) An effect due to variation of gate spreading
resistance.

T0
COMMUTATING
CIRCUIT

I i SCR

Rg

1
o-{— L

Figure 3.5. Gate Circuit of Capacitance Charge
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Figure 3.6. Gate Current Waveform in Capacitance
Charge Triggering

Consider the gate current waveform in Figure 3.6; the
triggering pulse width is made large enough such that
T >> tfj; the threshold trigger current is shown as lgpy.
All of the charge supplied at a transient current level less
than Iy is lost by recombination, as shown in the shaded
regions.

The gate spreading resistance (r'g) of the gate junction
varies inversely with peak current; the higher the peak
current, the smaller the gate spreading resistance. Vari-
ation of gate spreading resistance measured by the
method of Time Domain Reflectometry is plotted in Fig-
ure 3.8.

From the data of Figure 3.7, it is clear that for larger
values of capacitance a lower voltage level is required
for turn-on. The peak current of the spike in Figure 3.6 is
——L,; the smaller AV, the smaller Ipk.
Rs +r G
Smaller ka in turn yields large r'G, so that r'g is depen-
dent on the value of capacitance used in capacitance
charge triggering. This reasoning is confirmed by mea-
suring the fall time of the gate trigger voltage and cal-
culating the transient gate spreading resistance, r'G,
.
T 22C
As expected, r'Gg increases with increasing values of ca-
pacitance used. Referring back to Figure 3.6, for the same
amount of charge (C AV), the larger the (Rg + r'G)C time
constant of the current spike, the more charge under the
threshold level is lost in recombination. Increasing the
value of C will increase the time constant more rapidly
than if r'G were invariant. Therefore, increasing the value
of C should increase the charge lost as shown in Figure
3.7. Note that a two order of magnitude increase in ca-
pacitance increased the charge by less than 3:1.

given by Ipk =

from:Rg + ' Results are plotted in Figure 3.9.
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EFFECT OF TEMPERATURE

The higher the temperature, the less charge required
to turn on the device, as shown in Figure 3.10. At the
range of temperatures where the SCR is operated the life
time of minority carriers increases with temperature;
therefore less charge into the gate is lost in
recombination.

As analyzed in Appendix Il, there are three components
of charge involved in gate triggering: (1) Q;, charge lost
in recombination, (2) Qqgy, charge drained out through the
built-in gate-cathode shunt resistance, (3) Q¢r, net charge
for triggering. All of them are temperature dependent.
Since the temperature coefficient of voltage across a p-n
junction is small, Qgr may be considered invariant of
temperature. At the temperature range of operation, the
temperature is too low to give rise to significant impurity
gettering, lifetime increases with temperature causing Q,
to decrease with increasing temperature. Also, Q¢ de-
creases with increasing temperature because at a con-
stant current the aT of the device in the blocking state
increases with temperature;7 in other words, to attain oT
= 1 atan elevated temperature, less anode current, hence
gate current [see equation (3) of Appendix I], is needed;
therefore, Qi decreases. The input charge, being equal
to the sum of Q¢y, Qy, and Qq, decreases with increasing
temperature.

The minimum current trigger charge decreases roughly
exponentially with temperature. Actual data taken on an
MCR729 deviate somewhat from exponential trend (Fig-
ure 3.10). At higher temperatures, the rate of decrease is
less; also for different pulse widths the rates of decrease
of Qj, are different; for large pulse widths the recom-
bination charge becomes more significant than that of
small pulse widths. As the result, it is expected and Figure
3.10 shows that Qj, decreases more rapidly with tem-
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perature at high pulse widths. These effects are analyzed
in Appendix Il [equation (10)]. The theory and experiment
agree reasonably well.
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EFFECT OF BLOCKING VOLTAGE

An SCR is an avalanche mode device; the turn-on of
the device is due to multiplication of carriers in the middle
collector junction. The multiplication factor is given by
the empirical equation

1

VB

where

M = Multiplication factor

V = Voltage across the middle “collector” junction
(voltage at which the device is blocking prior to
turn-on)

VB = Breakdown voltage of the middle “collector”

junction

n = Some positive number

Note as V is increased, M also increases and in turn «
increases (the current amplification factor « v8M
where y = Emitter efficiency, B = Base transport factor,
and & = Factor of recombination).

The larger the V, the larger is aT. It would be expected
for the minimum gate trigger charge to decrease with
increasing V. Experimental results show this effect (see
Figure 3.11). For the MCR729, the gate trigger charge is
only slightly affected by the voltage at which the device
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is blocking prior to turn-on; this reflects that the expo-
nent, n, in equation (6) is small.

EFFECT OF GATE CIRCUIT

As mentioned earlier, to turn on the device, the total
amplification factor must be greater than unity. This
means that if some current is being drained out of the
gate which bleeds the regeneration current, turn-on will
be affected. The higher the gate impedance, the less the
gate trigger charge. Since the regenerative current prior
to turn-on is small, the gate impedance only slightly af-
fects the required minimum trigger charge; but in the
case of over-driving the gate to achieve fast switching
time, the gate circuit impedance will have noticeable
effect.

EFFECT OF INDUCTIVE LOAD

The presence of an inductive load tends to slow down
the change of anode current with time, thereby causing
the required charge for triggering to increase with the
value of inductance. For dc or long pulse width current
triggering, the inductive load has little effect, but its effect
increases markedly at short pulse widths, as shown in
Figure 3.12. The increase in charge occurs because at
short pulse widths, the trigger signal has decreased to a
negligible value before the anode current has reached a
level sufficient to sustain turn-on.
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USING NEGATIVE BIAS AND SHUNTING

Almost all SCR’s exhibit some degree of turn-off gain.
At normal values of anode current, negative gate current
will not have sufficient effect upon the internal feedback
loop of the device to cause any significant change in
anode current. However, it does have a marked effect at
low anode current levels; it can be put to advantage by
using it to modify certain device parameters. Specifically,
turn-off time may be reduced and hold current may be
increased. Reduction of turn-off time and increase of hold
current are useful in such circuits as inverters or in full-
wave phase control circuits in which inductance is
present.

Negative gate current may, of course, be produced by
use of an external bias supply. It may also be produced
by taking advantage of the fact that during conduction
the gate is positive with respect to the cathode and pro-
viding an external conduction path such as a gate-to-
cathode resistor. All Motorola SCR’s, with the exception
of sensitive gate devices, are constructed with a built in
gate-to-cathode shunt, which produces the same effect
as negative gate current. Further change in characteris-
tics can be produced by use of an external shunt. Shunt-
ing does not produce as much of a change in character-
istics as does negative bias, since the negative gate
current, even with an external short circuit, is limited by
the lateral resistance of the base layer. When using ex-
ternal negative bias the current must be limited, and care
must be taken to avoid driving the gate into the avalanche
region.

The effects of negative gate current are not shown on
the device specification sheets. The curves in Figure 3.13
represent measurements made on a number of SCRs,
and should therefore not be considered as spec limits.
They do, however, show definite trends. For example, all
of the SCRs showed an improvement in turn-off time of
about one-third by using negative bias up to the point
where no further significant improvement was obtained.
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The increase in hold current by use of an external shunt
resistor ranged typically between 5 and 75 percent,
whereas with negative bias, the range of improvement
ran typically between 2-1/2 and 7 times the open gate
value. Note that the holding current curves are normal-
ized and are referred to the open gate value.

SPREAD OF 5 DEVICES
6
[
= -
@
% /‘
o 4 —d
= //
o
a ~
x
z _
g, gl
= -
E: e
:E A
0
0 —2 —4 -6 -8 —-10

GATE-TO-CATHODE VOLTAGE (VOLTS)

Figure 3.13(b). 2N4199 Normalized Holding Current
versus Gate-to-Cathode Voltage

AVERAGE 10 DEVICES

IF

///
T/

{

—

F=5

TURN-OFF TIME (us)

0 -5
GATE-TO-CATHODE VOLTAGE (VOLTS)
Figure 3.13(c). 2N4199 Turn-Off Time versus Bias

-10

REDUCING di/dt — EFFECT FAILURES

Figure 3.14 shows a typical SCR structural cross section
(not to scale). Note that the collector of transistor 1 and
the base of transistor 2 are one and the same layer. This
is also true for the collector of transistor 2 and the base
of transistor 1. Although for optimum performance as an
SCR the base thicknesses are great compared to a normal
transistor, nevertheless, base thickness is still small com-
pared to the lateral dimensions. When applying positive
bias to the gate, the transverse base resistance, spreading
resistance or rp’ will cause a lateral voltage drop which
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will tend to forward bias those parts of the transistor 1
emitter-junction closest to the base contact (gate) more
heavily, or sooner than the portions more remote from
the contact area. Regenerative action, consequently will
start in an area near the gate contact, and the SCR will
turn on first in this area. Once on, conduction will prop-
agate across the entire junction.
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Figure 3.14 (b)

The phenomenon of di/dt failure is related to the turn-
on mechanism. Let us look at some of the external factors
involved and see how they contribute. Curve 3.15(a)
shows the fall of anode-to-cathode voltage with time.
This fall follows a delay time after the application of the
gate bias. The delay time and fall time together are called
turn-on time, and, depending upon the device, will take
anywhere from tens of nanoseconds up to a few micro-
seconds. The propagation of conduction across the entire
junction requires a considerably longer time. The time
required for propagation or equalization of conduction is
represented approximately by the time required for the
anode-to-cathode voltage to fall from the 10 percent point
to its steady state value for the particular value of anode
current under consideration (neglecting the change due
to temperature effects). It is during the interval of time
between the start of the fall of anode-to-cathode voltage
and the final equalization of conduction that the SCR is
most susceptible to damage from excessive current.

HEREEE SRR

Let us superimpose a current curve (b) on the anode-
to-cathode voltage versus time curve to better under-
stand this. If we allow the current to rise rapidly to a high
value we find by multiplying current and voltage that the
instantaneous dissipation curve (c) reaches a peak which
may be hundreds of times the steady state dissipation
level for the same value of current.

At the same time it is important to remember that the
dissipation does not take place in the entire junction, but
is confined at this time to a small volume. Since tem-
perature is related to energy per unit volume, and since
the energy put into the device at high current levels may
be very large while the volume in which it is concentrated
is very small, very high spot temperatures may be
achieved. Under such conditions, it is not difficult to attain
temperatures which are sufficient to cause localized melt-
ing of the device. .

Even if the peak energy levels are not high enough to
be destructive on a single-shot basis, it must be realized
that since the power dissipation is confined to a small
area, the power handling capabilities of the device are
lessened. For pulse service where a significant percent-
age of the power per pulse is dissipated during the fall-
time interval, itis not acceptable to extrapolate the steady
state power dissipation capability on a duty cycle basis
to obtain the allowable peak pulse power.
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100
= INSTANTANEOUS
3 POWER
E DISSIPATION (c)
=
S 50
S
&=
2
]
0 :
0.1 1
TIME {jas)

Figure 3.15. Typical Conditions — Fast-Rise, High
Current Pulse

The final criterion for the limit of operation is junction
temperature. For reliable operation the instantaneous
junction temperature must always be kept below the
maximum junction temperature as stated on the manu-
facturer’s data sheet. Some SCR data sheets at present
include information on how to determine the thermal
response of the junction to current pulses. This infor-
mation is not useful, however, for determining the limi-
tations of the device before the entire junction is in con-
duction, because they are based on measurements made
with the entire junction in conduction.
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At present, there is no known technique for making a
reasonably accurate measurement of junction tempera-
ture in the time domain of interest. Even if one were to
devise a method for switching a sufficiently large current
in a short enough time, one would still be faced with the
problem of charge storage effects in the device under
test masking the thermal effects. Because of these and
other problems, it becomes necessary to determine the
device limitations during the turn-on interval by destruc-
tive testing. The resultant information may be published
in a form such as a maximum allowable current versus
time, or simply as a maximum allowable rate of rise of
anode current (di/dt).

Understanding the di/dt failure mechanism is part of
the problem. To the user, however, a possible cure is
infinitely more important. There are three approaches
that should be considered.

Because of the lateral base resistance the portion of
the gate closest to the gate contact is the first to be turned
on because it is the first to be forward biased. If the
minimum gate bias to cause turn-on of the device is used,
the spot in which conduction is initiated will be smallest
in size. By increasing the magnitude of the gate trigger
pulse to several times the minimum required, and ap-
plying it with a very fast rise time, one may considerably
increase the size of the spot in which conduction starts.
Figure 3.16(a) illustrates the effect of gate drive on voltage
fall time and Figure 3.16(b) shows the improvement in
instantaneous dissipation. We may conclude from this
that overdriving the gate will improve the di/dt capabil-
ities of the device, and we may reduce the stress on the
device by doing so.
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Figure 3.16(a). Effect of Gate Drive on Fall Time

A very straightforward approach is to simply slow
down the rate of rise of anode current to insure that it
stays within the device ratings. This may be done simply
by adding some series inductance to the circuit.
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Figure 3.16(b). Effect of Gate Drive On
Turn-On Dissipation

If the application should require a rate of current rise
beyond the rated di/dt limit of the device, then another
approach may be taken. The device may be turned on to
a relatively low current level for a sufficient time for a
large part of the junction to go into conduction; then the
current level may be allowed to rise much more rapidly
to very high levels. This might be accomplished by using
a delay reactor as shown in Figure 3.17. Such a reactor
would be wound on a square loop core so that it would
have sharp saturation characteristic and allow a rapid
current rise. It is also possible to make use of a separate
saturation winding. Under these conditions, if the delay
is long enough for the entire junction to go into conduc-
tion, the power handling capabilities of the device may
be extrapolated on a duty cycle basis.
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Figure 3.17. Typical Circuit Use of a Delay Reactor
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WHY AND HOW TO SNUB THYRISTORS

Inductive loads (motors, solenoids, etc.) present a
problem for the power triac because the current is not in
phase with the voltage. An important fact to remember
is that since a triac can conduct current in both directions,
it has only a brief interval during which the sine wave
current is passing through zero to recover and revert to
its blocking state. For inductive loads, the phase shift
between voltage and current means that at the time the
current of the power handling triac falls below the holding
current and the triac ceases to conduct, there exists a
certain voltage which must appear across the triac. If this
voltage appears too rapidly, the triac will resume con-

5
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duction and control is lost. In order to achieve control
with certain inductive loads, the rate of rise in voltage
(dv/dt) must be limited by a series RC network placed in
parallel with the power triac as shown in Figure 3.18. The
capacitor Cg will limit the dv/dt across the triac.

The resistor Rg is necessary to limit the surge current
from Cg when the triac conducts and to damp the ringing
of the capacitance with the load inductance L. Such an
RC network is commonly referred to as a “snubber.”

Figure 3.19 shows current and voltage waveforms for
the power triac. Commutating dv/dt for a resistive load
is typically only 0.13 V/us for a 240 V, 50 Hz line source
and 0.063 V/us for a 120 V, 60 Hz line source. For inductive
loads the “turn-off”’ time and commutating dv/dt stress
are more difficult to define and are affected by a number
of variables such as back EMF of motors and the ratio of
inductance to resistance (power factor). Although it may
appear from the inductive load that the rate or rise is
extremely fast, closer circuit evaluation reveals that the
commutating dv/dt generated is restricted to some finite
value which is a function of the load reactance L and
the device capacitance C but still may exceed the triac’s
critical commutating dv/dt rating which is about 50 V/us.
Itis generally good practice to use an RC snubber network
across the triac to limit the rate of rise (dv/dt) to a value
below the maximum allowable rating. This snubber net-
work not only limits the voltage rise during commutation
but also suppresses transient voltages that may occur as
a result of ac line disturbances.

There are no easy methods for selecting the values for
Rg and Cg of a snubber network. The circuit of Figure
3.18 is a damped, tuned circuit comprised of Rg, Cg, R
and L|, and to a minor extent the junction capacitance
of the triac. When the triac ceases to conduct (this occurs
every half cycle of the line voltage when the current falls
below the holding current), the triac receives a step
impulse of line voltage which depends on the power fac-
tor of the load. A given load fixes R and L|; however,
the circuit designer can vary Rg and Cs. Commutating
dV/dt can be lowered by increasing Cg while Rg can be
increased to decrease resonant “over ringing” of the
tuned circuit.

LOAD
Figure 3.18. Triac Driving Circuit — with Snubber

BASIC CIRCUIT ANALYSIS

Figure 3.20 shows an equivalent circuit used for anal-
ysis, in which the triac has been replaced by an ideal
switch. When the triac is in the blocking or non-
conducting state, represented by the open switch, the
circuit is a standard RLC series network driven by an

i
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' |
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! i Iodvidt
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|
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| | ! }
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| | Vo dvidt
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m— ) k= \ VOLTAGE
il % \ ACROSS
™E POWER TRIAC
Inductive Load

Figure 3.19. Current and Voltage Waveforms
During Commutation

ac voltage source. The following differential equation
can be obtained by summing the voltage drops around
the circuit:

dift) _qgft)

(RL+Rg) ilt)+L at + Cs

= VM sin (ot+¢)  (2)
in which i(t) is the instantaneous current after the switch
opens, q¢(t) is the instantaneous charge on the capacitor,
VM is the peak line voltage, and ¢ is the phase angle by
which the voltage leads the current prior to opening of
the switch. After differentiation and rearrangement, the
equation becomes a standard second-order differential
equation with constant coefficients.

With the imposition of the boundary conditions that
ilo) = 0 and qg¢lo) = 0 and with selected values for Ry,
L, Rs and Cg, the equation can be solved, generally by
the use of a computer. Having determined the magnitude
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and time of occurrence of the peak voltage across the
thyristor, it is then possible to calculate the values and
times of the voltages at 10% and 63% of the peak value.
This is necessary in order to compute the dv/dt stress as
defined by the following equation:

dv _ Vo-Vq

dt — to-tq
where V1 and t1 are the voltage and time at the 10% point
and V2 and t are the voltage and time at the 63% point.

Solution of the differential equation for assumed load
conditions will give the circuit designer a starting point
for selecting Rg and Cg.

Because the design of a snubber is contingent on the
load, it is almost impossible to simulate and test every
possible combination under actual operating conditions.
It is advisable to measure the peak amplitude and rate
of rise of voltage across the triac by use of an oscillo-
scope, then make the final selection of Rg and Cg exper-
imentally. Additional comments about circuit values for
SCRs and Triacs are made in Chapter 6.

RL

LOAD

I
|

AC
/) POWER

SOURCE

Figure 3.20. Equivalent Circuit used for Analysis

PROTECTING SENSITIVE GATE SCRs

In applications of sensitive gate SCRs such as the
Motorola 2N6236, the gate-cathode resistor, Rgk (Figure
3.21) is an imiportant factor. Its value affects, in varying
degrees, such parameters as IgT, VpRM, dv/dt, IH, leak-
age current, and noise immunity.

ANODE (A)

GATE (G)

RaK

CATHODE (K)

Figure 3.21. Gate-Cathode Resistor, RGK

SCR CONSTRUCTION

The initial step in making an SCR is the creation, by
diffusion, of P-type layers in N-type silicon base material.
Prior to the advent of the all-diffused SCR, the next step

MOTOROLA THYRISTOR D
1-3-11

was to form the gate-cathode P-N junction by alloying in
a gold-antimony foil. This produced a silicon P-N junction
of the regrown type over most of the junction area. How-
ever, a resistive rather than semiconductor junction
would form where the moiten alloy terminated at the
surface. This formed an internal Rgk, looking in at the
gate-cathode terminals, that reduced the “’sensitivity”’ of
the SCR.

Modern practice is to produce the gate-cathode junc-
tion by masking and diffusing, a much more control-
lable process. It produces a very clean junction over
the entire junction area with no unwanted resistive
paths. Good dv/dt performance by larger SCRs, how-
ever, requires resistive paths distributed over the junc-
tion area. These are diffused in as emitter shorts and
naturally desensitize the device. Smaller SCRs may rely
on an external Rgk for adequate dv/dt performance;
an all-diffused SCR without emitter shorts will have
sensitive gate characteristics. Figure 3.22(a) shows a
cross-section of the simple construction found in small
sensitive gate SCRs. Figure 3.22(b) depicts shorted
emitter construction.

The sensitive gate SCR, therefore, is an all-diffused
design with no emitter shorts. It has a very high imped-
ance path in parallel with the gate-cathode P-N diode;
the better the process is the higher this impedance, until
a very good device cannot block voltage in the forward
direction without an external Rgg. This is so simple be-
cause thermally generated leakage currents flowing from
the anode into the gate junction are sufficient to turn on
the SCR. The value for Rgk is usually one kilohm and its
presence and value affects many other parameters.

DIFFUSED EMITTER
K K _ CATHODE ¢ K SHORTS
G
METAL
P | DIFFUSED P
N BASE N
P_) DIFFUSED P
A A
A CASE CASE
(a). Simple (b). Shorted Emitter
Construction Construction

Figure 3.22. Sensitive Gate SCR Construction

FORWARD BLOCKING VOLTAGE AND CURRENT,
VDRM AND Ippm

The 2N6236 family is specified to have an Ipgm. or
anode-to-cathode leakage current, of less than 200 uA at
maximum operating junction temperature and rated
VDRM- This leakage current increases if Rgg is omitted
and, in fact, the device may well be able to regenerate
and turn on. Tests were run on several 2N6239 devices
to establish the dependency of the leakage current on
RGK and to determine its relationship with junction tem-
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200

shows a very strong relationship indeed. If Rgk is
l | ] increased, dv/dt performance suffers and if Rgg is
\ 2l116239| ' reduced, the dv/dt performance improves. Reverse bias-
18 \ Ty = 110°C ing the gate also improves dv/dt performance as might
IAK CONSTANT be expected and, on the 2N6241 the improvement is by
& 160 \ a factor of about 50 when the gate is reverse biased by
g \ one volt.
=>
A
=140 \ 10
\ = NNl
120 2N6239 L
100 VaK = VDRM = 200V T
- LI 1ak CONSTANT L
100 90 M
0 1K 2K 3K = \
Rk (OHMS) = N
- \
Figure 3.23(a). Vaok versus Rgk (Typical) for Constant 8 : \\
Leakage Current
70 -
perature, Tj, and forward voltage Vak (Figure 3.23a).
Figure 3.23(d) is a plot of Vpk, forward voltage, versus 60
RGK taken at the maximum rated operating junction tem- 1K 5K 10K 50K 100K
perature of 110°C. With each device the leakage current, Rgk (OHMS)

IAK. is set for a Vak of 200 V, then Vpk reduced and Rgk
varied to re-estabish the same leakage current. The plot
shows that the leakage current is not strongly voltage
dependent or, conversely, Rgg may not be increased for
derate.

While the leakage current is not voltage dependent, it
is very temperature dependent. The plot in Figure 3.23(b)
of TJ, junction temperature, versus RGgg taken at VDRrM,
the maximum forward blocking voltage shows this
dependence. For each device (2N6329 again) the leakage
current, IAK, was measured at the maximum operating
junction temperature of 110°C, then the junction tem-
perature was reduced and RGK varied to re-establish that
same leakage current. The plot shows that the leakage
current is strongly dependent on junction temperature. . -
Conversely RGg may be increased for derated Figure 3.23(c). dv/dt Firing of an SCR
temperature.

To summarize, the leakage current in a sensitive gate
SCR is much more temperature sensitive than voltage
sensitive. Operation at lower junction temperatures
allows an increase in the gate-cathode resistor which
makes the SCR-resistor combination more “sensitive.”

Figure 3.23(b). Tj versus Rgk (Typical) for Constant
Leakage Current

N

ING241
\ T) = 100°C

o O N ®
A

RATE-OF-RISE OF ANODE VOLTAGE, dv/dt \
An SCR’s junctions exhibit capacitance due to the sep-

aration of charge when the device is in a blocking state. 3 \

If an SCR is subjected to forward dv/dt, this capacitance

can couple sufficient current into the SCR’s gate to turn 2 N

it on, as shown in Figure 3.23(c). RGK acts as a diver- N

sionary path for the dv/dt current. (In larger SCRs, where L oy

the lateral gate resistance of the device limits the influ- 0

ence of RG, this path is provided by the resistive emitter 0 % 100 %0 1K 5K 10K

shorts mentioned previously.) The gate-cathode resistor, Rgk (OHMS)

then, might be expected to have some effect on the dv/dt . A

performance of the SCR. Using the 2N6241 as an ex- Figure 3.23(d). dv/dt versus RgK (Typical)

ample, a plot of dv/dt versus Rgg, in Figure 3.23(d),

NORMALIZED dv/dt
E-N
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GATE CURRENT, IgT

The total gate current that a gating circuit must supply
is the sum of the current that the device itself requires
to fire and the current flowing to circuit ground through
RGK. as shown in Figure 3.24. IGT, the current required
by the device so that it may fire, is usually specified by
the device manufacturer as a maximum at some tem-
perature (for the 2N6236 series it is 500 A maximum at
—40°C). The current flowing through Rgk is defined by
the resistor value and by the gate-to-cathode voltage that
the SCR needs to fire. This is 1 V. maximum at —40°C for
the 2N6236 series, for example.

I I
LI

Figure 3.24. SCR and Rgk “Gate” Currents

The gate-cathode junction is a P-N silicon junction and
thus has roughly the same temperature coefficient as a
silicon diode, —2 mV/°C. Figure 3.25 is a typical plot of
VGT versus temperature for sensitive gate SCRs.

0.7

0=~ ~_
05 I~

04

03

Vgt (Volts)

0.2

0.1

0
-4 -2 0 20 40 60 80 100 120

Ty €

Figure 3.25. VGT versus T (Typical)

GATE CURRENT, IGT(min)

SCR manufacturers sometimes get requests for a
sensitive-gate SCR specified with an IGT(min). that is, the
maximum gate current that will not fire the device. This
requirement conflicts with the basic function of a sensi-
tive gate SCR, which is to fire at zero or very low gate
current, IGT(max)- Production of devices with a meas-
urable IGT(min) is at best difficult and deliveries can be
sporadic!

One reason for an IGT(min) requirement might be
some measurable off-state gating circuit leakage current,

perhaps the collector leakage of a driving transistor. Such
current can readily be bypassed by a suitably chosen
RGgK. The VgT of the SCR at the temperature in question
can be estimated from Figure 3.25, an Ohm’s Law cal-
culation made, and the resistor installed to define this
“won’t fire’ current. This is a repeatable design well in
the control of the equipment designer.

HOLDING CURRENT, I

The holding current of an SCR is the minimum anode
current required to maintain the device in the on state.
Itis usually specified as a maximum for a series of devices
(for instance, 5 mA maximum at 25°C for the 2N6236
series). A particular device will turn off somewhere
between this maximum and zero anode current and there
is perhaps a 20-to-1 spread in each lot of devices.

Figure 3.26 shows the holding current increasing with
decreasing Rgk as the resistor siphons off more and
more of the regeneratively produced gate current when
the device is in the latched condition.

NOISE IMMUNITY

Changes in electromagnetic and electrostatic fields
coupled into wires or printed circuit lines can trigger
these sensitive devices, as can logic circuit glitches. The
result is more serious than with a transistor since an SCR
will latch on. Careful wire harness design (twisted pairs
and adequate separation from high-power wiring) and
printed circuit layout (gate and return runs adjacent to
one another) can minimize potential problems. Another
help is the gate-cathode resistor since, with a one-kilohm
resistor, 100 wA to 1 mA of noise current is required to
generate sufficient voltage to fire the device. To serve
this purpose Rgg must be mounted right at the gate-
cathode terminals of the SCR.

NORMALIZED HOLDING CURRENT, Iy

? N
2
1 T
T——
0
100 500 1K 5K 10K
RgK (OHMS)

Figure 3.26. I versus RgK (Typical)
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DRIVERS: THE MOC3011 NON-ZERO
CROSSING TRIAC DRIVER

The MOC3011 non-zero crossing triac driver consists
of a gallium arsenide infrared LED optically exciting a
silicon detector chip, which is especially designed to drive
triacs controlling loads on a 115 Vac power line. The
detector chip is a complex device which functions in
much the same manner as a small triac, generating the
signals necessary to drive the gate of a larger triac. The
MOC3011 shows a low power exciting signal to drive a
high power load with a very small nhumber of compo-
nents, and at the same time provides practically complete
isolation of the driving circuitry from the power line.

The construction of the MOC3011 follows the same
highly successful coupler technology used in Motorola’s
broad line of plastic couplers (Figure 3.27). The planar
lead frame with a plastic “dome’’ undermold provides a
stable dielectric capable of sustaining 7.5 kV between the
input and output sides of the device. The detector chip
is passivated with silicon nitride and uses Motorola’s
annular ring to maintain stable breakdown parameters.

Lead Frame

Co-Planar Isolator Package

Figure 3.27. Motorola “Dome’ Coupler Package

BASIC ELECTRICAL DESCRIPTION

The GaAs LED has nominal 1.3 V forward drop at 10
mA and a reverse breakdown voltage greater than 3 V.
The maximum current to be passed through the LED is
50 mA.

The detector has a minimum blocking voltage of 250
Vdc in either direction in the off state. In the on state, the
detector will pass 100 mA in either direction with less
than 3 V drop across the device. Once triggered into the
on (conducting) state, the detector will remain there until
the current drops below the holding current (typically 100
nA) at which time the detector reverts to the off (non-
conducting) state. The detector may be triggered into the
on state by exceeding the forward blocking voltage, by
voltage ramps across the detector at rates exceeding the
static dv/dt rating, or by photons from the LED. The LED
is guaranteed by the specifications to trigger the detector
into the on state when 10 mA or more is passed through
the LED. A similar device, the MOC3010, has exactly the
same characteristics except it requires 15 mA to trigger.

SRR

A

Since the MOC3011 looks essentially like a small opti-
cally triggered triac, we have chosen to represent it as
shown on Figure 3.28.

v

20- —O4

Figure 3.28. Schematic Representation of
MOC3011 and MOC3010

TRIAC DRIVING REQUIREMENTS

Figure 3.29 shows a simple triac driving circuit using
the MOC3011. The maximum surge current rating of the
MOC3011 sets the minimum value of R1 through the
equation:

R1{min) = Vin(pk)/1.2 A

If we are operating on the 115 Vac nominal line voltage,
Vin(pk) = 180V, then

R1(min) = Vin(pk)y/1.2 A = 150 ohms.

In practice, this would be a 150 or 180 ohm resistor. If
the triac has IgT = 100 mA and VgT = 2V, then the
voltage Vi necessary to trigger the triac wiil be given by
VinT = RleIgT + VGT + VTM = 20 V.

RESISTIVE LOADS

When driving resistive loads, the circuit of Figure 3.29
may be used. Incandescent lamps and resistive heating
elements are the two main classes of resistive loads for
which 115 Vac is utilized. The main restriction is that the
triac must be properly chosen to sustain the proper inrush
loads. Incandescent lamps can sometimes draw a peak
current known as “flashover” which can be extremely
high, and the triac should be protected by a fuse or rated
high enough to sustain this current.

Rioad
1 6 150
Vee o—o0— 115 Vac
) R1
0 g_o— MOC3011  |—o
mA 4 Vln
O——
= 4

Figure 3.29. Simple Triac Gating Circuit
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LINE TRANSIENTS — STATIC dv/dt

Ocassionally transient voltage disturbance on the ac
line will exceed the static dv/dt rating of the MOC3011.
In this case, it is possible that the MOC3011 and the asso-
ciated triac will be triggered on. This is usually not a
problem, except in unusually noisy environments,
because the MOC3011 and its triac will commute off at
the next zero crossing of the line voltage, and most loads
are not noticeably affected by an occasional single half-
cycle of applied power. See Figure 3.31 for typical dv/dt
versus temperature curves.

INDUCTIVE LOADS — COMMUTATING dv/dt

Inductive loads (motors, solenoids, magnets, etc.) pres-
ent a problem both for triacs and for the MOC3011
because the voltage and current are not in phase with
each other. Since the triac turns off at zero current, it may
be trying to turn off when the applied current is zero but
the applied voltage is high. This appears to the traic like
a sudden rise in applied voltage, which turns on the triac
if the rate of rise exceeds the commutating dv/dt of the
triac or the static dv/dt of the MOC3011.

SNUBBER NETWORKS

The solution to this problem is provided by the use of
snubber networks to reduce the rate of voltage rise seen
by the device. In some cases, this may require two snub-

180
5V 300 1 6 R R2
Veg O-MA—0—
2 L
MOC3011  —oO (9=
7400 4
o— 0

bers — one for the triac and one for the MOC3011. The
triac snubber is dependent upon the triac and load used.
In many applications the snubber used for the MOC3011
will also adequately protect the triac.

In order to design a snubber properly, one should know
the power factor of the reactive load, which is defined as
the cosine of the phase shift caused by the load. Unfor-
tunately, this is not always known, and this makes snub-
bing network design somewhat empirical. However a
method of designing a snubber network may be defined,
based upon a typical power factor. This can be used as
a “first cut” and later modified based upon experiment.

Assume an inductive load with a power factor of PF =
0.1 is to be driven. The triac might be trying to turn off
when the applied voltage is given by

Vio = Vpksin ¢ ~ Vpk =~ 180 V
First, one must choose R1 (Figure 3.30) to limit the peak
capacitor discharge current through the MOC3011. This
resistor is given by
R1 = Vpk/lmax = 180/1.2 A = 150 Q
A standard value, 180 ohm resistor can be used in prac-
tice for R1.

It is necessary to set the time constant for = RyC.
Assuming that the triac turns off very quickly, we have a
peak rate of rise at the MOC3011 given by

dv/dt = Vio/r = Vio/R2C

NOTE: CIRCUIT SUPPLIES 25 mA DRIVE TO GATE OF TRIAC AT
Vin = 25V AND Ta < 70°C.

TRIAC
IcT R2 Cc
15 mA | 2400 0.1
30 mA 1200 0.2
50 mA 800 0.3

115
Vac

Figure 3.30. Logic to Inductive Load Interface
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0
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Ta, AMBIENT TEMPERATURE (°C)

1) For a more thorough discussion of snubbers, see page 1-3-9.
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Figure 3.31. dv/dt versus Temperature
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Setting this equal to the worst case dv/dt (static) for the
MOC3011 which we can obtain from Figure 3.33 and solv-
ing for RoC:
dv/dt (Ty = 70°C) = 0.8 V/ius = 8 x 103
RoC = Viof(dv/dt) = 180/(8 x 105) = 230 x 10-6
The largest value of R2 available is found, taking into
consideration of triac gate requirements. If a sensitive
gate triac is used, such as 2N6071B, IgGT = 15 mA @
—40°C. If the triac is to be triggered when Vi, <40V
(R1 + R2) = Vjn/IgT = 40/0.015 =~ 2.3 k
If we let R2 = 2400 ohms and C1 = 0.1 uF, the snubbing
requirements are met. Triacs having less sensitive gates

will require that R2 be lower and C1 be correspondingly
higher as shown in Figure 3.30.

MOC3011

INCREASING INPUT SENSITIVITY

In some cases, the logic gate may not be able to source
or sink 15 mA directly. CMOS, for example, is specified
to have only 0.5 mA output, which must then be increased
to drive the MOC3011. There are numerous ways to
increase this current to a level compatible with the
MOC3011 input requirements; an efficient way is to use
athe MC14049B shown in Figure 3.32. Since there are six
such buffers in a single package, the user can have a
small package count when using several MOC3011's in
one system.

INPUT PROTECTION CIRCUITS
In some applications, such as solid state relays, in
which the input voltage varies widely, the designer may

180 24k
AMA AMA LOAD
01 uF = 2N6071B
115 Vac
—O0

Figure 3.32. MOS to ac Load Interface

Vee R | HEX BUFFER
5V | 2200 | MC75492
10V | 6000 | MC75492
15V | 9100 | MC140498

INPUT CIRCUITRY

RESISTOR INPUT

When the input conditions are well controlled, as for
example when driving the MOC3011 from a TTL, DTL, or
HTL gate, only a single resistor is necessary to interface
the gate to the input LED of the MOC3011. This resistor
should be chosen to set the current into the LED to be a
minimum of 10 mA but no more than 50 mA. 15 mA is
a suitable value, which allows for considerable degra-
dation of the LED over time, and assures a long operating
life for the coupler. Currents higher than 15 mA do not
improve performance and may hasten the aging process
inherent in LED’s. Assuming the forward drop to be 1.5
V at 15 mA allows a simple formula to calculate the input
resistor.

Rj = (Vcc - 1.5)//0.015

Examples of resistive input circuits are seen in Figures
3.28 and 3.32.

want to limit the current applied to the LED of the
MOC3011. The circuit shown in Figure 3.33 allows a non-
critical range of input voltages to properly drive the
MOC3011 and at the same time protects the input LED
from inadvertent application of reverse polarity.

150 1 6
+ —O
MOC3011 »_.05

3-30

Vde
4
—-O

— O0—

Figure 3.33. MOC3011 Input Protection Circuit
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LED LIFETIME

All light emitting diodes slowly decrease in brightness
during their useful life, an effect accelerated by high tem-
peratures and high LED currents. To allow a safety margin
and insure long service life, the MOC3011 is actually
tested to trigger at a value lower than the specified 10
mA input threshold current. The designer can therefore
design the input circuitry to supply 10 mA to the LED and
still be sure of satisfactory operation over a long oper-
ating lifetime. On the other hand, care should be taken
to insure that the maximum LED input current (50 mA)
is not exceeded or the lifetime of the MOC3011 may be
shortened.

TEST RESULTS ON THE MOC3011 AND MOC3021

Figure 3.34(a) shows the commutating dv/dt test circuit,
and Figure 3.34(b) commutating dv/dt versus load resis-
tance and ambient temperature for the non-zero crossing
triac drivers.

The static dv/dt test circuit is shown in Figure 3.35(a).
Static dv/dt versus ambient temperature and load resis-
tance is graphed in Figures 3.35(a) and 3.35(b) for the
MOC3011 and MOC3021, respectively. The static dv/dt is
of primary importance when the triac driver is being used

DuT
FUNCTION r \d - RL
GENERATOR | 1 AN
P
] i
15V 1 ! =
T x__.ﬂ_ a
P8 470 0
FUNCTION +56V
GENERATOR
OUTPUT

ov

TEST PROCEDURE —

THE FREQUENCY OF THE TRAINGULAR WAVEFORM IS INCREASED UNTIL THE
DUT REMAINS ON AFTER BEING TRIGGERED BY THE PUSHBUTTON. THE FRE-
QUENCY IS THEN DECREASED UNTIL THE DUT TURNS OFF AND t, IS MEASURED
AT THIS POINT.

dv/dt =224 V/t,

Figure 3.34(a). Commutating dv/dt Test Circuit

“0-% 0 B W 7B w0
. RL = 300 2
0251°s " |COMMUTATING dvdt versus Ta)
0.20
El
=
5 0151
3
0.101 .
Ta = 25°C S
(COMMUTATING dv/dt versus R) ~ ~~~4
0,051
- — RL
51 300 510 1K

Figure 3.34(b). Commutati\ng dv/dt versus Ambient
Temperature and Load Resistance for the MOC3011
and MOC3021

in conjunction with a triac, to control loads on the ac line.

Common-mode dv/dt is another significant parameter
with non-zero crossing triac drivers. A common-mode
spike on either the LED or detector could trigger the triac
drivers. Thus, a large common-mode dv/dt rating is
essential when using these devices in an electronically
noisy environment. The test circuit used to measure this
parameter is shown in Figure 3.36. Typical values exceed
5000 V/us at 100°C, which is attained through the internal
structure of the triac drivers.

15V HV 5
] lna A sy
| MERCURY 150/m R
WETTED | YE-Y |
SIGNALIN 100 O RELAY 0.001 uF = - -4-20UT
e RL $470 Q
HV = 200 Vdc FOR MOC3010/3011
HV = 400 Vdc FOR MOC3020/3021
0.63 HV HV
VOLTAGE APPLIED TO DUT — ;
.. 50% DUTY CYCLE 0 ;
L B e
TEST PROCEDURE —

TURN THE DUT ONE WHILE APPLYING SUFFICIENT dv/dt TO ENSURE THAT IT
REMAINS ON EVEN AFTER THE TRIGGER CURRENT IS REMOVED. THEN DECREASE
dv/dt UNTIL THE DUT TURNS OFF. MEASURE 7Rc, THE TIME IT TAKES TO RISE TO
0.63 HV, AND DIVIDE 0.63 HV BE 7r¢ TO GET dvidt.

Figure 3.35(a). Static dv/dt Test Circuit
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Figure 3.35(b). Static dv/dt versus Ambient
Temperature and Load Resistance for the MOC3011
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Figure 3.35(c). Static dv/dt versus Ambient
Temperature and Load Resistance for the MOC3021

HV = 400
15V v oV
00
| MERCURY]  35kq Y~Y& |
WETTED el L S L
SIGNALIN 100 Q2 RELAY T 510
e

< VOLTAGE APPLIED TO DUT —

0.63 HV
50% DUTY CYCLE 400V //—‘ HV
o LI L i
- 0 !
-16ms— A

TRC
TEST PROCEDURE —
APPLY SUFFICIENT COMMON-MODE dv/dt TO TRIGGER THE DUT. MEASURE 7R¢,
THE TIME IT TAKES TO RISE TO 0.63 HV AND DIVIDE 0.63 HV BY 7R¢ TO GET dv/dt.

Figure 3.36. Common-Mode dv/dt Test Circuit

DRIVERS: THE MOC3061 AND MOC3081
ZERO-CROSSING TRIAC DRIVERS :

Many new applications in the power control field were
made possible by Motorola’s introduction of the
MOC3011 and MOC3021 optically isolated triac drivers.
These six-pin, solid-state devices, with an input current
of as little as 15 mA, can supply up to 100 mA drive
current to switch triacs on either a 115 Vac or 230 Vac
power line. Thus, high power ac loads can be controlled
from low power circuitry, while an isolation voltage of
7.5 kV is maintained from input to output.

Increased flexibility in power control is possible with
the MOC3061 and MOC3081 optically isolated, zero-
crossing triac drivers. These new devices offer a unique
zero-crossing feature, guaranteeing the triac driver will
only ‘switch on’ between —25V and +25 V. This insures
lower generated noise and inrush currents and extends
the life of incandescent lamp filaments. The circuitry nec-
essary for zero-crossing is also responsible for improved
device parameters, allowing the use of the MOC3061 and
MOC3081 in a wide range of applications.

Zero-crossing triac drivers are currently being used in
electrically noisy industrial environments, where control
signals may travel several hundred yards before reaching
the MOC3061 or MOC3081 triac driver. This is due to the
improved common-mode noise immunity of these
devices. Their large static dv/dt rating eliminates the need
for snubber networks and guarantees that the zero-
crossing triac drivers cannot be unintentionally triggered
‘on,’ by ac line noise. This is particularly important when
the triac driver is used to control industrial equipment
where inadvertent operation may cause damage or
injury.

ELECTRICAL CHARACTERISTICS

The GaAs LED has a maximum forward voltage drop
of 1.5 V at 30 mA and a reverse breakdown voltage of
3 V or more. The recommended LED current to trigger
the detector (either the MOC3061 or MOC3081) is 15 mA.
The minimum LED pulse width capable of triggering the
detector is typically 10 microseconds at both 15 mA for
the MOC3061 and MOC3081.

The MOC3061 detector has a minimum blocking volt-
age of 600 Vdc in either direction in the ‘off’ state whereas
the minimum blocking voltage of the MOC3081 is 800
Vdc. Once triggered ‘on,’ either detector will pass 100 mA
with less than 3V drop across the device. Both will remain
in this conducting state until the current drops below the
holding current (typically 100 uA for the MOC3061 and
the MOC3081) at which time the detector returns to the
non-conducting state.

It may also be possible to inadvertently trigger the
detector into the ‘on’ state by exceeding the forward
blocking voltage or by voltage ramps across the detector
exceeding the static dv/dt rating. These voltage ramps
usually result from disturbances on the ac power line.
However, since the typical static dv/dt rating of the zero-
crossing triac driver is in excess of 1000 V/microsecond
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at 100°C, ac line noise poses littie or no problem for these
devices. As a result, the need for snubber networks on
the triac drivers, to reduce the speed of voltage ramps,
is eliminated. Figure 3.35 shows the static dv/dt test
circuit.

Once the triac controlled by a triac driver is switched
to the conducting state, very little voltage appears across
MT1 and MT2, the main terminals of the triac (Figure
3.37). Since there is also a small voltage drop from the
gate to T2, the total voltage across the triac driver ter-
minals T1 and T2 is very small — typically less than 2 V.
Thus, the detector of the triac driver will conduct very
little current and will, for practical purposes, be ‘off." This
condition has very important implications when a triac
driver and triac are being used to control an inductive
load.

TRIAC ~
DRIVER 6 F
o . T

O

Figure 3.37. Typical ac Power Line Control Circuit

Commutating dv/dt, a phenomena associated with in-
ductive loads, presents a problem for both triacs and
zero-crossing triac drivers. In the steady state, voltage
and current are 90 degrees out of phase for an inductive
load. Therefore, when a triac attempts to turn ‘off’ at zero
current, the applied voltage is high. This sudden rise in
voltage will trigger the triac back ‘on’ if it exceeds the
commutating dv/dt of the triac, since it has been on; or,
the static dv/dt of the triac driver, since it has been bas-
ically off. Because the static dv/dt of the zero-crossing
triac driver is so large, the commutating dv/dt of the triac
will be the limiting factor. Therefore, commutating dv/dt
only becomes a limiting factor when the zero-crossing
triac drivers are being used in direct drive applications.
Figure 3.38 shows commutating dv/dt versus ambient
temperature and load resistance for the zero-crossing
triac drivers.

Another important parameter associated with the zero-
crossing triac drivers, is common-mode dv/dt. A large
common-mode dv/dt rating is essential when using these
devices in a noisy environment, due to the possibility of
triggering the triac drivers ‘on’ with a common-mode
spike on either the LED or detector. The test circuit used
to measure this quantity is shown in Figure 3.36. Typical

values exceed 5000 V/us at 100°C. This value is attained
through the inhibiting action of the internal circuitry of
the zero-crossing triac drivers.

4 -2 0 % 50 75 100
0.35 ; t i - '
Ta °C)
RL = 3000
\ [COMMUTATING dv/dt versus TA)
0304+ O
\
\
025+
E
=
5 020t
=
0.15 1
Tp = 25°C
(COMMUTATING dvidt versus R))  ~~ _,
~
010+ ~. J
RL(Q)
51 300 510 K

Figure 3.38. Commutating dv/dt versus Ambient
Temperature and Load Resistance

ZERO CROSSING VERSUS NON-ZERO
CROSSING TRIAC DRIVERS

Several of the benefits made possible by the zero-
crossing circuitry have already been discussed. The large
common-mode dv/dt makes these devices insensitive to
common-mode EMI. In the same manner, the typical
static dv/dt rating of 1000 V/microsecond at 100°C vir-
tually eliminates the possibility of the zero-crossing triac
drivers being unintentionally triggered on by ac line
noise. This also eliminates the need for snubber networks
on the triac drivers, along with their associated compo-
nent cost and printed circuit board space.

In addition to the improvement in device parameters
caused by the zero-crossing circuitry, the basic concept
of switching the load ‘on’ only near zero voltage has
many benefits.

There has been some controversy as to whether a peak-
crossing triac driver might be more appropriate than a
zero-crossing triac driver when controlling inductive
loads. This is because the voltage and current are 90
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degrees out of phase in an inductive load. At first glance
it would seem logical to switch an inductive load ‘on” at
peak voltage to minimize the inrush current. However,
voltage and current are only 90 degrees out of phase in
an inductive load in the steady state. When switching an
inductive load ‘on,’ an initial transient is also present.
This transient must be added to the steady state response
to fully characterize current flow in an inductive load. To
illustrate this behavior, analyze the circuit of Figure 3.39,
which can be used to model the response of an inductive
load to the sudden application of a sinusoidal voltage.

_X

1

e = Emsin ot
LE

Figure 3.39. Circuit Model for Inductive Load Response

The switch is closed at t = 0. The applied voltage will
be zero at this instant, analogous to the use of a zero-
crossing triac driver. A small series resistance (R) has
been included, since all inductors have some finite
resistance.

The governing differential equation is

. di
e—|R+Ldt (1)

with the initial condition i(0—) = i(0+) = 0, due to the
inductor and no current flowing in the circuit with the
switch open.

The total solution to this differential equation is the
sum of a transient and steady state response

iTOT = ITRAN + iss 2
where )
iTRAN = A1e — Rt/L (3)
and
iss = A2 sin wt + A3 cos wt (4)

Substituting these solutions into the governing differ-
ential equation and satisfying the initial condition gives

/—TRAN ———

ror = =M o RuL 4 (5)
TOT = Q21 (2,2

iSS
/- AN
EmR . EmL(.U
———= sin wt — —————— co0s wt
R2 + 1202 R2+ 1242

This solution also gives insight into another important
parameter associated with triacs — the di/dt rating. If the
maximum di/dt rating of a triac is exceeded, the triac’s
characteristics can be adversely affected or the triac per-
manently damaged. In the case of the zero-crossing triac
driver, the di/dt applied to the triac is easily calculated
from the previous solution.

ditTOT —-R EmlLe RUL mRw
= — — t _—
dt L R2112a2° TR21 122 %t
EmLe?
+ —————= sin wt (6)
R2+1242
di
ToT | =0

dt

Thus, there is little possibility of damage to the triac
when using a zero-crossing triac driver. If a peak-crossing
triac driver were used, the voltage source shown in Figure
3.39 would become e = Ep, cos ot to model the peak
voltage impressed across the load at t = 0. The initial
condition of i(0—) = i(0+) = 0 remains the same and
the solution becomes

i
TRAN —
i —EmA RUL
i =———e - +
TOT = R2112,2
/ 'ss \
Emlo . EmR -
————= Ssin ot + ————— cos wt
R2 + 1202 R2+ 1202
With a peak-crossing triac driver
di EmR
TOT _R_“m% o _paL
dt L R24+1242
(8)
EmLaw? EmRo
+ —F/———F——= cos wt — —/————— sin wt
R2+ 202 R211202 ¢
di E 2 E
0T g —m RS 2| =0 ()
dt R2+1242| L L

This value can become very large depending upon the
peak applied voltage and inductance of the load. If it
exceeds the maximum di/dt rating of the triac, serious
damage can result.

It is easy to conclude that, when controlling inductive
loads using a triac driver and triac, a zero-crossing triac
driver is a far more desirable device than a peak-crossing
triac driver.
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Figure 3.40(a). UJT Symbols, Nomenclature, and
Emitter Characteristics

DRIVERS: THE UNIJUNCTION TRANSISTOR

The unijunction transistor (UJT) is a three terminal
device, the three terminals being the emitter, base-one
and base-two (Figure 3.40a).

The UJT (or double base diode as it was called in early
papers) has, as the name implies, only a single P-N junc-
tion, and the characteristics of the UJT are for this reason
quite different from those of the conventional transistor
(Figure 3.40). Table 3.1 shows the commonly used UJT
symbols and their proper definitions in accordance with
the Joint Electron Device Engineering Council (JEDEC)
Standard.

VE

| NEGATIVE i
CUTOFF RESISTANCE | SATURATION
REGION REGION ; REGION
P =T 7 Pk |
POINT
I |
| [
| |
| VBBt = I
| | EMITTER TO
| BASE-1
| : CHARACTERISTIC
|
| | vaLiey
I | POINT
VEBISAT) — - 4— 1 — — — — A
w—FFFZT T
e
B2 I |
| | |
| l [
Ip Iy

Figure 3.40(b). Static Emitter Characteristics Curves

Table 3.I. Unijunction Transistor Nomenclature

Definition

13 Emitter current.

Emitter reverse current. Measured between emitter
and base-two at a specific voltage, and base-one
open-circuited.

Ip Peak point emitter current. The maximum emitter
current that can flow without allowing the UJT to
go into the negative resistance region. Peak point
is the lowest current on the emitter characteristic
where:

dVEgt
dig

[\ Valley point emitter current. The current flowing in
the emitter when the device is biased to the valley
point. Valley point is the second lowest current on

VEB1

dlg

the emitter characteristic where:

Interbase resistance. Resistance between base-two
and base-one meaured at a specified interbase
voltage.

Voltage between base-two and base-one. Positive
at base-two.

Vp Peak point emitter voltage. The maximum voltage
seen at the emitter before the UJT goes into the
negative resistance region.

Symbol
Vb

VEB1
VEB1(SAT)

Vv

VoB1

arBB

IB2(mod)

Definition
Forward voltage drop of the emitter junction.

Emitter to base-one voltage

Emitter saturation voltage. Forward voltage drop
from emitter to base-one at a specific emitter cur-
rent (larger than ly) and specified interbase voltage.

Valley point emitter voltage. The voltage at which
the valley point occurs with a specified Vgag1.

Base-one peak pulse voltage. The peak voltage
measured across a resistor in series with base-one
when the unijunction transistor is operated as a
relaxation oscillator in a specified circuit.

Intrinsic standoff ratio. Defined by the relationship:
_Ye - Vo
VB2B1

Interbase resistance temperature coefficient. Vari-
ation of resistance between By and By over the
specified temperature range and measured at the
specific interbase voltage and temperature with
emitter open circuited.

Interbase modulation current. B2 current modula-
tion due to firing. Measured at a specified interbase
voltage, emitter and temperature.
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In order to explain the operation of the unijunction
transistor it is convenient to use the so cailed bar struc-
ture as a model (the bar structure will be discussed in
detail later). This structure is shown somewhat simplified
in Figure 3.41(a) and the electrical equivalent circuit is
shown in Figure 3.41(b). The equivalent circuit is valid for
emitter currents equal to or less than the peak point
current.

When voltage Vgog1 is applied, a current will flow in
the silicon bar from base-two to base-one. Since the bar
is essentially a resistor of magnitude rgg, the current that
VB2B1

BB
fraction of the applied voltage Vgog1 will appear at point
A where the emitter is alloyed onto the silicon bar, and
this fraction is denoted as 7. The voltage at point A is
therefore nVgog1, the P-N junction formed by the emitter
and the silicon bar is reverse biased and only a small
reverse leakage current flows in the emitter lead.

flows into base-two is determined by Ig =

As the voltage VE at the emitter is increased, a point
will be reached where VE equals the voltage at point A,
plus the forward voltage drop of the P-N junction, Vp.
The emitter voltage at this point is called the peak point
emitter voltage V. The peak point voltage can be written
as:

Vp = VD + nVB2B1 (1)

The P-N junction is now forward biased, and holes will
be injected from the emitter into the silicon bar. The elec-
tric field inside the bar set up by Vgogq is of such a
direction that the injected holes will be moved toward
the base-one terminal. Conductivity o of a semiconductor
material is given by the equation:

BASE-TWO

T (By)

A N-TYPE
SILICON BAR

&8y

BASE-ONE
(a) A Simplified Bar Structure

EMITTER

-
€ p.rye

S !

E o—ﬂ—\—-< A VazB1

(c) Equivalent Circuit for the UJT in the Negative
Resistance Region

o = q{uen + unp) (2)
where q = electronic charge (1.6 x 10-19
coulomb)
me = mobility of conduction electrons
uh = mobility of conduction holes
n = electron concentration
p = hole concentration

When the holes are injected into the bar from the emit-
ter, an equal amount of electrons will be injected from
base-one to maintain charge neutrality. Since both the
electron and hole concentrations increase in the silicon
bar between the emitter and base-one, the conductivity
will also increase according to equation 2. Resistivity p
is defined as the reciprocal of conductivity or:

p=- (3)
o

and hence the resistivity will decrease. This process is
called ““conductivity modulation.” The decrease in resis-
tivity will cause a decrease in the voltage drop from emit-
ter to base-one, which in turn allows more holes to be
injected from the emitter, and the conductivity will
increase further. This is clearly a regenerative process,
and the UJT is now in the so-called negative resistance
region. An equivalent circuit for this region is shown in
Figure 3.41(c). At emitter currents equal to or less than
Ip the resistance rpg can be divided into two parts; rgq

and rg2 according to the relations:
B1 = mrBB and rg2 = BB ~ IB1: (4)
(As shown in Figure 3.41b)
In the negative resistance region, resistor rgq can be
thought of to consist of a fixed portion rg, and a variable

B2 B2
" M T (+)
g—/ﬂl\——l- A Va2g1
\ Vet 1

L AAM———0 ()
BB = 1B1 + 182 Bt o

(b) Equivalent Circuit Valid for Is < I

B2 B2

———AA———0

Vp r
o——‘é-ul—l- A VBog1

L o213

fs B1

(d) Equivalent Circuit for the UJT in the Saturation
Region

Figure 3.41. UJT Structure and Equivalent Circuits
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portion r, where rg is the saturation resistance and ry
is the negative resistance, the magnitude of which de-
creases with increasing emitter current. ry will be equal
to zero when the hole concentration in the silicon bar is

. arri .
approximately 1016 C—Cr—rn:%ET and under that condition

the saturation resistance rg will be only resistance be-
tween emitter and base-one. When rgq = rg, the UJT is
no longer in the negative resistance region. The reason
for this is that the high density of carriers in the bar has
decreased the lifetime 7 of the carriers sufficiently to
counteract the effects of the new carriers being gener-
ated. Mobility is related to lifetime by the equations:
qr qar
= — and
e me Mh = mh
where mg and my, are the effective mass of electrons and
holes, respectively. Mobility therefore decreases when
lifetime decreases, and the conductivity given by equa-
tion (2) is found to remain relatively constant for emitter
currents up to 500 mA.

The point on the emitter characteristic where rgq just
reaches its minimum value is called the valley point. The
emitter current and voltage at this point are the valley
point emitter current ly, and the valley point emitter volt-
age Vy.

When the emitter current is increased beyond ly, the
unijunction transistor enters the so-called saturation
region where the emitter current is essentially a linear
function of the emitter voltage. The equivalent circuit for
the saturation region is shown in Figure 3.41(d).

The standard unijunction transistor symbol with appro-
priate terms for current and voltage is given in Figure
3.40(a), and a static emitter characteristic curve for a sin-
gle value of VB2R1 is shown in Figure 3.40(b). It should
be noted that the emitter curve is not drawn to scale in
order to show the different operating regions in more
detail. The region to the left of the peak point is called
the “cutoff region,” the emitter junction being reverse
biased in most of this region and slightly forward biased
at the peak point. The region between the peak point and
the valley point, where the emitter junction is forward
biased and conductivity modulation takes place, is called
the ““negative resistance region.” The region to the right

P-TYPE EMITTER
/ {ALUMINUM)
BASE-TWO

OHMIC
CONTACT

(5)

N-TYPE SILICON
BAR

BASE-ONE
OHMIC
CONTACT
WS- GoLD

FILM
7

AIR GAP
(a) Bar Structure

ANTIMONY

of the valley point, where the emitter current is limited
by rg, is called the “saturation region.” The curve for
base-two current (Ig2) equal to zero is essentially the
forward characteristic of a silicon diode.

UJT STRUCTURES

Early unijunction transistors were the bar structure and
the cube structure, the cross-section diagrams of which
are shown in Figure 3.42.

The bar structure in Figure 3.42(a) is formed by mount-
ing a high resistivity N-type silicon bar on a ceramic plat-
form having an air gap in the center and gold-antimony
film deposited on each side of the gap. Base-one and
base-two are ohmic contacts that are formed between
the silicon bar and the gold. A single P-type emitter is
formed by alloying an aluminum wire onto the bar oppo-
site from the base contacts.

The cube structure, shown in Figure 3.42(b) employs a
high resistivity N-type silicon cube. The cube is mounted
on a header with a gold-antimony alloy contact between
the bottom of the cube and the header. The base-two
ohmic contact is made to the gold-antimony area. Base-
one is formed by alloying a gold wire to the top of the
silicon bar and the emitter is similarly formed by alloying
an aluminum wire to a side of the cube.

Although the bar and cube structures have been in use
for many years, they are not readily adapted to modern
automatic production methods. For this reason, Motorola
has evolved a new and different design in which the die
is fabricated using processes similar to those used for
silicon annular overlay transistors. A simplified outline
of the production steps is given in Figure 3.43. Referring
to Figure 3.43(a), using photo-resist techniques and start-
ing with an oxide passivated die of high resistivity N-type
silicon, the emitter is diffused in using P-type boron. In
Figure 3.43(b) the whole structure is again oxide pro-
tected. Windows are then etched in the oxide, and base-
one and the annular ring are formed by the diffusion of
N-type phosphorus. The structure is oxide protected
again in Figure 3.43(c), followed by a selective etching
that removes the oxide in the emitter and base-one areas.
Aluminum is then evaporated onto the structure to make
contact with the emitter and base-one, while gold is evap-
orated onto the bottom of the die to form the base-two

BASE- ONE P-TYPE
CONTACT EMITTER
N-TYPE BASE-TWO

SILICON BAR OHMIC
CONTACT

\\ \\\\\\\\\\\\\\\

\\\ \\\\\\\ DN

(b) Cube Structure

Figure 3.42. Early UJT Structures
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1) HIGH RESISTIVITY
N-TYPE SILICON  ———t

2) SILICON OXIDE LAYER ———/

3) HOLE IS CUT IN THE
OXIDE LAYER AND P-TYPE
BORON IS DIFFUSED IN FOR
EMITTER

(a)

4) THE WHOLE STRUCTURE
IS OXIDE PROTECTED AGAIN

5) WINDOWS ARE ETCHED IN
THE OXIDE

6) BASE-ONE AND ANNULAR
RING ARE ETCHED ON AND
DIFFUSED USING N-TYPE
PHOSPOROUS

(c)

7) THE STRUCTURE IS
OXIDE PROTECTED
AGAIN

8) THE OXIDE IN THE BASE-
ONE AND EMITTER AREA
IS REMOVED BY ETCHING,
AND ALUMINUM IS EVAPOR-
ATED ON FOR CONTACTS

(b) 9) GOLD IS EVAPORATED
ONTO THE BACK OF THE
STRUCTURE FOR BASE-
TWO CONTACT

BASE-ONE EMITTER

10) THE FINAL UNIJUNCTION
STRUCTURE AFTER SELEC-
TIVE ETCHING

N

Y

WINPT I

(d) BASE-TWO

Figure 3.43. The Annular Unijunction

contact. In Figure 3.43(d) the exact contact geometries
are determined by a final etch. In practice the above pro-
duction steps are not performed on a single die but to a
whole wafer. After the final etch the wafers are tested,
scribed, and broken into several hundred dice.

Figure 3.44 shows a photomicrograph of the 2N4851
UJT geometry. In actual practice two base-one regions
are formed, and before the bonding is performed, the die
and the base-one region are probed, providing the opti-
mum characteristics are selected.

Figure 3.44. Photomicrograph of Motorola Annular
UJT Structure

Table 3.1l shows the key parameters of the three UJT
structures.

Table 3.Il. Comparison of Key Parameters for the Three
Different UJT Structures.
Typical Values are shown.

Typical Values for

Parameter Bar Cube Annular
Intrinsic Standoff

Ratio 7 0.6 0.65 0.7
Interbase Resistance rgg 7k 7k 7k
Emitter Saturation

Voltage VEB1(SAT) 3V 1.5V 25V
Peak Point Current Iy 2 uA 1 pA 0.1 nA
Valley Point Current ly 15 mA 10 mA 7 mA
Emitter Reverse

Current IgQ TuA 0.1 pA 5 nA

STATIC EMITTER CHARACTERISTICS

The emitter characteristic shown previously was not
drawn to scale for the reasons explained. Figure 3.45,
however, shows typical emitter curves for Vgop1 = 20
volts drawn to scale. Figure 3.45(a) shows part of the
cutoff region plotted on linear scale. When the emitter
voltage is zero, the emitter current is negative, i.e.: out
of the emitter terminal, and is approximately equal to 1
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nanoampere. Peak point voltage is reached at a forward
emitter current of about 10 pA and as can be seen from
Figure 3.45(b) the voltage remains constant until the emit-
ter current reaches approximately 0.1 uA, at which point
the voltage starts to decrease. From the definition of peak

current, |

for this particular device is therefore 0.1 nA

and Vp equals 16 volts. Valley voltage can be seen to be

about 1.6 volts and the valley current approximately

8

mA. The saturation resistance rg can be found from the
slope of the emitter characteristic in the saturation region
(above 8 mA) and is in this case approximately 5 ohms.
The characteristic in the negative resistance region was

determined by the use of a constant-current source.

TTT T

Vgog1 = 20 VOLTS
Tp = 25°C
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Figure 3.45(a). Static Emitter Characteristic
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Figure 3.45(b). Static Emitter Characteristic

THE DIODE VOLTAGE DROP Vp

Some of the most important characteristics of the UJT
are those that appear in the formula for peak voltage:

Vp = Vp + 7VB1B2 (6)

Changes in the peak voltage would be very undesirable
in applications like timers and oscillators, the accuracy
of which depends on the repeatability of Vp,.

Vp is defined as the forward voltage drop of the emitter
junction and since it is essentially equivalent to the for-
ward voltage drop of a silicon diode, the value of Vp is
dependent both on forward current and temperature. Vp
can be measured several ways, but itis important to hold
the emitter current near Ip when the measurement is
made since it really is Vp at | that is required in equation
6. One simle way of measuring Vp is shown in Figure
3.46. A constant current equal to |, is applied between
the emitter and base-one, and a potentiometric voltmeter
is used to measure the voltage from emitter to base-two.
This type of voltmeter has essentially infinite input
impedance when the meter is “nulled” and there is no
current flowing in the base-two lead. The voltage mea-
sured is therefore equal to Vp.

) B1

D
E
POTENTIOMETRIC

VOLTMETER

Vp lp 1
{ J
Figure 3.46. Circuit for Measuring Vp

Figure 3.47 shows Vp as a function of temperature for
an emitter current of 1 uA. The variation of Vp is essen-
tially linear over the temperature range considered and
is equal to —2.7 mV/°C. The diode voltage drop therefore
decreases with increasing temperature and Vp can be
written as:

Vp = VpN — (T = 25) * Kp
where Vpp is the value of Vp at Tp = 25°C and Kp =

—-2.7 mV/°C. (Note that Kp is current dependent and the
value for Kp given applies only at 1 uA.)

07
Ip=1uA |

o 06 VARIATION = —27 ™ 4
5 °C
2 05 S
=
204 .
[t N
% 02 ~. \
o
o
3 01

0

—55 0 R 125

TEMPERATURE IN °C

Figure 3.47. Diode Voltage Vp versus Temperature for

the Annular Unijunction
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THE INTRINSIC STANDOFF RATIO
The intrinsic standoff ratio, defined by:

L Vo-Vo_m o
VB28B1 BB

is generally believed to be essentially independent of
temperature variations. However, this is not true. Figure
3.48 shows typical variations of n with temperature for
unijunctions from three different manufacturers. There
may be several reasons why 7 varies with temperature;
the interbase resistance rgg might not have a uniform
temperature coefficient throughout the base-two, base-
one region, or the temperature might not be uniform over
the entire interbase resistance. Surface recombination
might also be a factor.

constant as the temperature is increased. The lattice mo-
bility decreases with increasing temperature due to in-
creased lattice scattering, and hence the resistivity will
increase. As the temperature is increased beyond 125°C,
the impurity concentration becomes swamped by car-
riers produced by thermal generation, and the resistivity
decreases rapidly as the temperature is increased. The
measurements were performed on a pulsed basis to
avoid heating due to power dissipation. In the temper-
ature region from 0 to +125°C, the increase in rgg with
temperature is essentially linear, and rgg can be ex-
pressed by the formula:

rgg = rBBN + (T — 25) < K,
where rggN is the value of rgg at 25°C, and Ky is given

1.10
B
A
1.05 C
= 1
()
g 0% = ~F {7 (MOTOROLA
=] N B
0.90 \
0.85 ¢
0.80
~55 -25 0 +25 +50 +75 +100 +125 +150
TEMPERATURE °C

Figure 3.48. Normalized Intrinsic Standoff Ratio versus Temperature for 3 Different Manufacturers (A, B, & C)

n can be measured directly or it can be calculated from
equation 7 when Vp, and Vp are known.

The curve A-A in Figure 3.48 represents the Motorola
annular UJT, and the variation of 7 is relatively linear
with temperature over the temperature region consid-
ered. n can therefore be expressed by the formula:

n =N~ (T - 25) Ky
where ny is the value of nat 25°C, and Kypisatemperature
coefficient expressed in %/°C. For the Motorola annular
. 0.06%
devices Ky, = —c N

The intrinsic standoff ratio is also slightly dependent
onVgop1, butthe variation is so small that for all practical
purposes n can be said to be independent of voltage.

THE INTERBASE RESISTANCE rgp

The resistance from base-two to base-one is highly
temperature dependent. A typical rgg vs. temperature
characteristic curve for Vgog1 = 3 volts is shown in
Figure 3.49. At very low temperatures, near absolute zero,
few of the impurity atoms in the semiconductor material
are ionized and the resistivity of the doped silicon is quite
high. At —55°C however, most of the impurity atoms are
fully ionized, and the carrier concentration is relatively

as a %/°C variation of rggN. For the annular devices K;
is found to be:

Ky = 0.8%/C * rgBN
In addition, rgp is also found to vary with interbase

voltage VBoRB1. A typical curve is shown in Figure 3.50
where rggN is normalized to the value of rgg for Vgog1

12

10 TN\
AT I\

g
=z
o
- 8 //
Q
=
2 N\
% 6 v
w /
& L1
G 4 -
2
w
2 2 (TYPICAL CURVE)
2N4851-53
0 |
-5 -2 0 25 50 75 100 125 150 175
AMBIENT TEMPERATURE °C
Figure 3.49. Interbase Resistance rgg versus
Temperature
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= 3 volts, the voltage usually specified on the manufac- 15 T T
turer’s data sheet. T (TYPICAL CURVE)
This increase in rgg with voltage is in part due to a % ' l2N4851—&’>L3
current limiting effect in the base one contact area. Know- a;; © 1.3 Vgog1 = 10 VOLTS
ing rgg at VB2B1 = 3V for an annular device, rgg at any g &12 N
other value of Vgag1 can be found with a reasonable = E 1.1} VALLEY VOLTAGE ™.
degree of accuracy from Figure 3.50. These readings have RS 1 N
also been obtained by a low duty-cycle pulse method in £ § F—
order to avoid heating due to power dissipation. Tj is gg‘m
therefore approximately equal to Ta. For normal oper- 4 Z08 AN
ating conditions, the temperature rise in the base-one, £ o VALLEY CURRENT "N
base-two region must be calculated and the change in 06 [ l N
rgB due to temperature taken into account. 260 —40 -2 0 2 40 60 80
AMBIENT TEMPERATURE
a 14 T T Figure 3.51. Valley Voltage and Valley Current versus
N (TYPICAL CURVE) .
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Figure 3.50. Typical Variation of rgg as a Function of = M /' %/’
Interbase Voltage VB2B1 = 1
10 15 20 25 30

THE PEAK POINT CHARACTERISTICS

Both Vp and | decrease as temperature is increased.
That Vp will decrease is evident from the formula for Vp
since both 5 and Vp were found to decrease. The vari-
ation of Vp with temperature can be minimized by the
addition of an external resistor in the base two circuit.
This procedure is discussed in detail in the appendix.
Vp varies with interbase voltage in accordance with equa-
tion 6.

THE VALLEY POINT CHARACTERISTICS

Both valley point voltage Vy and current Iy decrease
as ambient temperature is increased. A curve showing
typical temperature behavior for the annular device is
given in Figure 3.51 where the curves are normalized to
the value at 25°C.

ly and Vy are also dependent on the interbase voltage.
When VBoR1 increases both ly and Vy will increase also.
Typical curves showing this behavior are given in Figure
3.52. ly and Vy are normalized to the value at 10 volts
VB2B1-

Valley current is a relatively difficult characteristic to
measure since, as can be seen in Figure 3.45(b), the volt-
age is relatively constant for large variations in emitter
current around the valley point.

INTERBASE VOLTAGE Vgyg1 VOLTS

Figure 3.52. Valley Voltage and Valley Current versus
Interbase Voltage VB2g1

THE EMITTER REVERSE CURRENT Igo
(OR IEB20)

The emitter reverse current is generally specified as
the current flowing from base-two to the emitter with 30
volts applied between base-two and the emitter, (positive
at base-two), and the base-one terminal open circuited.
IEQ is highly temperature dependent since it actually is
the leakage current of a silicon diode. This leakage current
consists mainly of charge generation current, since dif-
fusion current has little effect in silicon in the temperature
range considered.

A curve showing typical variation of Igg with temper-
ature for a 2N4851 is shown in Figure 3.53 with IgQ being
approximately 1.5 nA at 25°C.

INTERBASE CHARACTERISTICS

The measurement of base-two current Ig2 as a function
of interbase voltage and emitter current was performed
on a sweep basis to avoid heating effects due to power
dissipation. The test circuit for this measurement is
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shown in Figure 3.54(a). A constant current was applied
to the emitter from time tg to time tq and simultaneously
a voltage ramp going from 0 to 30 volts was applied to
base-two. Base-one was grounded. The current g was
measured with a current probe and applied to the vertical
input of an oscilloscope, and the voltage ramp was
applied to the horizontal input. As |g and the ambient
temperature were varied, the curves shown in Figures
3.54(b), (c) and (d) were observed.

Vgog = 30 VOLTS r
o7} (TYPICALCURVE) //
INags1

d

10-8
4

10-9 7

4

EMITTER REVERSE CURRENT Ig( IN AMPS

10-10

10-1 /
-12

10 7

10-13

—-40 —-20 0 20 40 60 80 100 120
AMBIENT TEMPERATURE IN °C

Figure 3.53. Emitter Reverse Current IgQ versus
Ambient Temperature
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[
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Vg281

to i

Figure 3.54(a). Test Circuit Used to Determine the
Interbase Characteristic

It can be seen from the curves that the percentage
increase in Ig2 decreases with increasing emitter current
and temperature. The modulated interbase current
IB2(mod) is usually measured at Ig = 50 mA, Vgog1 =
10 volts, and Tp = 25°C. From Figure 3.54 this can be
found to be approximately 11 mA.

W———
(TYPICAL CURVE) | |
2N4851 I = 50 mA
< A= —55°C
£ 1 ama
=
g //‘// 10 mA
S / / T T | sma
g 10 A'// J—
& ?///
- % ] 0
EeA—1

0 15 30
INTERBASE VOLTAGE Vggg VOLTS

Figure 3.54(b). Interbase Characteristic
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Figure 3.54(c). Interbase Characteristic
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Figure 3.54(d). Interbase Characteristic
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TRANSIENT CHARACTERISTICS 2V

Switching times as specified for conventional junction
transistors are generally not given on a UJT data sheet.
Rather a parameter f3x is given which indicates the
maximum frequency of oscillation that can be obtained
using the UJT in a specified relaxation oscillator circuit.

In some applications such as critical timers, however,
it might be of interest to determine “turn-on’’ and “turn-
off”” times associated with the UJT. Since these param-
eters are generally not specified, no fixed procedure has
been established for their measurement, and two differ-
ent methods with accompanying results will therefore be
discussed here.

The circuit shown in Figure 3.55 was used to measure 1 us/DIVISION
ton and toff for the case where the emitter circuit is purely Figure 3.56. “Turn-Off” Waveform for the UJT as
resistive. Typical switching time values were found to be Measured in the Circuit in Figure 3.57
ton = 1 us and toff = 2.5 us. The waveform observed
at the base-one terminal when the UJT turns off is shown i+ 20V
in Figure 3.56. When the emitter is returned to ground,
the stored charge in the junction will cause a current to Re S 10k Ry $200 1
flow out of the emitter and the output voltage across Rq
will be smaller than the steady state off value. Immedi-
ately following the removal of the excess charge, the
voltage across Rq will go higher than the steady state off
value because rgq has still not returned to normal fol- Ce =< 0.1 uf
lowing the conductivity modulation in the on state, and Ry :é 47 Q
Ig2 will be larger than the steady state off value. Steady
state is reached after approximately 2.5 us. _l_

<
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OFF

o
<<

VOLTAGE MEASURED ACROSS R4
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|
<

Figure 3.57(a). Relaxation Oscillator Circuit for to, and

T v toff Measurements

Re %400 Q Ry 200
1

|
T
|
!
I
|
f
|
T
|
|

T

|

|

|

I

|
L

I

|
Ay

A RARRIM

I

>
2 V/DIVISION

HHHHHHHHRHHHHHH

g_r—l_'-—l_ R1227Q L
I A% I

I L

) o 0.1 us/DIVISION
Figure 3.55. Circuit for ton and toff Measurements Figure 3.57(b). Turn-On Waveform
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In most practical applications, however, there will be -+ 4+ 4+
both a resistor and a capacitor in the emitter circuit. The —p—t—t——
test circuit for this case was the relaxation oscillator cir-
cuit shown in Figure 3.57(a), and turn-on and turn-off
waveforms as observed at base-one are shown in Figure
3.57(b) and (c). Turn-on time measured from the start of
turn-on to the 90% point is approximately 0.5 us and
increases with increasing capacitance Cg. Turn-off time
measured from the start of turn-off to the 90% point is 4 f——f—+
about 12 us, due to the long discharge time of the capac- L N -
itor. toff also increases with CE.

The effect of the capacitance CE on switching time is 5 ps/DIVISION
shown in Figure 3.58. - Figure 3.57(c). Turn-Off Waveform

2 VIDIVISION
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Figure 3.58(a). Turn-On Time versus Emitter
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Figure 3.58(b). Turn-Off Time versus Emitter
Capacitance Cg
DRIVERS: PROGRAMMABLE UNIJUNCTION ANODE A
TRANSISTORS (Al
The programmable unijunction transistor (PUT) is a GATE G
four layer device similar to an SCR except that the anode (G)
gate rather than the cathode gate is brought out. It is
normally used in conventional unijunction transistor
(UJT) circuits. The characteristics of both devices are sim-
ilar, but the triggering voltage of the PUT is program- o)
mable and can be set by an external resistive voltage (K)
divider network. The PUT is faster and more sensitive CATHODE K
trl lemont and 5 most often used i long doraion tmer Figure 359(a). Figure 3.59(b).
9 PUT Symbol Transistor Equivalent

circuits. In general, the PUT is more versatile and is a
more economical device than the UJT and will replace it
in many applications.

OPERATION OF THE PUT

The PUT has three terminals, an anode (A), gate (G),
and cathode (K). The symbol and a transistor equivalent
circuit are shown in Figure 3.59. As can be seen from the
equivalent circuit, the device is actually an anode-gated
SCR. This means that if the gate is made negative with
respect to the anode, the device will switch from a block-
ing state to its on state.

Since the PUT is normally used as a unijunction tran-
sistor (UJT), the UJT terminology is used to describe its
parameters. In order to operate this device as a UJT, an
external reference voltage must be maintained at the gate
terminal. A typical relaxation type oscillator circuit is
shown in Figure 3.60(a). The voltage divider shown is a
typical way of obtaining the gate reference. In this circuit,
the characteristic curve looking into the anode-cathode
terminals would appear as shown in Figure 3.60(b). The
peak and valley points are stable operating points at
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either end of a negative resistance region. The peak point
voltage (Vp) is essentially the same as the external gate
reference, the only difference being the gate diode drop.
Since the reference is circuit and not device dependent,
it may be varied, and in this way, Vp is programmable.
This feature is the most significant difference between
the UJT and the PUT.

In characterizing the PUT, it is convenient to speak of
the Thevenin equivalent circuit for the external gate volt-
age (Vg) and the equivalent gate resistance (Rg). The
parameters are defined in terms of the divider resistors
(R1 and R2) and supply voltage as follows:

Vg = R1 V1/(R1 + R2)
Rg = R1R2/(R1 + R2)

Most device parameters are sensitive to changes in Vg
and Rg. For example, decreasing Rg will cause peak and
valley currents to increase. This is easy to see since Rg
actually shunts the device and will cause its sensitivity
to decrease.

v | PEAKPOINT
Vs
NEGATIVE RESISTANCE REGION
% VALLEY POINT
>
VE / e
W /l \_/
GAO !
Ip ly 13
A

Figure 3.60(a). Static Characteristics

CHARACTERISTICS OF THE PUT RT é % R2
Table 3.1ll is a list of typical characteristics of Motorola’s
MPU131 series of programmable unijunction transistors. 1t
The test circuits and test conditions shown are essentially - i
the same as for the data sheet characteristics. The data QUTPUT © v ]I -
presented here defines the static curve shown in Figure S
3.60(b) for a 10 V gate reference (Vg) with various gate Cr 7-[: Ro
resistances (Rg). It also indicates the leakage currents of
these devices and describes the output pulse. Values
given are for 25°C unless otherwise noted. Figure 3.60(b). Typical Oscillator Circuit
Table 3.1Il. Typical PUT Characteristics
Symbol Test Circuit Figure Test Conditions MPU131 MPU132 MPU133 Unit
Ip 3.64 RGg = 1 mQ 1.25 0.19 0.08 whA
RGg = 10 kQ 4 1.20 0.70 KA
Iy 3.64 RG = 1 MQ 18 18 18 uA
Rg = 10 kQ 270 270 270 nA
VaG (See Figure 3.65)
IGAO Vg = 40V See Figure 3.66
IGKS Vg = 40V 5 5 5 nA
VE Curve Tracer Used I = 50 mA 0.8 0.8 0.8
Vo 3.67 16 16 16 v
tr 3.68 40 40 40 ns

PEAK POINT CURRENT, (Ip)

The peak point is indicated graphically by the static
curve. Reverse anode current flows with anode voltages
less than the gate voltage (Vg) because of leakage from
the bias network to the charging network. With currents
lessthan Ip, the device is in a blocking state. With currents
above Ip, the device goes through a negative resistance
region to its on state.

The charging current, or the current through a timing
resistor, must be greater than Ip at Vp to insure that a
device will switch from a blocking to an on state in an
oscillator circuit. For this reason, maximum values of Ip
are given on the data sheet. These values are dependent
on Vg temperature, and RG. Typical curves on the data
sheet indicate this dependence and must be consulted
for most applications.
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The test circuit in Figure 3.61 is a sawtooth oscillator
which uses a 0.01 uF timing capacitor, a 20 V supply, an
adjustable charging current, and equal biasing resistors
(R). The two biasing resistors were chosen to give an
equivalent Rg of 1 M and 10 k). The peak point current
was measured with the device off just prior to oscillation
as detected by the absence of an output voltage pulse.
The 2N5270 held effect transistor circuit is used as a cur-
rent source. A variable gate voltage supply was used to
control this current.

VALLEY POINT CURRENT, (ly)

The valley point is indicated graphically in Figure 3.60.
With currents slightly less than ly, the device is in an
unstable negative resistance state. A voltage minimum
occurs at ly and with higher currents, the device is in a
stable on state.

When the device is used as an oscillator, the charging
current or the current through a timing resistor must be
less than ly at the valley point voltage (Vy). For this rea-
son, minimum values for ly are given on the data sheet
for Rg = 10 k. With Rg = 1 M(), a reasonable “low”
is 2 uA for all devices.

When the device is used as an SCR in the latching
mode, the anode current must be greater than ly. Max-
imum values for ly are given with Rg = 1 MQ. All devices
have a reasonable “high” of 400 nA ly with Rg = 10 k€.

o

Ip, ly o]

2"A"A%
Rs

G
| k IN5270
VG +

and is measured by increasing the current while the de-
vice is oscillating and recording the value at which os-
cillations stop. With the PUT, there was no measurable
difference between these parameters. This is not nec-
essarily true with a unijunction transistor.

The valley current does vary with circuit parameters
and temperature as was true of Ip. Typical data sheet
curves identify this dependence and are frequently used
to approximate actual variations of ly.

PEAK POINT VOLTAGE, (Vp)

The unique feature of the PUT is that the peak point
voltage can be determined externally. This programma-
ble feature gives this device the ability to function in
voltage controlled oscillators or similar applications. The
triggering or peak point voltage is approximated by

Vp = VT + Vs,
where Vg is the unloaded divider voltage and VT is the
offset voltage. The actual offset voltage will always be
higher than the anode-gate voltage VpGg, because Ip
flows out of the gate just prior to triggering. This makes
VT = VaG + Ip Rg. Achange in Rg will affect both VAG
and Ip Rg but in opposite ways. First, as Rg increases,
Ip decreases and causes VAG to decrease. Second, since
Ip does not decrease as fast as Rg increases, the Ip Rg
product will increase and the actual V1 will increase.

NOTES: 1) VARIOUS SENSE RESISTORS (Rg) ARE USED TO
KEEP THE SENSE VOLTAGE NEAR 1 Vdc.
2) THE GATE SUPPLY (V) IS ADJUSTED FROM
ABOUT —05Vto +20V.

2V =

S
D
-0 Vp
0.01 uF
PUT
UNDER OUTPUT PULSE
TEST
20
R =2Rg
Vg =10V

Figure 3.61. Test Circuit for Ip, Vp and ly

LATCHING AND HOLDING CURRENT, (I, Iy)

Using the test circuit in Figure 3.61, an attempt was
made to differentiate between latching current (1), hold-
ing current (lH), and valley current. With the device
latched on, reducing the current causes a voltage mini-
mum which is the valley point. The device does remain
on at lower currents until holding current (i) is reached.
The holding current is measured as detected by the
absence of an output voltage pulse just before oscillation
occurs. The latching current is generally higher than Iy

These second order effects are difficult to predict and
measure. Allowing VT to be 0.5 V as a first order ap-
proximation gives sufficiently accurate results for most
applications.

The peak point voltage was tested using the circuit in
Figure 3.61 and a scope with 10 MQ input impedance
across the PUT. A Tektronix, Type W plug-in was used
to determine this parameter.
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FORWARD ANODE-GATE VOLTAGE, (VaG)

The forward anode-to-gate voltage drop affects the
peak point voltage as was previously discussed. The drop
is essentially the same as a small signal silicon diode and
is plotted in Figure 3.62. The voltage decreases as current
decreases, and the change in voltage with temperature
is greater at low currents. At 10 nA the temperature coef-
ficient is about —2.4 V/°C and it drops to about — 1.6 mV/
°C at 10 mA. This information is useful in applications
where it is desirable to temperature compensate the
effect of this diode.

0.9

0.7

o ¢ || i

0.3

VAG (VOLTS)

0.1

0
0.01 0.1 1 10 100 1K 10K

IAG (A)
Figure 3.62. Voltage Drop of MPU131 Series

GATE-CATHODE LEAKAGE CURRENT, (Igks)

The gate-to-cathode leakage current is the current that
flows from the gate to the cathode with the anode shorted
to the cathode. It is actually the sum of the open circuit
gate-anode and gate-cathode leakage currents. The
shorted leakage represents current that is shunted away
from the voltage divider.

GATE-ANODE LEAKAGE CURRENT, (Igao)

The gate-to-anode leakage current is the current that
flows from the gate to the anode with the cathode open.
It is important in long duration timers since it adds to the
charging current flowing into the timing capacitor. The
typical leakage currents measured at 40 V are shown in
Figure 3.63. Leakage at 25°C is approximately 1 nA and
the current appears to double for about every 10°C rise
in temperature.

FORWARD VOLTAGE, (VF)

The forward voltage (VF) is the voltage drop between
the anode and cathode when the device is biased on. It
is the sum of an offset voltage and the drop across some
internal dynamic impedance which both tend to reduce
the output pulse. The typical data sheet curve shows this
impedance to be less than 1 ohm for up to 2 A of forward
current. This is essentially an order of magnitude better
than the UJT which is closer to 20 ohms.

70 /

50

40

TEMPERATURE (°C)
N

d

) e

20

1 10
IGAQ, GATE TO ANODE LEAKAGE CURRENT (nA)

Figure 3.63. Typical Leakage Current of the MPU131,
132 and 133 Reverse Voltage Equals 40 V

PEAK OUTPUT VOLTAGE, (V)

The peak output voltage is not only a function of Vp,
VE and dynamic impedance, but is also affected by
switching speed. This is particularly true when small
capacitors (less than 0.01 uF) are used for timing since
they lose part of their charge during the turn on interval.
The use of a relatively large capacitor (0.2 uF) in the test
circuit of Figure 3.64 tends to minimize this last effect.
The output voltage is measured by placing a scope across
the 20 ohm resistor which is in series with the cathode
lead.

~ 1 uF

Al

WV = 02 uf 7

Figure 3.64. PUT Test Circuit for Peak Output Voltage
(Vo)

RISE TIME, (t,)

Rise time is a useful parameter in pulse circuits that
use capacitive coupling. It can be used to predict the
amount of current that will flow between these circuits.
Rise time is specified using a sampling scope and mea-
suring between 0.6 V and 6 V on the leading edge of the
output pulse. Even fast scopes (100 MHz bandpass)
degrade this measurement and readings must be cor-
rected by calculations. It is preferable to use a 1000 pF
capacitor and a sampling scope as shown in Figure 3.65
to read the 10% to 90% points directly. The resulting typ-
ical rise times of 40 ns are significantly better than those
of the UJT which are about 100 ns.
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To Tektronics
% % Type 567
510k 16k or Equivalent
Rg = 10k
100
M
2 % 7k 100

Figure 3.65. t, Test Circuit for PUTs

MINIMUM AND MAXIMUM FREQUENCY

In actual tests with devices whose parameters are
known, itis possible to establish minimum and maximum
values of timing resistors that will guarantee oscillation.
The circuit under discussion is a conventional RC relax-
ation type oscillator.

To obtain maximum frequency, it is desirable to use
low values of capacitance (1000 pF) and to select devices
and bias conditions to obtain high ly. It is possible to use
stray capacitance but the results are generally unpre-
dictable. The minimum value of timing resistance is ob-
tained using the following rule of thumb:

R{min) = 2(V1 = VWily
where the valley voltage (Vy) is often negligible.

To obtain minimum frequency, it is desirable to use
high values of capacitance (10 uF) and to select devices
and bias conditions to obtain low Ip. It is important that
the capacitor leakage be quite low. Glass and mylar di-
electrics are often used for these applications. The max-
imum timing resistor is as follows:

R(max) = (V| — Vp)2lp

In a circuit with a fixed value of timing capacitance, our
most sensitive PUT, the MPU133, offers the largest dy-
namic frequency range. Allowing for capacitance and
bias changes, the approximate frequency range of a PUT
is from 0.003 Hz to 2.5 kHz.

TEMPERATURE COMPENSATION

The PUT with its external bias network exhibits a rel-
atively small frequency change with temperature. The
uncompensated RC oscillator shown in Figure 3.66 was
tested at various frequencies by changing the timing
resistor RT. At discrete frequencies of 100, 200, 1000 and
2000 Hz, the ambient temperature was increased from
25° to 60°C. At these low frequencies, the negative tem-
perature coefficient of VoG predominated and caused a
consistent 2% increase in frequency. At 10 kHz, the fre-
quency remained within 1% over the same temperature
range. The storage time phenomenon which increases
the length of the output pulse as temperature increases
is responsible for this result. Since this parameter has

MOTOROLAT

not been characterized, it is obvious that temperature
compensation is more practical with relatively low fre-
quency oscillators.

Figure 3.66. Uncompensated Oscillator

Various methods of compensation are shown in Figure
3.67. In the low cost diode-resistor combination of 3.67(a),
the diode current is kept small to cause its temperature
coefficient to increase. In 3.67(b), the bias current through
the two diodes must be large enough so that their total
coefficient compensates for VAG. The transistor
approach in 3.67(c) can be the most accurate since its
temperature coefficient can be varied independently of
bias current.

100k<R<1M

”\ | R

(a) Diode-Resistor

(b) Dual-Diode (c) Transistor

Figure 3.67. Temperature Compensation Techniques
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TRIGGERS: SILICON BILATERAL SWITCH

THE SILICON BILATERAL SWITCH

The silicon bilateral switch (SBS) is an advanced semi-
conductor with negative resistance switching character-
istics similar to the 3-layer diode, 4-layer diode and uni-
junction transistor (UJT). The latter devices have seen
wide application, especially in triggering circuits where
they can supply the fast rising, high-current gate pulse
necessary for the proper operation of power thyristors.
In such applications, the SBS can improve circuit perfor-
mance and reduce cost at the same time.

These devices are not just an improved version of a
PNPN diode. They are actually fabricated as simple in-
tegrated circuits consisting of transistors, diodes and re-
sistors, connected as two anti-parallel, regenerative
switches. Since the device is fabricated as an IC, the com-
ponents are well matched resulting in an asymmetry, or
difference of positive Vg and negative Vg, of less than
0.5 volts.

A third lead, designated the Gate, has been brought
out for increased circuit flexibility. Since these devices
are a regenerative switch, they may also be designed into
many low power latching circuits.

The equivalent circuit diagram of an SBS and its sym-
bol are shown in Figure 3.68. The device is actually a
simple IC and consists of two halves of a PNP and an
NPN transistor, a 6.8 volt zener diode and a 15 k() resistor,
RB. Unlike existing 4-layer diodes which use a stacked
structure, the SBS is constructed using annular tech-
niques. The result is a device with better stability and
control of its electrical parameters.

iANODE 1

j_ 68V )’—
GATE
Go °
68V L—
A2 Rg ™ ™
%Sk
Figure 3.68(a). l. ANODE 2

SBS Equivalent Circuit

and Symbol Figure 3.68(b)

Electrical characteristics are shown in Figure 3.70 and
the parameters are defined as follows: Vg, the switching
voltage, is the maximum forward voltage the device can
sustain without switching to the conducting state; Ig, the
switching current, is the current through the device when

Vgis applied; VF, the forward voltage, is the voltage drop
across the device when it is in the conducting state and
passing a specified current; I, the holding current, is the
current necessary to sustain conduction; Ig is the leakage
current through the device with five volts bias.

Operation of the SBS can be best understood by refer-
ring to Figures 3.69 and 3.70. Consider an adjustable
source of voltage with a current limiting resistor in series
supplying a voltage to a device anode 1 that is five volts
positive with respect to anode 2. Since this voltage is less
than the sum of Vg of the PNP transistor and Vz of the
6.8 volt zener diode, only a very small leakage current
will flow and the device in the off or blocking state. As
the supply voltage is increased, a point will be reached
(near Vg) where a small increase in voltage results in a
substantial increase in current flow. The PNP transistor
purposely has high current gain and most of this
increased current flows out of its collector and produces
a voltage drop across Rp.

The two transistors are connected in a positive feed-
back loop similar to the equivalent circuit for an SCR

| (mA)
1
4+
— VE
3+

08 6 4 2 v VOLTS)

- 4+ . - : -

2 4?§Ts 10
B

VS r r7
1/ 1/
17/ )
1/, 14
0
1-— 10s 4-1
(a) TIME (UNSCALED)
TURN-ON-PULSES
e
Vg 1 \“
r rr
I// 1/’
! 17
0
L 200 us Al
(b) TIME (UNSCALED)

Figure 3.70. Waveforms for dv/dt Test
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where the collector current of one is the base current for
the other. When the voltage across Rg is sufficient to turn
the NPN transistor on and the loop gain exceeds unity,
both transistors are driven into saturation, the voltage
across the device abruptly drops and the current through
it is limited mainly by the external circuitry. The device
has now switched to the on or conducting state.

The 6.8 volt zener diode has a positive temperature
voltage coefficient which is opposite to that of VBg of the
PNP transistor. The net result is good temperature sta-
bility of Vg, typically +0.02%/°C.

VE, the forward voltage across the device, remains rel-
atively low even if the current through it is greatly in-
creased, rising approximately 3 volts/ampere. The device
will remain on until the current through it is reduced
below the holding current value. One method of insuring
turn-off is to apply a reverse voltage less than VR, the
maximum reverse voltage. After a few microseconds
(turn-off time) have elapsed, the transistors will have re-
covered from saturation and the device will again block
a forward voltage up to Vg.

A third lead, the gate, can be used to modify the char-
acteristics of the SBS. As an example, connecting a 9.4
volt zener diode from gate to cathode would lower Vg to
approximately 4.6 volts. Connecting a 20 k() resistor from
gate to anode and a similar resistor from gate to cathode
will lower Vg to approximately 4 volts at the expense of
increased current around the device prior to switching.
Also, if a voltage less than Vg is applied to an SBS it can
be “gated’” on by drawing a small current out of the gate
lead.

Like other regenerative switches, the SBS has a ten-
dency to switch on in the presence of rapidly rising anode
voltage. The dv/dt rating of the SBS is difficult to define
and the method of measurement may produce erroneous
results. A test ramp of voltage with adjustable dv/dt as
shown in Figure 3.70(a) may be applied to the device if
not repeated more frequently than every 10 seconds. The
device may switch to the on state when the dv/dt is in
the range of 1 to 10 volts/microsecond. The repetitive
waveform of (b) may be applied much more frequently
(convenient for an oscilloscope display) providing only
that the time interval between turn-off and the next ramp
is longer than the turn-off time of the device. The turn-
on pulse in (c) is necessary to discharge internal capac-
itance which can accumulate a charge and give false indi-
cation of very high dv/dt capability.

Sweeping an SBS in either direction will yield similar
results. However, when an SBS has been conducting in
one direction and the anode voltage is rapidly reversed,
the dv/dt must be limited to approximately 0.1 volt/mi-
crosecond. This is necessary because if the transistors in
the conducting half of the device have not recovered from
saturation, they will provide a path for a current to turn
the opposite side on.

5
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CHAPTER 4
NEW THYRISTOR TECHNOLOGIES

THE SIDAC, A NEW HIGH VOLTAGE
BILATERAL TRIGGER

The SIDAC is a high voltage bilateral trigger device that
extends the trigger capabilities to significantly higher
voltages and currents than have been previously obtain-
able, thus permitting new, cost-effective applications.
Being a bilateral device, it will switch from a blocking
state to a conducting state when the applied voltage of
either polarity exceeds the breakover voltage. As in other
trigger devices, (SBS, Four Layer Diode), the SIDAC
switches through a negative resistance region to the low
voltage on-state (Figure 4.1) and will remain on until the
main terminal current is interrupted or drops below the
holding current.

iy — Vpy  SLOPE=Rs

< /(BO)
f
YoRw Vi8o)
Ssao - R - Vigo) — Vs)
(s = oy

Figure 4.1(a). Idealized SIDAC V-1 Characteristics

SIDAC’s are available in the large MK1V series and
sconomical, easy to insert, small MKP9V series axial lead
packages. Breakdown voltages ranging from 104 to 280 V
are available. The MK1V devices feature bigger chips and
provide much greater surge capability along with some-
what higher RMS current ratings.

The high-voltage and current ratings of SIDACs make
them ideal for high energy applications where other trig-
ger devices are unable to function alone without the aid
of additional power boosting components.

The basic SIDAC circuit and waveforms, operating off
of ac are shown in Figure 4.2. Note that once the input
voltage exceeds V(BQ), the device will switch on to the
forward on-voltage VT of typically 1.1 V and can con-
duct as much as the specified repetitive peak on-state
current ITRM of 20 A (10 us pulse, 1 kHz repetition
frequency).

B o w M
MG . o
HREE SN

Figurev 4.1(b). Actual MKP9V130 V-l Characteristic.
Horizontal: 50 V/Division. Vertical: 20 mA/Division.
(0,0) at Center. R = 14 k Ohm.

MOTOROLA THYRISTOR DEVICE DATA




| |

ViN AL
Re = (Vigo) — Vs
S~ s ~ g0y
RL < IRg|

Rg = SIDAC SWITCHING

RESISTANCE

IENDUCTKTN'I
N

6oN ANGLE  BOFF

Figure 4.2. Basic SIDAC Circuit and Waveforms

Operation from an AC line with a resistive load can be
analyzed by superimposing a line with slope = —1/R
on the device characteristic. When the power source is
AC, the load line can be visualized as making parallel
translations in step with the instantaneous line voltage
and frequency. This is illustrated in Figure 4.3 where v
through vg are the instantaneous open circuit voltages
of the AC generator and iq through i5 are the correspond-
ing short circuit currents that would result if the SIDAC
was not in the circuit. When the SIDAC is inserted in the
circuit, the current that flows is determined by the inter-
section of the load line with the SIDAC characteristic.
Initially the SIDAC blocks, and only a small leakage cur-
rent flows at times 1 through 4. The SIDAC does not turn-
on until the load line supplies the breakover current
(I(B0)) at the breakover voltage (V(gQ))-

RL < [Rg] i

vy, I7)

|
SLOPE = R_L

If the load resistance is less than the SIDAC switching
resistance, the voltage across the device will drop quickly
as shown in Figure 4.2. A stable operating point (VT, IT)
will result if the load resistor and line voltage provide a
current greater than the latching value. The SIDAC
remains in an “on’’ condition until the generator voltage
causes the current through the device to drop below the
holding value (IH). At that time, the SIDAC switches to
the point (Voff, loff) and once again only a small leakage
current flows through the device.

Figure 4.4 illustrates the result of operating a SIDAC
with a resistive load greater than the magnitude of its
switching resistance. The behavior is similar to that
described in Figures 4.2 and 4.3 except that the turn-on
and turn-off of the SIDAC is neither fast nor complete.
Stable operating points on the SIDAC characteristics

V1, . v§ = INSTANTANEOUS OPEN
CIRCUIT VOLTAGES
(Vorr. lorr) ATTIME1, .., 5

i1, ., i5 = INSTANTANEOUS
SHORT CIRCUIT
CURRENTS AT
TIME1,...5

(VBo. Ig0)

Vi V2

> v

V3 V4 V5

Figure 4.3. Load Line for Figure 4.2. (1/2 Cycle Shown.)
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Rg = SIDAC SWITCHING RESISTANCE

(VBo. IBO)

> v
Vi Vg V3 Vg

Figure 4.4. High Resistance Load Line with Incomplete Switching

between (V(g0). I(B0)) and (Vs, Is) result as the generator
voltage increases from vo to v4. The voltage across the
SIDAC falls only partly as the loadline sweeps through
this region. Complete turn-on of the SIDAC to (VT, IT)
does not occur until the load line passes through the point
(Vs, Ig). The load line illustrated in Figure 4.4 also results
in incomplete turn-off. When the current drops below I,
the operating point switches to (Voff, loff) as shown on
the device characteristic.

The switching current and voltage can be 2 to 3 orders
of magnitude greater than the breakover current and on-
state voltage. These parameters are not as tightly spec-
ified as Vo and igp. Consequently operation of the
SIDAC in the state between fully on and fully off is unde-
sirable because of increased power dissipation, poor effi-
ciency, slow switching, and tolerances in timing.

Figure 4.5 illustrates a technique which allows the use
of the SIDAC with high impedance loads. A resistor can
be placed around the load to supply the current required
to latch the SIDAC. Highly inductive loads slow the cur-
rent rise and the turn-on of the SIDAC because of their
L/R time constant. The use of shunt resistor around the
load will improve performance when the SIDAC is used
with inductive loads such as small transformers and
motors.

The SIDAC can be used in oscillator applications. If the
load line intersects the device characteristic at a point
where the total resistance (R + Rg) is negative, an
unstable operating condition with oscillation will result.
The resistive load component determines steady-state
behavior. The reactive components determine transient
behavior. Figure 4.10 shows a SIDAC relaxation oscillator
application. The wide span between Igg and Iy makes
the SIDAC easy to use. Long oscillation periods can be
achieved with economical capacitor sizes because of the
low device l(BQ).

Z1 is typically a low impedance. Consequently the
SIDAC's switching resistance is not important in this

application. The SIDAC will switch from a blocking to full
on-state in less than a fraction of a microsecond.

The timing resistor must supply sufficient current to
fire the SIDAC but not enough current to hold the SIDAC
in an on-state. These conditions are guaranteed when the
timing resistor is selected to be between Ry gx and Rmin-

For a given time delay, capacitor size and cost is min-
imized by selecting the largest allowable timing resistor.
Rmax should be determined at the lowest temperature
of operation because |(gQ) increases then. The load line
corresponding to Rmayx passes through the point (V(BQ).
I(BO)) allowing the timing resistor to supply the needed
breakover current at the breakover voltage. The load line
for a typical circuit design should enclose this point to
prevent sticking in the off state.

Requirements for higher oscillation frequencies and
greater stored energy in the capacitor result in lower val-
ues for the timing resistor. Rmin should be determined
at the highest operating temperature because Iy is lower
then. The load line determined by R and Vj,, should pass
below I on the device characteristic or the SIDAC will
stick in the on-state after firing once. I is typically more
than 2 orders of magnitude greater than igQ. This makes
the SIDAC well suited for operation over a wide temper-
ature span.

SIDAC turn-off can be aided when the load is an under-
damped oscillatory CRL circuit. In such cases, the SIDAC
current is the sum of the currents from the timing resistor
and the ringing decay from the load. SIDAC turn-off
behavior is similar to that of a TRIAC where turn-off will
not occur if the rate of current zero crossing is high. This
is a result of the stored charge within the volume of the
device. Consequently, a SIDAC cannot be force com-
muted like an SCR. The SIDAC will pass a ring wave of
sufficient amplitude and frequency. Turn-off requires the
device current to approach the holding current gradually.
This is a complex function of junction temperature, hold-
ing current magnitude, and the current wave parameters.




RsL
RsL < IRs|
TYPICAL:
L RL Rl = 27k OHM
| |y 7P 10 WATT
v owQ_© Rg = 3k OHM

RgL = TURN-ON SPEED

UP RESISTOR
Rg = SIDAC SWITCHING

RESISTANCE

Figure 4.5. Inductive Load Phase Control

How can the SIDAC be used? One application is to
replace the combination of a small-signal trigger and
TRIAC with the SIDAC, as shown in Figure 4.6. In this
example, the trigger — an SBS (Silicon Bidirectional
Switch) that conducts at about 8 V — will fire the TRIAC
by dumping the charge from the capacitor into the gate
of the TRIAC. This circuitis amenable to phase controlling
the TRIAC, if so required, as the RC time constant can be
readily varied.

The simple SIDAC circuit can also supply switchable
load current. However, the conduction angle is not readily
controllable, being a function of the peak applied voltage
and the breakover voltage of the SIDAC. As an example,
for peak line voltage of about 170 V, at V(o) of 115 V
and a holding current of 100 mA, the conduction angle
would be about 130°. With higher peak input voltages (or
lower breakdown voltages) the conduction angle would
correspondingly increase. For non-critical conduction
angle, 1 A rms switching applications, the SIDAC is a very
cost-effective device.

Figure 4.7 shows an example of a SIDAC used to phase
control an incandescent lamp. This is done in order to
lower the RMS voltage to the filament and prolong the
life of the bulb. This is particularly useful when lamps are
used in hard to reach locations such as outdoor lighting
in signs where replacement costs are high. Bulb life span
can be extended by 1.5 to 5 times depending on the type
of lamp, the amount of power reduction to the filament,
and the number of times the lamp is switched on from
a cold filament condition.

7
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The operating cost of the lamp is also reduced because
of the lower power to the lamp; however, a higher wat-
tage bulb is required for the same lumen output. The
maximum possible energy reduction is 50% if the lamp
wattage is not increased. The minimum conduction angle
is 90° because the SIDAC must switch on before the peak
of the line voltage. Line regulation and breakover voltage
tolerances will require that a conduction angle longer
than 90° be used, in order to prevent lamp turn-off under
low line voltage conditions. Consequently, practical con-
duction angles will run between 110° and 130° with cor-
responding power reductions of 10% to 30%.

In Figure 4.2 and Figure 4.7, the SIDAC switching angles
are given by:

60N = SIN—1 (V(BOYVpk!
where Vpk = Maximum Instantaneous Line Voltage

00FF = 180 — SIN—1 (M)
Vpk
where 00N, 00FF = Switching Angles in degrees
VT = 1V = Main Terminal Voltage at IT = Iy

Generally the load current is much greater than the
SIDAC holding current. The conduction angle then
becomes 180° minus 6(on)-

Rectifiers have also been used in this application to
supply half wave power to the lamp. SIDAC's prevent the
flicker associated with half-wave operation of the lamp.
Also, full wave control prevents the introduction of a DC
component into the power line and improves the color
temperature of the light because the filament has less
time to cool during the off time.

The fast turn-on time of the SIDAC will result in the
generation of RFI which may be noticeable on AM radios
operated in the vicinity of the lamp. This can be prevented
by the use of an RFi filter. A possible filter design is shown
in Figure 4.5. This filter causes a ring wave of current
through the SIDAC at turn-on time. The filter inductor
must be selected for resonance at a frequency above the
upper frequency limit of human hearing and as low below
the start of the AM broadcast band as possible for max-
imum harmonic attenuation. In addition, it is important
that the filter inductor be non-saturating to prevent di/dT
damage to the SIDAC. For additional information on filter
design see page 1-5-30 and Figure 5.34.
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Figure 4.6. Comparison of a TRIAC and SIDAC Circuits
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Figure 4.7. Long-Life Circuit for Incandescent Lamp

The sizing of the SIDAC must take into account the RMS
current of the lamp, thermal properties of the SIDAC, and
the cold start surge current of the lamp which is often 10
to 20 times the steady state load current. When lamps
burn out, at the end of their operating life, very high surge
currents which could damage the SIDAC are possible
because of arcing within the bulb. The farge MK1V device
is recommended if the SIDAC is not to be replaced along
with the bulb.

Since the MK1V series of SIDACs have relatively tight
V(BO) tolerances (104 V to 115 V for the —115 device),
other possible applications are over-voltage protection
(OVP) and detection circuits. An example of this, as illus-
trated in Figure 4.8, is the SIDAC as a transient protector
in the transformer-secondary of the medium voltage
power supply, replacing the two more expensive back-
to-back zeners or an MOV. The device can also be used
across the output of the regulator (<100 V) as a simple
OVP, but for this application, the regulator must have
current foldback or a circuit breaker (or fuse) to minimize
the dissipation of the SIDAC.

SIDAC AS A TRANSIENT
PROTECTOR

VN

1

Another example of OVP is the telephony applications
as illustrated in Figure 4.9. To protect the Subscriber Loop
Interface Circuit (SLIC) and its associated electronics from
voltage surges, two SIDACs and two rectifiers are used
for secondary protection (primary protection to 1,000 V
is provided by the gas discharge tube across the lines).
As an example, if a high positive voltage transient
appeared on the lines, rectifier D1 (with a P.L.V. of 1,000
V) would block it and SIDAC D4 would conduct the surge
to ground. Conversely, rectifier D2 and SIDAC D3 would
protect the SLIC for negative transients. The SIDACs will
not conduct when normal signals are present.

Being a negative resistance device, the SIDAC also
can be used in a simple relaxation oscillator where the
frequency is determined primarily by the RC time con-
stant (Figure 4.10). Once the capacitor voltage reaches
the SIDAC breakover voltage, the device will fire, dump-
ing the charged capacitor. By placing the load in the
discharge path, power control can be obtained; a typ-
ical load could be a transformer-coupled xeon flasher,
as shown in Figure 4.12.

SIDAC AS AN

ove

Vo=<100V
REG.

Figure 4.8. Typical Application of SIDACs as a Transient Protector and OVP in a Regulated Power Supply
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Figure 4.9. SIDACs Used for OVP in Telephony Applications
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Figure 4.10. Relaxation Oscillator Using a SIDAC
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SIDAC's provide an economical means for starting high
intensity high pressure gas discharge lamps. These
lamps are attractive because of their long operating life
and high efficiency. They are widely used in outdoor light-
ing for these reasons.

R _[_ [«
1
Figure 4.13 illustrates how SIDAC’s can be used in Vac
sodium vapor lamp starters. In these circuits, the SIDAC
c "
T

Y'Y Y\
5}

is used to generate a short duration (1 to 20 us) high-
voltage pulse of several KV or more which is timed by
means of the RC network across the line to occur near
the peak of the AC input line voltage. The high voltage

pulse strikes the arc which lights the lamp. (a). Conventional HV Transformer -

In these circuits, an inductive ballast is required to pro-
vide a stable operating point for the lamp. The lamp is a
negative resistance device whose impedance changes

with current, temperature, and time over the first few Y °

minutes of operation. Initially, before the lamp begins to 4 lg

conduct, the lamp impedance is high and the full line

voltage appears across it. This allows C to charge to the 5=

breakover voltage of the SIDAC, which then turns on dis- Vac ?*———N——\w

charging the capacitor through a step-up transformer R :: - l
generating the high voltage pulse. When the arc strikes, 1 \JJ
the voltage across the lamp falls reducing the available

charging voltage across RC to the point where V¢ no
longer exceeds V(go) and the SIDAC remains off. The
low duty cycle lowers average junction temperature
improving SIDAC reliability. Normal operation approxi-
mates non-repetitive conditions. However, if the lamp
fails or is removed during replacement, operation of the
SIDAC will be at the 60 Hz line frequency. The design of

(b). H.V. Auto-Transformer

lg
the circuit should take into account the resulting steady _—
state power dissipation. _L
C
o
Y l | | . 1 H Vag - l </
VN T Hv SR
o , f
Figure 4.11. Typical Capacitor Discharge SIDAC Circuit (c). Tapped Ballast Auto Transformer
—e Figure 4.13. Sodium Vapor Lamp Starter Circuits
220
2W 4
2 pF 2kW . . )

VIN= 400V XEON TUBE Figure 4.14 illustrates a solid state fluorescent lamp
300V RS-272-1145 starter using the SIDAC. In this circuit the ballast is iden-
tical to that used with the conventional glow-tube starter

shown in Figure 4.15.
The glow tube starter consists of a bimetallic switch
placed in series with the tube filaments which closes to
! & energize the filaments and then opens to interrupt the
4KV PULSE TRANSFORMER current flowing through the ballast inductor thereby gen-
RS-272-1146 erating the high-voltage pulse necessary for starting. The
mechanical glow-tube starter is the circuit component

I
|
Figure 4.12. Xeon Flasher Using a SIDAC most likely to cause unreliable starting. ‘
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Figure 4.14. Fluorescent Starter Using SIDAC

The heating of the filaments causes thermonic emis-
sion of electrons from them. These electrons are accel-
erated along the length of the tube causing ionization of
the argon gas within the tube. The heat generated by the
starting current flow through the tube vaporizes the mer-
cury droplets within the tube which then become ionized
themselves causing the resistance and voltage across the
tube to drop significantly. The drop in voltage across the
tube is used to turn off the starting circuit and prevent
filament current after the lamp is lit.

The SIDAC can be used to construct a reliable starter
circuit providing fast, positive lamp ignition. The starter
shown in Figure 4.14 generates high voltage by means
of a series CRL charging circuit. The circuit is roughly
analogous to a TRIAC snubber used with an inductive
load, except for a lower damping factor and higher Q.
The size of C determines the amount of filament heating
current by setting the impedance in the filament circuit
before ionization of the tube.

MOTOROLA THY

RISTOR DEVICE DATA

The evolution of this circuit can be understood by first
considering an impractical circuit (Figure 4.16).

If Lg and C are adjusted for resonance near 60 Hz, the
application of the AC line voltage will result in a charging
current that heats the filaments and a voltage across the
capacitor and tube that grows with each half-cycle of the
AC line until the tube ionizes. Unfortunately, C is a large
capacitor which can suddenly discharge through the tube
causing high current pulses capable of destroying the
tube filament. Also C provides a permanent path for fil-
ament current after starting. These factors cause short
tube operating life and poor efficiency because of fila-
ment power losses. The impractical circuit must be mod-
ified to:

(1) Switch off the filament current after starting.

(2) Limit capacitor discharge current spikes.

In Figure 4.14 a parallel connected rectifier and SIDAC
have been added in series with the capacitor C. The break-
over voltage of the SIDAC is higher than the peak of the
line voltage. Diode D1 is therefore necessary to provide
a current path for charging C.

On the first half-cycle, C resonant charges through
diode D1 to a peak voltage of about 210 V, and remains
at that value because of the blocking action of the rectifier
and SIDAC. During this time, the bleeder resistor R has
negligible effect on the voltage across C because the RC
time constant is long in comparison to the line period.
When the line reverses, the capacitor voltage boosts the
voltage across the SIDAC until breakover results. This
results in a sudden step of voltage across the inductor L,
causing resonant charging of the capacitor to a higher
voltage on the 2nd half-cycle.

NEON GAS
FLUORESCENT STARTER
COATING
COATED [ARGON GAS)
4 L AMENT :
MERCURY DROPLETS
] o o0 o o oo

VAC o
BALLAST

INDUCTOR

Figure 4.15. Fluorescent Lamp with Glow Tube Starter
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Figure 4.16. Impractical Starter Circuit

(a). 5 ms/DIVISION

(b). 100 ms/DIVISION

Figure 4.17. Starting Voltage Across Fluorescent Tube 100 V/DIV
0 V AT CENTER
VLine = 110V

Several cycles of operation are necessary to approach
steady state operating conditions. Figure 4.17 shows the
starting voltage waveform across the tube.

The components R, PTC, and L serve the dual role of
guarantying SIDAC turn-off and preventing capacitor dis-
charge currents through the tube.

SIDAC's can also be used with auto-transformer bal-
lasts. The high voltage necessary for starting is generated
by the leakage autotransformer. The SIDAC is used to
turn-on the filament transformer initially and turn it off
after ionization causes the voltage across the tube to
drop.

Figure 4.18 illustrates this concept. The resistor R can
be added to aid turn-off of the SIDAC by providing a small
idle current resulting in a voltage drop across the imped-
ance Z. The impedance Z could be a saturable reactor
and or positive temperature coefficient thermistor. These
components help to insure stability of the system com-
prised of the negative resistance SIDAC and negative
resistance tube during starting, and promote turn off of
the SIDAC.

The techniques illustrated in Figure 4.13 are also pos-
sible methods for generation of the necessary high-
voltage required in fluorescent starting. The circuits

MOTOROLA THYRISTOR DEVICE DATA
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Figure 4.18. Fluorescent Starter Using SIDAC and Autotransformer Ballast

Table 4.1. Possible Sources for Thermistor Devices

Fenwal Electronics, 63 Fountain Street
Framingham MA 01701

Keystone Carbon Company, Thermistor Division
St. Marys, PA 15857

Thermometrics, 808 U.S. Highway 1
Edison, N.J. 08817

Therm-0-Disc, Inc. Micro Devices Product Group
1320 South Main Street, Mansfield, OH 44907

Midwest Components Inc., P.O. Box 787
1981 Port City Boulevard, Muskegon, Ml 49443

Nichicon (America) Corp., Dept. G
927 E. State Pkwy, Schaumburg, IL 60195

must be modified to allow heating of the fluorescent
tube cathodes if starting is to simulate the conditions
existing when a glow tube is used.

Thermistors are useful in delaying the turn-on or insur-
ing the turn-off of SIDAC devices. Table 4.1 shows pos-
sible sources of thermistor devices.

Other high voltage nominal current trigger applications
are:
® Gas or oil igniters
® Electric fences
® HV electrostatic air filters
® Capacitor Discharge ignitions

Note that all these applications use similar circuits
where a charged capacitor is dumped to generate a high
transformer secondary voltage (Figure 4.11).

In many cases, the SIDAC current wave can be approx-
imated by an exponential or quasi-exponential current

g
%

wave (such as that resulting from a critically damped or
slightly underdamped CRL discharge circuit). The ques-
tion then becomes; how much “real world"’ surge current
can the SIDAC sustain? The data sheet defines an ITgpm
of 20 A, but this is for a 60 Hz, one cycle, peak sine wave
whereas the capacitor discharge current waveform has
a fast-rise time with an exponential fall time.

To generate the surge current curve of peak current
versus exponential discharge pulse width, the test circuit
of Figure 4.19 was implemented. It simulates the topol-
ogy of many applications whereby a charged capacitor
is dumped by means of a turned-on SIDAC to produce a
current pulse. Timing for this circuit is derived from the
nonsymmetrical CMOS astable multivibrator (M.V.) gates
G1 and G2. With the component values shown, an
approximate 20 second positive-going output pulse is fed
to the base of the NPN small-signal high voltage transis-
tor Q1, turning it on. The following high voltage PNP
transistor is consequently turned on, allowing capacitor
C1 to be charged through limiting resistor R1 in about 16
seconds. The astable M.V. then changes state for about
1.5 seconds with the positive going pulse from Gate 1
fed through integrator R2-C2 to Gate 3 and then Gate 4.
The net result of about a 100 us time delay from G4 is
to ensure non-coincident timing conditions. This positive
going output is then differentiated by C3-R3 to produce
an approximate 1 ms, leading edge, positive going pulse
which turns on NPN transistor Q3 and the following PNP
transistor Q4. Thus, an approximate 15 mA, 1 ms pulse
is generated for turning on SCR Q5 about 100 us after
capacitor charging transistor Q2 is turned off. The SCR
now fires, discharging C1 through the current limiting
resistor R4 and the SIDAC Device Under Test (D.U.T.).
The peak current and its duration is set by the voltage
V¢ across capacitor C1 and current limiting resistor R4.
The circuit has about a 240 V capability limited by C1, Q1
and Q2 (250 V, 300 V and 300 V respectively).

MOTOROLA THYRISTOR DEVICE DATA
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Figure 4.19. SIDAC Surge Tester

The SCR is required to fire the SIDAC, rather than the
breakover voltage, so that the energy to the D.U.T. can
be predictably controlled.

By varying V¢, C1 and R4, the surge current curve of
Figure 15 was derived. Extensive life testing and ade-
quate derating ensure that the SIDAC, when properly
used, will reliably operate in the various applications.
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Figure 4.20. Exponential Surge Current Capability of the
MK1V SIDAC. Pulse Width versus Peak Current
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GTO DEVICES

Gate turn-off devices (GTOs) are thyristors which can
be turned off as well as turned on by a gate signal. The
symbol for a GTO is shown in Figure 4.21. Such devices
were described as early as the 1960’s, but they have only
recently begun to see application in switching circuits.

Modern GTO devices are rugged efficient high voltage
switches combining the benefits of regenerative opera-
tion with the turn-off ease of Bipolar Junction Transistors
(BJTs). GTOs provide a blend of many of the most desir-
able characteristics of the SCR and the BJT. Since they
can be turned off with a low power gate signal, they are
excellent for pulse width modulation techniques in cir-
cuits that need a high-performance economical switch
with the ruggedness of an SCR. The GTO should be con-
sidered wherever there is a need for a switch which can
handle high pulsed power and moderate average power,
with high switching SOA and excellent high-voltage
switching speed.

ANODE CATHODE

GATE

Figure 4.21. Symbol for GTO

o # i




Like the SCR, the GTO has momentary turn-on gate
drive, latching, good surge handling ability, and low
forward drop conduction losses at relatively high
anode currents and die current densities (Figure
4.22). Like an SCR, conduction takes place by both
holes and electrons injected into the respective P and
N emitters of the device. The resulting high concen-
tration of carriers and the regenerative action which
holds the device in saturation allows it to operate at
high current densities and that, in turn, allows a
smaller chip size for a given switching capability.

20 T BT
100 A —40°C
__ S0A Ty = 125 —]
4
2 A A
= 10A 4
& 7
é 5A 77—
ud 0
8 2A FA—12°C
= 0
< a2 — —25°C
7 E—a0°C
0.5 A—Htf
/[
02ad7
05 1 15 2 25 35 4 45 5 55

Vr, FORWARD VOLTAGE (VOLTS)

Figure 4.22. Maximum Forward Voltage versus Current
IGg = 300 mA, PW = 300 us
Continuous Gate Drive

This results in a device with low internal capaci-
tance and short turn-off storage delay times, high
peak to average switching power and low material
cost. The GTO can be an elegant solution to switching
problems where other devices would require an
expensive brute force approach.

Like a power transistor, the MGTO1000 Series has
an interdigitated emitter geometry to aid turn-on cur-
rent spreading and resist turn-on di/dt failure. Figure
4.23 shows the involute spiral pattern used.

The GTO also uses the clip and current spreading
ring construction common to thyristors. This im-
proves reliability under high surge current condi-
tions, and results in a high device 12t capability. The
regenerative characteristic of the GTO prevents fail-
ure under surge current conditions because it cannot
easily be pulled into the high dissipation active state
common to transistor (BJT) devices. Consequently,
GTOs can be protected by fuse techniques that are
not usable with BJT devices.

Like the BJT, the GTO can be turned off by a low power
drive signal. This eliminates the need for bulky, expen-
sive, and inefficient commutation circuits that are needed
in SCR forced commutation applications. The GTOs com-
mutating dv/dt(c) and switching speed are an order of
magnitude better than a conventional SCR. Unlike other
thyristors, GTOs are nearly immune to turn-on by static
dv/dt. This allows the use of a small snubber network
and permits higher operating frequencies than with
SCRs.

When a snubber is used, the GTO exhibits a dv/dt(c)
sensitive turn-off switching SOA characteristic which is
nearly independent of voltage. Even without a snubber
it is possible to switch very high currents at moderate
voltages at high temperatures. However in order to keep
the dv/dt(c) stress within predictable limits, a small snub-
ber is recommended.

.

L

Figure 4.23. Involute Spiral Gate-Cathode Emitter
Pattern Provides Constant Arm Width and Spacing

The GTO's attributes make it well suited for applica-
tions with large momentary stresses.

Such stresses sometimes arise as a consequence of
the external environment not under the control of the
circuit designer, or the stresses may be inherent in the
design itself. *GTO ruggedness may permit simplified
designs, allowing easy application of the device to less
conditioned environments.

*Some sources of stress are listed in Table 4.2.
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Table 4.2. Sources of Voltage or Current Stress

Resulting From Unexpected Circuit Fault

1) Load short

2) Stalled motor

3) Transformer secondary with an open circuit

Characteristic of the Type of Application

1) Non-linear loads

2) Capacitative loads

3) Capacitor discharge and crowbar protection
circuits

4) Fault protection by circuit breaking

Factors Under Control of the Designer

1) Parasitic capacitance in the load circuit

2) Discharge of the snubber network

3) Diode recovery currents

4) Parasitic inductance in wiring, snubber circuits,
or load

5) Lightning or transients due to interruption of
other inductive loads on the same bus
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Figure 4.24(a). Turn-On

IA=Iklg=0

Ic(PNP) = aPNP A

IC(NPN) = aNPN |A

IA = aNPN IA + apPNP 1A + ICX

Icx

A= —F—"F
AT T=(anpN + apnp)
WHEN Ig > IgT MOMENTARILY

aNPN + aPNP > 1 > TURN ON

aNPN + apNP < 1 = FORWARD BLOCKING STATE

HOW A GTO OPERATES

THE TWO-TRANSISTOR MODEL

Like most thyristors, the turn-on of a GTO can be
described in terms of the two-transistor model (Figure
4.24a). This model also provides insight into the condi-
tions necessary for turn-off. Turn-off occurs when the N-
base current (Figure 4.24b) is reduced from the maximum
provided by the PNP transistor (gate open) to less than
the minimum required to saturate the NPN device
(reverse gate current). When that happens, the gain of
the device (the combined alpha of the two transistors)
falls below unity and regeneration ceases.

However, the two-transistor model fails to provide an
accurate estimate of the turn-off gain because the alphas
are functions of the current density, spatial charge dis-
tribution, anode voltage and time.

ANODE

|
® -O GATE
i IBINPN) IGR
l CATHODE

Figure 4.24(b). Turn-Off

MAX IB(NPN) = aPNP |A
MIN Ig TO SATURATE NPN = (1 — anpN) IK
CRITERION FOR UNSATURATION
apNP A — IGR < (1 - aNPN) Ik
BUT
Ik = IA ~ IGR
(apNp + aNPN — 1) IA < aNPN IGR

IA aNPN
TURN- =G = -
RN-OFF GAIN = G = = ey r———
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THE TWO DIMENSIONAL MODEL

Figure 4.25 gives additional insight into the switching
process of a GTO. Here, the GTO is pictured as a series
of smaller devices interconnected by lumped RC com-
ponents that represent the spreading resistances and
junction capacitances within the chip.

Early in the turn-on transient, conduction is not uniform
across the entire chip area. Those portions of the emitter
closest to the gate conduct first and most heavily. The
turn-on of the more remote regions is delayed by the

drive signal. All three junctions continue to conduct dur-
ing the storage time interval until the excess carriers in
the gate region have been removed and the gate-cathode
junction recovers. Then the collector junction comes out
of saturation and the anode current decreases rapidly
during the fall time. During the tail (end region of the
“fall time") time, the PNP transistor section of the GTO
is biased in its active region while the remaining carriers
in the N-base support conduction at low current
magnitudes.

H THy THy QA THy TH
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I I
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N AN ‘i e | AA AMA- W l,vv__a__4
A [{ A A A [
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Figure 4.25. GTO Model with Junction Capacitance and
Spreading Resistance Depicted as Lumped Elements

spreading resistance and distributed capacitance within
the chip. The spiral geometry of the GTO minimizes the
distance between the gate and emitter regions and re-
duces the time required for conduction to spread across
the chip area. This enhances the capability of the device
to conduct large, fast rise current pulses by reducing lo-
calized current densities and die temperatures.

The distributed thyristor model also applies to turn-off.
Here the effect results in higher current densities under
the emitter at its center rather than at the periphery.

GTO turn-off is initiated by applying reverse voltage to
the gate-cathode junction to remove current and charge
from the P-base. This results in an internal lateral voltage
drop (Figure 4.26) which acts to turn on, or oppose, the
reverse recovery of the gate-cathode junction. Because
of this, recovery does not take place evenly across the
entire junction area. Those regions closest to the gate
recover first, resulting in a longer path and greater series
resistance between the gate and the conducting area. The
result is a “squeezing” effect that causes the current to
be progressively concentrated in a narrow filament under
the center of the cathode N-emitter stripe. Permanent
damage to the device can result if the current density and
power produces sufficient localized heating during this
process.

The GTO does not respond instantly to the reverse gate

MOTOROLA THYRISTOR DEVICE DATA
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Figure 4.26. Lateral Drop at Turn-On and Turn-Off. At
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Edges. At Turn-Off, Current is Squeezed Away from
the Gate-Cathode Periphery.
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GTO FORWARD CHARACTERISTICS

TRANSISTOR REGION

Figure 4.27 shows the anode characteristics of a
MGTO1200. There are two regions of operation. At very
low values of gate and anode current, the anode current
is controlled by continuous gate drive. The anode char-
acteristic is similar to a darlington BJT with base-emitter
shunt resistance. The device does not latch, butits current
gain increases as the anode current is made larger.
Higher gate drive lowers the on-state resistance and for-
ward voltage drop in this region and at moderately higher
currents.

THYRISTOR REGION

When the anode current exceeds the latching current,
the device enters the thyristor region of operation. The
device saturates, allowing the anode current to be de-
termined by the external load circuit. The gate current
must momentarily exceed the minimum trigger current
threshold to achieve operation in this region. Additional
gate drive provides little benefit in reducing forward volt-
age after latching takes place and the anode current be-
comes large in comparison to the gate current.
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Figure 4.27. GTO Anode Characteristics

TURN-ON SWITCHING

Reliable triggering of the GTO requires that the turn-
on gate current and voltage exceed the maximum spec-
ified values. Triggering requirements increase at low
temperatures as shown in Figure 4.28. Consequently, the
drive circuit should be designed to supply the needed
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(b). Typical Gate Trigger Voltage

Figure 4.28. GTO Trigger Characteristics
versus Temperature

drive at the lowest anticipated operating temperature. For
example, to guarantee turn-on at —40°C, both the 900
mA and 1.5 volt conditions must be met simultaneously.
The GTO's turn-on drive circuit load line should fall out-
side the 900 mA box in Figure 4.29. The maximum load
line is set by the peak-forward gate-power rating and
must lie within this safe operating area. At high operating
frequencies or with continuous gate drive, average gate
power will increase and needs to be kept within the three
watt rating.

Standard thyristor practice has been to improve reli-
ability and reduce di/dt failures by using a peak gate cur-
rent two to ten times the minimum gate trigger current.
This is a recommended practice in applications having a
fast anode current rise rate and will reduce turn-on time
and switching losses. The peak repetitive gate power rat-
ing sets the upper limit to the amount of gate overdrive
that can be used to speed device turn-on.
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Figure 4.29. GTO Firing Characteristics

The gate current rise time should be faster than the
anode current rise time to aid in spreading current con-
duction (Figure 4.30). During turn-on, the gate input
impedance of the GTO appears inductive. Applications
involving fast, high anode current spikes require meas-
ures to minimize the parasitic cathode inductance in the
gate drive current loop. High values of turn-on dig/dt
are most easily achieved by driving the gate with a high
voltage compliance current source to overcome the gate
circuit inductance.
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Figure 4.30. Turn-On Speed versus Gate
Current Rise Time

The rate of GTO turn-on increases regeneratively with
anode current. Moderate gate drive amplitudes result in
comparable delay and rise times. Gate overdrive short-
ens the delay time (Figure 4.31) and should be used wher-
ever the GTO is likely to face turn-on stress. Device regen-
eration improves the rise time versus current
characteristic, causing it to be very flat with little slow-
down at higher currents (Figure 4.32). GTOs switch
quickly even under high overload conditions.
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Figure 4.31. Effect of Peak Gate Current on
Turn-On Time
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The GTO has excellent di/dt capability and may not
require a series anode inductance to slow the current rise
time (Figure 4.33). It is capable of switching an 800 volt,
100 ampere resistive turn-on load line (Figure 4.34). The
temperature coefficient of the GTO’s turn-on switching
loss and on-state voltage is outstanding (Figure 4.35). The
difference between room temperature and high temper-
ature operation is nearly negligible at moderate to high
currents. A dozen GTOs operated in parallel can switch
a one megawatt pulse.
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Figure 4.34. GTO Turn-On Waveform (Nonrepetitive)
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Figure 4.33. GTO Transient Handling Ability
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The non-repetitive sine wave surge characteristic (Fig-

ure 4.36) is intended to describe the capability of the GTO
under unexpected fault conditions, such as those result-
ing from a short circuited load. Current surges of this
magnitude should not be common or normal in the appli-
cation. Under these conditions, the peak junction tem-
perature will exceed the maximum rating and the part
may not block voltage or regain gate control during, or
immediately following, the surge. Operation at junction
temperatures exceeding the maximum is permissible for
short time periods, and the part will maintain its rated
characteristics when the temperature returns to normal.
This type of rating is traditional for thyristor devices and
is included in the GTO ratings to allow comparison and
to provide a measure of the extreme current conducting
capability of the device. Protecting the device in these
circumstances will be done by fuses rather than by its
gate control capability. Interruption of the anode current
is mandatory if the anode current exceeds the gate max-
imum non-repetitive current rating. An attempt at a gate
controlled turn-off at currents above this level may cause
the device to fail catastrophically.

PULSE WIDTH TIME (ms)

Figure 4.36. Non-Repetitive Surge Characteristic

LATCHING

Optimum GTO drive efficiency requires latching. This
permits the reduction of the on-gate pulse width and duty
cycle and results in lower average gate power.

GTO latching currents are higher than those of SCR
devices. The gate current must be held at a value above
IGT until the anode current exceeds the latching value.
Latching current depends on junction temperature (Fig-
ure 4.37) and is highest at low temperatures. The snubber
discharge current can be used to aid in achieving latching
when the load is strongly inductive and the anode current
rise would otherwise be slow. In this case, the snubber
discharge time constant must be selected to maintain the
anode current above the latching value until the load
current rises sufficiently to achieve the holding state. Al-
ternatively, it may be feasible to shunt inductive loads
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with a lower impedance element to rapidly supply the
latching current when the power losses are not
prohibitive.
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Figure 4.37. Typical Latching Current

Continuous gate drive throughout the conduction cycle
at an amplitude above the maximum specified IGT value
can also be used to prevent holding failure in situations
where the load current could fluctuate to an unusual de-
gree. However, this technique results in reduced drive
efficiency.

Figure 4.38 illustrates an adapter that allows pulsed
measurement of GTO latching and holding current on a
Tektronix 576/176 curve tracer.

FORWARD BLOCKING

The blocking equation can be modified to include the
effects of avalanche multiplication. The turn-on criterion
becomes:

_ Icx

1 — (VRVBOIN — aNPN — oPNP

Avalanche multiplication works in conjunction with the
device alphas to increase the possibility of unwanted
turn-on, particularly at high voltages and high tempera-
tures where alpha increases as a function of both leakage
current and temperature.

The GTO and SCR share this blocking model. However,
the GTO uses anode shorting techniques which reduce
aPNP below that of an SCR. While blocking, conduction
of the NPN transistor portion of the device is supported
mainly through the anode shorting resistance across the
P-emitter-N-base junction. This improves high tempera-
ture leakage characteristics. In addition, the high forward
blocking voltage of the GTO provides a voltage margin
in applications which do not require its full voltage
capability.

Ia N=~1to5
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Figure 4.38. Curve Tracer Adapter for Measurement of Pulsed Latching and
Holding Current with Reduced Heating Tolerances

The GTO exhibits sustaining voltage behavior (Figure
4.27) similar to that of a high voltage transistor. The
anode current at high voltages depends on the effects of
avalanche multiplication in the collector depletion layer
and the transistor action. With the gate open-circuited,
carriers freed by multiplication are acted upon by the NPN
transistor gain, and result in lower blocking capability.
Blocking voltage can be improved by 100 to 300 volts by
providing a low gate termination resistance or, still better,
a reverse bias.

STATIC dv/dt(s)

Under extreme conditions, unwanted GTO turn-on can
result from a rapid anode voltage spike even if its am-
plitude is below the device breakover region. This is a

result of the current induced through device self-
capacitance by the rapidly changing voltage. Snubber
networks, which suppress rapid transients, are the com-
mon technique for preventing dv/dt(s) turn-on.

At values above 2000 V/microsecond, the GTO tends
to respond to displaced internal charge and to the am-
plitude of the applied voltage rather than its rate. In this
case, lower peak voltages reduce the possibility of un-
wanted turn-on more effectively than direct suppression
of the rate of voltage rise.

dv/dt(s) performance depends strongly on the gate
termination conditions. Low impedance values and gate
reverse bias improve dv/dt(s) capability. Figure 4.39
shows the measurement circuit used.

Figure 4.39. Test Circuit and dv/dt(s) Characteristics of a GTO
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(a) Linear Static dv/dt(s) GTO Test Circuit
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Figure 4.39(b). Double Exposure Showing Static
dv/dt(s) Waveforms

50K 1 I
30K

a1 1
T
T 1T 11T 11
REGION OF VOLTAGE
MAGNITUDE DEPENDENT
TURN-ON

il

10K

T

0
=

o
=

w
=

=800V
00 ()

dv/dt(s) Vius

- VAK(pk)
Rk =

=~

800

REGION OF VOLTAGE RATE
3 DEPENDENT TURN-ON

9% 100 105

TJ, JUNCTION TEMPERATURE (°C)

10 115

Figure 4.39(e). MGTO1000 Typical Linear dv/dt(s)

REVERSE BLOCKING AND CONDUCTING

The GTO is an asymmetrical part. Because of its

shorted anode structure, the GTO's reverse blocking volt-

age capability is much lower than its capability in the
forward direction. lts ability to block depends on the gate

cathode termination conditions and approaches zero in

circuits with no reverse gate voltage and zero ohms Rgk-
Applications requiring more than 15 volts reverse

blocking capability require the addition of a series block-

MGTO1000 Typical

150
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130 \\

120 \\
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100 \ \
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80b—Rgx = 300 © \\
70 N
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VaK, PEAK ANODE TO CATHODE VOLTAGE (VOLTS)
Figure 4.39(c). Linear dv/dt(s)

ing diode. This increases conduction losses because of
the additional diode forward drop (Figure 4.40).

Some applications will require reverse conducting ca-
pability. This is achieved by adding a “flywheel” or an-

MGTO1000 Typical tiparallel diode with the necessary current handling abil-
ity and response time.
160
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130 GTO
120
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Figure 4.39(d). MGTO1000 Typical Rgk to
Prevent dv/dt(s) Turn-On

Figure 4.40. Modification of GTO Reverse Characteristic
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TURN-OFF SWITCHING

Inductive load switching results in a fast “kickback’
voltage pulse, increasing stress on the switching device.
Under these circumstances, preventing device failure is
a paramount concern. Because simultaneous high volt-
ages, currents and junction temperatures result during
the turn-off transient, optimization of the drive circuit is
recommended to reduce energy loss and improve effi-
ciency. GTO performance depends on the drive and
anode circuit conditions. Figure 4.41 illustrates typical
switching performance.

Tg = 125°%C, Cg = 0.08 uF, Lg = 2 uH, Rg = 30
Vp = 800 Vip). 1o = 60 Apy, PW = 100 us, VGR = 12V
f = 50 Hz, Lo = 38 wH, 0.5 us/Div, 10 A/Div, 100 V/Div

(a). GTO Snubbed Inductive Load Turn-Off

Te = 125°C, Ia(pk) = 110A

Vp = 240 V(pk), PW = 100 ps, f = 10 Hz
1 us/Div, 20 ADiv, 50 VIDiv, Lo = 10 uH
Lg = 2puH,Rg = 3Q,Vgp = 12V

(b). GTO Unsnubbed Inductive Load Turn-Off

Figure 4.41. GTO Turn-Off Switching
Under Inductive Loads

The GTO is a minority-carrier controlled device. Turn-
off requires that the excess carriers stored in both base
regions be removed or allowed to.recombine.

An optimum turn-off drive circuit will apply a reverse
bias across the gate-cathode junction for at least the en-
tire duration of the anode transient or until a steady state
blocking voltage results. Since blocking and immunity to
dv/dt transients are improved by reverse bias, it is de-
sirable to keep the gate-cathode junction reverse biased
throughout the off period.

GTO MEASUREMENT AND DEVICE PROTECTION

SWITCHING MEASUREMENT

Figure 4.42 illustrates the drive circuit and terminal con-
ditions used to evaluate GTO switching parameters. Fig-
ure 4.43 shows the circuit used for GTO turn-on and turn-
off switching tests. However, a resistive load and a high
voltage supply replaced the inductor, clamp and low volt-
age supply used for turn-off measurements. The snubber
is used in both turn-on and turn-off measurements. It is
important not to turn off the driver bias supplies while
the anode circuit is still energized. Doing so will cause
device failure by starving the reverse gate current.

DESCRIPTION OF THE MEASUREMENT CIRCUIT

A coil charge time of 150 microseconds was used for
the turn-off measurements to insure complete GTO sat-
uration and to provide worst case switching estimates
characteristic of saturated mode switching.

Turn-off is initiated by applying reverse voltage from
a low impedance source through a gate current slow-
down (dlg/dT = VGR/LG) inductor.

On the anode side of the circuit, a polarized snubber
was used. Turn-off dv/dt is determined by the snubber
and can be solved for as:

dv/dt(c) = Ipk/C.

The size of the anode inductor depends on the desired
peak anode current. This inductor must be selected to
maintain the flyback voltage duration beyond the tail time
of the GTO. More inductance is required for lower test
currents. The size of the inductor can be estimated by:

L > (toff x Vclamp) / ka

The clamp was used to insure accurate definition of
the GTO peak anode voltage rise. This improves mea-
surement repeatability, prevents avalanche of the GTO
and provides freedom in the selection of the load inductor
size. Without a clamp, the peak voltage will approach

1/2
V —| L
pk = p"(cs>
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Figure 4.43. GTO Test Circuit

TURN-OFF PARAMETERS AND CHARACTERISTICS

QgqQ is the amount of charge per turn-off cycle
removed from the gate of the GTO through the storage
and fall time intervals (Figure 4.44). A small amount of
additional charge will be removed because of current
tailing.

For constant LG and VGR, QGQ is directly proportional
to the peak anode current prior to turn-off.

Higher values of VGR will increase the peak gate re-
verse current (IgQ) and lower the turn-off gain (BR) but
will not rapidly increase the total recovered charge.

This is due to a shortening of the storage and fall time,
which reduces the number of charge carriers injected
from the P-emitter and the proportion recovered through
the gate.

The maximum value of steady-state gate reverse bias
is limited by the avalanche of the gate-cathode junction
and by the gate maximum ratings. Typical GTO gate-
cathode voltage breakdowns are large to facilitate turn-
off. Driving the gate-cathode junction beyond avalanche
does not benefit switching and only serves to increase
the gate power dissipation, reduce drive efficiency and
raise junction temperature.
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Figure 4.44. Typical Turn-Off Dynamics (Inductive Load)
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The gate current slowdown inductor, Lg, influences
most of the turn-off parameters. This inductor, along with
the reverse turn-off voltage supply, determines the rate
of change of gate current during the initial part of the
turn-off transient, until the rising gate-cathode imped-
ance dominates the current response and stops the linear
ramp.

LG provides an additional momentary inductive volt-
age kick that aids the turn-off voltage supply by avalanch-
ing the gate cathode junction at the moment the reverse
gate current reaches maximum and begins its rapid de-
cline. This aids in preventing the attenuation of the re-
verse gate current by the rising cathode impedance. The
duration of this pulse can be adjusted by adding a clamp-
ing resistor across the gate inductor. This technique max-
imizes the instantaneous turn-off voltage without the
drawbacks associated with the use of a high VGR supply.

Lg is also a gate-cathode recovery slow-down inductor.
When it slows the rise of the reverse gate current, it also
delays the recovery of the gate-cathode junction, which
leads to longer storage and fall times. Those effects can
be undesirable. Still, there are benefits from the use of
Lg. They include preventing early recovery of the cathode
emitter at only those regions near the gate periphery.

Lg reduces localized heating and helps hold the die
temperature even. When the GTO begins the turn-off pro-
cess, reverse gate current and the internal lateral voltage
drop focus the current into the area under the center of
the cathode emitter stripes. If the current density and
applied voltage go high enough, localized heating will
permanently damage the device. The gate recovery slow-
down inductor helps prevent this by reducing and delay-
ing the instantaneous amplitude of the reverse gate
current to insure a more homogenous turn-off of the
cathode.

When LG and VGR are constant, the peak gate reverse
currentin the GTO will increase slowly with anode current
as shown in Figure 4.44. The turn-off gain can be raised
by using a larger Lg, which also results in a longer stor-
age time. QgQ increases slightly for larger Lg values
because of the increase in tg.

Consequently, it is not necessary to greatly increase
the drive to the GTO to achieve operation in overload
situations. The peak reverse gate current that must be
conducted by the turn-off drive transistor can be reduced
by the selection of larger values of LG. However, this will
not reduce the average current required from the turn-
off supply.

In other words, there are counter balancing consider-
ations in selecting the gate recovery inductor. It should
be small to reduce storage time and dissipation during
fall time, but it should be large to improve switching
energy handling ability, gate drive efficiency and turn-off
gain. The reverse gate current will usually be higher than
the reverse base current in similar darlington drive con-
figurations. However the peak current flows for only a
few microseconds and does not require the drive circuit
to handle high average current or power. The reverse
gate charge recovered from a GTO compares favorably

with that observed in darlingtons with turn-off speed-up
diodes.

Control of ITp and the tail time duration is of particular
importance in inductive switching applications because
the anode voltage is often very high and the “tail” can
result in heating and device failures.

Larger values of LG result in reductions in tail current
maghnitude. The increase in dissipated energy during the
resulting longer fall time counterbalances the benefits of
reduced tail time dissipation and also suggests an upper
limit on the size of L. Lg must be small enough to permit
enough reverse gate current to exceed the threshold nec-
essary to unsaturate the device and start turn-off. The
peak reverse gate power rating may set the lower limit
to the size of the gate inductor in some applications.
Reverse gate current can approach the magnitude of the
anode current and lead to gate failure if no limiting is
used.

In some situations, it may be better to have a slower
current fall time. High turn-off di/dt can lead to increased
GTO voltage stress due to increased parasitic inductance
in the snubber and clamp circuits, which can cause over-
shoot when these elements are switched on (Figure 4.45).
These spikes can be largely eliminated by circuit layout
techniques which are not difficult at the 50 ampere level.

The tail current is a function of the peak anode current
prior to turn off, junction temperature and the rate-of-
rise of the anode voltage. It increases with any of these.
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ABERRATIONS IN THE FLYBACK VOLTAGE WAVEFORM CAUSE INCREASED POWER
DISSIPATION AND GTO STRESS. THIS PROBLEM CAN BE REDUCED BY LAYOUT
TECHNIQUES AND COMPONENT SELECTION TO MINIMIZE THE PARASITICS
SHOWN.

Figure 4.45. Effects of Undesirable Parasitic Circuit and
Component Inductance at Turn-Off Time
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Figure 4.46 is a plot of power versus time for an oper-
ating GTO. The first peak in the curve corresponds to the
fall time and the second, larger peak to the tail time. In
the example, the tail time is the major contributor to turn-
off energy dissipation. Similar waveforms were inte-
grated to generate the switching loss curves (Figure 4.49).

5000
@ 4500
£ 4000 ™
& 3500 /
z \

NO
R
S
T ——
\,
T~

N\

>

2

z

=

e 1000 N
%

=

04 08 12 18 2 24 28 32 36 4

t, TIME (s

PEAK ANODE CURRENT = 50 A, AVERAGE ANODE CURRENT = 17.1 A
Tc = 81°C,f = 1kHz, Cg = 0.05 uF

VCLAMP = 800V, Ly = 25 uH, Lg = 2 uH

VGR = — 15V, TURN-OFF ENERGY = 7.8 mJ

Figure 4.46. Turn-Off Power versus Time

SWITCHING SAFE OPERATING AREA

Figure 4.47 describes the switching SOA capability of
the GTO. The turn-off capability of the device is shown
to be determined by the snubber size and dv/dt.

The unsnubbed operating limit has a voltage sensitive
roll-off characteristic similar to the second breakdown
derating shown on power transistor safe operating area
(SOA) curves. Since the clamped unsnubbed inductive
switching loadline is nearly square, it represents the in-
stantaneous (V, |) handling capability of the device. The
initial roll-off shown on the graph has a steeper slope
than a constant power line. This is thought to be the result
of the SOA capability of the GTO.

At higher voltages, unsnubbed operation allows much
less peak anode current. However, the continuing drop
in permitted maximum current takes place at a much
slower rate.

The snubber limits the rate of anode voltage rise and
changes the shape of the turn-off load line, causing the
locus of instantaneous (Va, la) coordinates traversed by
the GTO to pass through lower power values. Lower
dv/dt(c) speeds turn off due to reduced Miller effect and
provides additional time for the GTO to reduce its current
before having to withstand high voltage. This brings the
turn-off load line (V, 1) locus of points below the instan-
taneous capability of the device.
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Figure 4.47. Maximum Gate Controlled Interruptable
Current (Rating is Non-Repetitive at | > 50 A)
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Power and energy dissipation in the GTO tends to be
greatest during the tail time because the anode voltage
is highest then and because the decay of the tail current
is relatively slow in comparison to the fall time.

The primary influences on the magnitude of tail current
for a given set of gate drive parameters are temperature
and dv/dt(c). Figure 4.48 shows how the anode current
ramp is influenced by dv/dt(c). This current can be
roughly modeled as the result of dv/dt across an equiv-
alent capacitance. An abrupt failure will result if this cur-
rent exceeds the SOA (V, |) capability of the GTO.

%
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Figure 4.48. dv/dt(c), SOA Model Of GTO Failure

Like SCR devices, dv/dt effects in GTOs increase rapidly
at junction temperatures at or above 125°C. The use of
larger heat sinks to control the worst case T will provide
significant increases in the switching safety margin.

It is desirable to minimize the snubber capacitance to
improve circuit efficiency and allow higher switching
speeds. The stored energy in the snubber capacitor is
dissipated in the snubber resistor each cycle when RCD
snubbers are used. This makes the snubber loss directly
proportional to frequency. However, the snubber capac-
itor must be large enough to prevent turn-off failure un-
der the worst case conditions.

A polarized snubber provides effective dv/dt limiting
by providing an alternative path for the load current
which is diverted into the snubber. Most of the stored
energy in the load inductance is transferred to the snub-
ber capacitor where its charging aids in limiting the kick-
back voltage. The snubber diode must be capable of con-
ducting the peak anode current and blocking the peak
voltage. The snubber resistor is used to limit the com-
ponent of anode current supplied from the charged snub-
ber capacitor at GTO turn-on during the next conduction
cycle, and to prevent turn-on di/dt failure.

MOTOROLA THYRISTOR DEVICE DATA

The snubber RC time constant must be selected to in-
sure that the snubber capacitor fully discharges during
the minimum GTO conduction time. Failure to achieve a
low voltage initial condition will result in higher than
anticipated anode voltages and dv/dt stress when the
anode voltage abruptly flies up to the remaining capacitor
voltage at turn-off time.

Measurement and application circuits using polarized
snubbers and/or clamps should minimize the wiring in-
ductance to these components to prevent overshoot in
the anode voltage. These elements will be small enough
to permit installation in close proximity to the GTO. The
effects of parasitic inductance become more prominent
at high current levels, requiring increased attention to
management of current parasitics.

FAULT PROTECTION

The IT(csm) rating is a measure of a GTO’s ability to
interrupt the current in a load under fault conditions. This
allows overload protection of the GTO by means of its
own gate turn-off capability.

Switched voltage source applications require the ad-
dition of a current slow down inductor to prevent exces-
sive anode current rise before turn-off time. The ability
of the GTO to self protect depends on its storage time
and IT(csm) capability as well as the speed of the fault
detection and shut-down circuit. Storage time increases
with the anode current and is roughly proportional to the
square root of the peak current prior to turn-off.

Snubber design must consider fault conditions as well
as normal repetitive operation. Turn-off cannot be at-
tempted until the snubber circuit has been nearly dis-
charged at least several time constants after the begin-
ning of device turn-on. Failure to initialize the snubber
capacitor will lead to high dv/dt stress and probable de-
vice failure if a fault-initiated shutdown takes place early
in the conduction cycle.

Options for the protection of the GTO depend on the
abruptness and severity of overload. Higher fault currents
are allowable when device protection is accomplished by
fusing techniques that rely on the device I2t capability.
Gate turn-off must not be attempted at currents above
the IT(csm) value if device destruction is to be avoided.

POWER DISSIPATION AND HEAT SINK DESIGN

The GTO is designed to operate at peak junction tem-
peratures of 125°C or less. The management of maximum
peak instantaneous junction temperature is particularly
important at turn-off time because the stress on the de-
vice and the possibility of failure is greatest then. Con-
ventional SCR phase control curves do not require for-
ward blocking capability until the beginning of the next
ac cycle and allow operation at instantaneous junction
temperatures exceeding 125°C. The GTO may be required
to turn off, withstand high dv/dt stress and forward block
at any time in its conduction wave form. In addition, it
may be operated at high frequencies where the power
dissipation due to switching losses is a major component
of the total average power. Actual GTO devices exhibit
superior extreme high temperature blocking capability
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and are capable of operation at higher temperatures than 100 ——

SCR units. However, the conditions of use will often place — 1, '= 12'502: = 1:1 va
more stringent requirements on GTO devices. Conse- & —y, - VD(RXM) —400 —
quently, a conservative approach to heat sink design and S — IGF(pk) = 6 A A A
thermal control is advisable. E d'GFl;dT =7 Alps 99’

GTO phase control rating curves showing average cur- E B /1
rent, power dissipation and allowable case temperature é 10 / /1
versus conduction angle, are similar to SCRcurves. These = 7 ::gg:gggm
curves describe operation from an ac line or chopping a z — ;\'A'ETOMOOI,M
dc source at variable duty cycle under low frequency 2 [ Vp It
conditions where switching power is negligible and the E —
assumption of a current pulse with zero rise and fall time & -
is valid. These curves do not adequately describe peak
pulse device capability when inductive, capacitive or 101 L 11' m 100

high-frequency switching is involved.

Figure 4.49 allows estimation of the heat sink require-
ment under pulsed and higher frequency conditions. The
total power that must be dissipated in the heat sink is

ENERGY (MILLIJOULES)

Figure 4.49(b). Maximum Energy Per Pulse at Turn-On

given by:
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gular pulse train. Non-rectangular pulses can be modeled 160001 e N N mﬂo NN ;0

as an equal energy rectangular pulse at the same peak
power. This provides a worst case high junction temper-
ature estimate. Refer to Motorola Application Note
AN569 “Transient Thermal Resistance — General Data Figure 4.49(c). Conduction Energy Per Pulse
and Its Use"” for more information.
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POTENTIAL CIRCUIT APPLICATIONS
FOR GTO DEVICES

Optimum GTO characteristics vary with the generic ap-
plication and specific circumstances of usage. Consult the
factory regarding your specific needs.

SNUBBER

DRIVER
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Figure 4.50. GTO dv/dt(c) Permits Solid State
Switching At High Frequencies
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Figure 4.52. GTO ac Circuit Breaker
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CHAPTER 5
SCR CHARACTERISTICS

SCR TURN-OFF CHARACTERISTICS

In addition to their traditional role of power control
devices, SCRs are being used in a wide variety of other
applications in which the SCR's turn-off characteristics
are important. As an example — reliable high frequency
inverters and converter designs (<20 kHz) require a
known and controlled circuit-commutated turn-off time
(tg). Unfortunately, it is usually difficult to find the turn-
off time of a particular SCR for a given set of circuit
conditions.

This section discusses tq in general and describes a
circuit capable of measuring tg- Moreover, it provides
data and curves that illustrate the effect on tq when other
parameters are varied, to optimize circuit performance.

SCR TURN-OFF MECHANISM

The SCR, being a four layer device (P-N-P-N), is rep-
resented by the two interconnected transistors, as shown
in Figure 5.1. This regenerative configuration allows the
device to turn on and remain on when the gate trigger
is removed, as long as the loop gain criteria is satisfied;
i.e., when the sum of the common base current gains (a)
of both the equivalent NPN transistor and PNP transistor,
exceed one. To turn off the SCR, the loop gain must be
brought below unity, whereby the on-state principal cur-
rent (anode current iT) limited by the external circuit
impedance, is reduced below the holding current (Iy).
For ac line applications, this occurs automatically during
the negative going portion of the waveform. However,
for dc applications (inverters, as an example), the anode
current must be interrupted or diverted; (diversion of the
anode current is the technique used in the tq test fixture
described later in this application note).

SCR TURN-OFF TIME tq

Once the anode current in the SCR ceases, a period of
time must elapse before the SCR can again block a for-
ward voltage. This period is the SCR’s turn-off time, tq,
and is dependent on temperature, forward current, and
other parameters. The turn-off time phenomenon can be
understood by considering the three junctions that make
up the SCR. When the SCR is in the conducting state,
each of the three junctions is forward biased and the N

ANODE
ANODE T
P
n
N
GATE 2
o—i P
3
GATE N
CATHODE l
CATHODE
P-N-P-N STRUCTURE
ANODE
ANODE ™
] ai IB1 = lc2
P
— T ¥ v
| — Ic1 =12
5 P
O e O—d Q2
GATE I GATE
N
CATHODE
CATHODE
TWO TRANSISTOR MODEL

Figure 5.1. Two Transistor Analogy of an SCR

and P regions (base regions) on either side of J2 are
heavily saturated with holes and electrons (stored
charge). In order to turn off the SCR in a minimum
amount of time, it is necessary to apply a negative (re-
verse) voltage to the device anode, causing the holes and
electrons near the two end junctions, J1 and J3, to diffuse
to these junctions. This causes a reverse current to flow
through the SCR. When the holes and electrons near junc-
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tions J1 and J3 have been removed, the reverse current
will cease and junctions J1 and J3 will assume a blocking
state. However, this does not complete the recovery of
the SCR since a high concentration of holes and electrons
still exist near the center junction, J2. This concentration
decreases by the recombination process and is largely
independent of the external circuit. When the hole and
electron concentration near junction J2 has reached
some low value, junction J2 will assume its blocking con-
dition and a forward voltage can, after this time, be ap-
plied without the SCR switching back to the conduction
state.

1tq MEASUREMENT

When measuring SCR turn-off time, tq, it is first nec-
essary to establish a forward current for a period of time
long enough to ensure carrier equilibrium. This must be
specified, since IT has a strong effect on the turn-off
time of the device. Then, the SCR current is reversed at
a specified di/dt rate, usually by shunting the SCR anode
to some negative voltage through an inductor. The SCR
will then display a “reverse recovery current,” which is
the charge clearing away from the junctions. A further
waiting time must then elapse while charges recombine,
before a forward voltage can be applied. This forward
voltage is ramped up a specified dv/dt rate. The dv/dt
delay time is reduced until a critical point is reached
where the SCR can no longer block the forward applied
voltage ramp. In effect, the SCR turns on and conse-
quently, the ramp voltage collapses. The elapsed time
between this critical point and the point at which the
forward SCR current passes through zero and starts to
go negative (reverse recovery phase), is the tq of the SCR.
This is illustrated by the waveforms shown in Figure 5.2.

IT™

50% Impy =i <%l

i

50% IRM =
IR

J/— difdt

-
=3

tq GENERAL TEST FIXTURE

The simplified circuit for generating these waveforms
is schematically illustrated in Figure 5.3. This circuit is
implemented with as many as eight transformers includ-
ing variacs, and in addition to being very bulky, has been
known to be troublesome to operate. However, the con-
figuration is relevent and, in fact, is the basis for the
design, as described in the following paragraphs.

tq TEST FIXTURE BLOCK DIAGRAMS AND
WAVEFORMS

The block diagram of the tq Test Fixture, illustrated in
Figure 5.4, consists of four basic blocks: A Line Synchro-
nized Pulse Generator establishes system timing; a Con-
stant Current Generator (variable in amplitude) powers
the Device Under Test (DUT); a di/dt Circuit controls the
rate of change of the SCR turn-off current; and the dv/dt
Circuit reapplies a controlled forward blocking voltage.
Note from the waveforms illustrated that the di/dt circuit,
in parallel with the DUT, diverts the constant current from
the DUT to produce the described anode current ITp.

tq TEST FIXTURE CHARACTERISTICS

The complete schematic of the ty Test Fixture and the
important waveforms are shown in Figures 5.5 and 5.6,
respectively.

One CMOS Hex Gate U1, Motorola type MC14572, is
used as the Line Synchronized Pulse Generator, confi-
gured as a wave shaping Schmitt trigger, clocking two
cascaded monostable multivibrators for delay and pulse
width settings (Gates 1C to 1F). The result is a pulse
generated every half cycle whose width and position

Ibx
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Vbx
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| dv/dt
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-

Figure 5.2. SCR Current and Voltage Waveforms
During Circuit-Commutated Turn-Off
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Figure 5.3. Simplified tq Test Circuit

(where on the cycle it triggers) are adjustable by means
of potentiometers R2 and R3, respectively. The output
pulse is normally set to straddle the peak of the ac line,
which not only makes the power supplies more efficient,
but also allows a more consistent oscilloscope display.
This pulse shown in waveform A of Figure 5.6 initiates
the tq test, which requires approximately 0.5 ms to assure
the device a complete turn on. A fairly low duty cycle
results, (approximately 5%) which is important in mini-
mizing temperature effects. The repetitive nature of this
test permits easy oscilloscope viewing and allows one to
readily ““walk in” the dv/dt ramp. This is accomplished
by adjusting the appropriate potentiometer (R7) which,
every 8.33 ms (every half cycle) will apply the dv/dt ramp
at a controlled time delay.

To generate the appropriate system timing delays, four
RC integrating network/comparators are used, consisting
of op-amps U2, U5 and U6.

Op-amp U2A, along with transistor Q2, opto-coupler
U4 and the following transistors Q6 and Q7, provide the
gate drive pulse to the DUT (see waveforms B, C and D
of Figure 5.6). The resulting gate current pulse is about
50 us wide and can be selected, by means of switch S2,
for an IgT of from about 1 mA to 90 mA. Opto-coupler
U4, as well as U1 in the Constant Current Circuit, provide
electrical isolation between the power circuitry and the
low level circuitry.

The Constant Current Circuit consists of an NPN Dar-
lington Q3, connected as a constant current source driv-
ing a PNP tri-Darlington (Darlington Q4, Bipolar Q5). By
varying the base voltage of Q3 (with Current Control po-
tentiometer R4), the collector current of Q3 and thus the
base voltage of Q4 will also vary. The PNP output tran-
sistor Q5 (MJ14003) (rated at 70 A), is also configured as
a constant current source with four, parallel connected
emitter resistors (approximately 0.04 ohms, 200 W), thus
providing as much as 60 A test current. Very briefly, the
circuit operates as follows: — CMOS Gate 1E is clocked

high, turning on, in order, a) NPN transistor Q16, b) PNP
transistor Q1, c) optocoupler U3, and d) transistors Q3,
Q4 and Q5. The board mounted Current Set potentiom-
eter R5, sets the maximum output current and R4, the
Current Control, is a front panel, multiturn potentiometer.

Time delay for the di/dt Circuit is derived from cascaded
op-amps U2B and U5 (waveforms F and G of Figure 5.6).
The output gate, in turn, drives NPN transistor Q8, fol-
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Figure 5.4. Block Diagram of the tq Test Fixture
and Waveforms
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lowed by PNP transistor Q9, whose output provides the
gate drive for the three parallel connected N-channel
power MOSFET transistors Q10-Q12 (waveform H of Fig-
ure 5.6). These three FETs (MTM15NO086), are rated at 15
A continuous drain current and 40 A pulsed current and
thus can readily divert the maximum 60 A constant cur-
rent that the Fixture can generate. The results of this
diversion from the DUT is described by waveforms E, H
and | of Figure 5.6, with the di/dt of T dictated by the
series inductance L1. For all subsequent testing, the in-
ductor was a shorting bar, resulting in very little induct-
ance and consequently, the highest di/dt (limited pri-
marily by wiring inductance). When a physical inductor
L1 is used, a clamp diode, scaled to the diverted current,
should be placed across L1 to limit “inductive kicks."

dv/dt CIRCUIT

The last major portion of the Fixture, the dv/dt Circuit,
is variable time delayed by the multi-turn, front panel tqg
Time Control potentiometer R7, operating as part of an
integrator on the input of comparator U6. Its output
(waveform J of Figure 5.6) is used to turn-off, in order,
a) normally on NPN transistor Q13, b) PNP transistor Q14
and c) N-channel power MOSFET Q15 (waveform L of
Figure 5.6). This FET is placed across ramp generating
capacitor C1, and when unclamped (turned off), the ca-
pacitor is allowed to charge through resistor R1 to the
supply voltage + V1. Thus, the voltage appearing on the
drain will be an exponentially rising voltage with a dv/dt
dictated by R1, C1, whose position in time can be ad-
vanced or delayed. This waveform is then applied
through a blocking diode to the anode of the DUT for the
forward blocking voltage test.

Another blocking diode, D1, also plays an important
role in tq measurements and must be properly selected.
Its purpose is to prevent the dv/dt ramp from feeding
back into the Current Source and di/dt Circuit and also
to momentarily apply a reverse blocking voltage (a func-
tion of — V9 of the di/dt circuit) to the DUT. Consequently,
D1 must have a reverse recovery time t, greater than
the DUT, but less than the tq time. When measuring stan-
dard recovery SCRs, its selection — fast recovery recti-
fiers or standard recovery — is not that critical, however,
for fast recovery, low tq SCRs, the diode must be tailored
to the DUT to produce accurate results. Also, the current
rating of the diode must be compatible with the DUT test
current. These effects are illustrated in the waveforms
shown in Figure 5.7 where both a fast recovery rectifier
and standard recovery rectifier were used in measuring
tq of a standard 2N6058 SCR. Although the di/dt's were
the same, the reverse recovery current Ijp and tyr were
greater with the standard recovery rectifier, resulting in
a somewhat shorter tq (59 us versus 63 us). In fact, tq is
affected by the initial conditions (I, di/dt, IRpm, dv/dt,
etc.) and these conditions should be specified to maintain
measurement repeatability. This is later described in the
published curves and tables.

Finally, the resistor R1 and the resultant current 17 in
the dv/dt circuit must meet certain criteria: 11 should be
greater than the SCR holding current so that when the

DUT does indicate tq limitation, it latches up, thus sup-
pressing the dv/dt ramp voltage; and, for fast SCRs (low
tq), 17 should be large enough to ensure measurement
repeatability. Typical values of |1 for standard and fast
SCRs may be 50 mA and 500 mA, respectively. Obviously,
for high forward blocking voltage + V1 tests, the power
requirements must be met. '

EFFECTS OF GATE BIAS ON tq

Examples of the effects of I on tq are listed in Table
5.1l whereby standard and fast SCRs were tested with
about 50 mA and 1 A, respectively. Note that the low tq
SCR's required fast recovery diodes and high |4 current.

TEST FIXTURE POWER SUPPLIES

Most of the power supplies for the system are self-
contained, including the +12 V supply for the Constant
Current Circuit. This simple, unregulated supply fur-
nishes up to 60 A peak pulsed current, primarily due to
the line synchronized operation of the system. Power
supplies +V1 and —Vp, for this exercise, were external
supplies, since they are variable, but they can be incor-
porated in the system. The reverse blocking voltage to
the DUT is supplied by — V2 and is typically set for about
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Figure 5.6. tq Test Fixture System Waveforms
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Figure 5.7. The Effects of Blocking Diode D1 on tq of a
2N6058 SCR

—10V to —20V, being limited to the breakdown voltage
of the diverting power MOSFETS (Vpgg = 60 V). The
+12 V unregulated supply can be as high as +20 V when
unloaded; therefore, —Vo (MAX), in theory, would be
—40 V but should be limited to less than —36 V due to
the 56 V protective Zener across the drain-source of the
FETs. Also, —V9 must be capable of handling the peak
60 A, diverting current, if so required.

The reapplied forward blocking voltage power supply
+V1, may be as high as the DUT VpRrm which conceiv-
ably can be 600V, 1,000 V or greater and, since this supply
is on most of the time, must be able to supply the required
11. Due to the sometimes high power requirements, +V1
test conditions may have to be reduced for extremely fast
SCRs.

PARAMETERS AFFECTING tq

To see how the various circuit parameters can affect
tq, one condition at a time is varied while the others are
held constant. The parameters to be investigated are
a) forward current magnitude (IT\), b) forward current

SRR

duration, c) rate of change of turn-off current (di/dt),
d) reverse-current magnitude (Igp), e) reverse voltage
(VRMm). f) rate of reapplied forward voltage (dv/dt),
g) magnitude limit of reapplied voltage, h) gate-cathode
resistance and i) gate drive magnitude (IGT).

Typical data of this kind, taken for a variety of SCRs,
including standard SCRs, high speed SCRs, and the new
TMOS SCRs (Motorola MCR1000 series), is condensed
and shown in Table 5.1. The data consists of the different
conditions which the particular SCR types were subjected
to; ten SCRs of each type were serailized and tested to
each condition and the ten tq's were averaged to yield a
“typical tq.”

The conditions listed in Column A in Table 5.1, are typ-
ical conditions that might be found in circuit operation.
Columns B through J in Table 5.1, are in order of increas-
ing tg: the conditions listed in these columns are only
the conditions that were modified from those in Column
A and if a parameter is not listed, it is the same as in
Column A.

Table 5.1l is a condensed summary of Table 5.1 and

AR

MOTOROLA THYRISTOR DEVICE DATA

1-5-6




1-G-1
V1vad 30IA3d HOLSIHAHL VIOHOL1ON .

Table 5.1. Parameters Affecting tq

Device A B c D E F G H !
2N6508 Rgk = 1k
2BA dv/dt = 15 Vius
600 V M = 25A Rgk = 100 RgK = 100
IrRM = 14A dv/dt = 24 Vius dv/dt = 2.4 Vius Rgk = 100
di/dt = —100 A/us m=1A M = 2A dvidt = 2.4 Vius RgK = 100
ITM duration = 275 us Irm = 18A IrRM = 50 mA IRM = 50 mA Rgk = 100 Rgk = = dv/dt = 2.4 V/us
IGT = 30 mA di/dt = 32 Alus di/dt = 0.5 us di/dt = 0.45 A/us dvidt = 2.4 Vius dv/dt = 2.4 Vius I = 37A Rgk = 100 IGT = 90 mA
typtq=68;¢s typtq=4Z/.Ls typtq=45ps typtq=49;Ls typtq=60ys tvptq=64;Ls typtq = 64 us typtq=65us typtq=63/,zs
MCR2150  [Rgk = 1k
15A dv/dt = 125 Vius
Itm = 15A Rgk = 100 Rgk = 100
IRM = 55A Rgk = 100 Itm = 2A Itm = 28A
dildt = 36 Alus IRM = 0.2A IRM = 24 A Rgk = 100 IRM = 8A
I\ duration = 275 us di/dt = 0.64 A/us difdt = —40 Alus Rgk = 100 Rgk = = dvidt = 7 Vius didt = 32 Alus
IGT = 50 mA IGT = 90 mA IgT = 90 mA IGT = 90 mA IGT = 90 mA IGT = 90 mA IGT = 90 mA IGT = 90 mA
typtg = 315 us typtg = 0.975 us typtq = 2.3 ps typtq = 31 us typtg = 313 us typtg = 313 us typtg = 33 us typtg = 38 us
2N6398 Rek = 1k
12A dv/dt = 90 Vius
M = 12A Rgk = 100 Rgk = 100 Rgk = 100
IRM = 1A dvidt = 2.5 Vius dv/dt = 2.5 Vius Rgk = 100 dv/dt = 2.5 V/us Rgk = =
difdt = —100 A/ps M =1A M =1A dvidt = 25 Vius Itm = 18A dv/dt = 2.5 Vius
I\ duration = 275 us IRM = 50 mA IrM = 27A IRM = 50 mA IRM = 50 mA IRM = 50 mA
IGT = 30mA difdt = —05 Alus difdt = 56 A/us difdt = 32 Aus di/dt = 0.3 Alus difdt = 0.35 Alus Rgk = 100 IGT = 90 mA
typtg = 48 ps typtg = 30 us typtg = 31 us typtg = 32 us typtg = 33 s typtg = 355 ps typtg = 45 us typtg = 48 us
MCR2080 [Rgk = 1k
8A dv/dt = 110 Vius
Itm = 8A
IRM = 5A Rgk = 100 Rgk = 100 Rgk = 100
dildt = —50 Alus M =1A M = 12A RgK = = ltm=1A Rgk = 100
ITM duration = 275 us IRM = 50 mA IRM = 0.1A IRM = 0.1A IrM = 28A IRM = 1A Rgk = 100
IGT = 50 mA difdt = —0.7 Alus di/dt = —0.7 Alus difdt = —0.7 Alus difdt = —60 Aus |dildt = —07 Aus  [IgT = 90 mA RgK = 100 dv/dt = 3.6 Vius
tvptq=4.7p.s typtq=2,3p.s typtq=2,4p.s typtg = 32 us typtq=3,2p,s typtq=3A3p.s typtg = 4.7 us typtg = 48 us typtq=4.9p,s
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Table 5.1. Continued

Device A B [4 D E F G H | J
C1060 IgT = 1mA
4A Rgk = 1k
dv/dt = 5V/us
ItM = 4A
IrM = 4A It = 2A M =6A M = 6A dv/dt = 1.4 Vius IGT = 90 mA
didt = 50 A/us IRM = 25A IRM = —1Aps IRM = 0.1A M = 2A =V =3V Irm = 0.15A dv/dt = 1.4 Vius dv/dt = 1.4Vius | dv/dt = 28 Vius
ITM duration = 275 ps |dildt = —30 Alus | diidt = —1Aus | dildt = —1Aus Irm = 02A IRm = 0.2A —Vy =4V Irm = 0.15A IRM = 2A IR = 0.15A
Vpx = 50V Vpx = 50V Vpx = 150V Vpx = 50V dildt = —14Aps |dildt = —1.4Aus |dildt = —14Aus | didt = 1.4 Aus dildt = —14Aus |diidt = —14A
typtq = 28 us typtq = 25 us typtg = 26 us typtq = 26 us typtg = 26 us typtq = 27 ps typtg = 27 us typtq = 27 ps typtq = 27 ps typtq = 29 ps
2N6240 Rgk = 1k
4A dv/dt = 40 Vius Rgk = 100
M = 4A dv/dt = 1.3 Vius Rgk = 100 dv/dt = 1.75 Vius Rgk = =
IRM = 4A v =1A dvidt = 1.75Vips | Rgk = 100 Rgk = 100 dv/dt = 1.75 Vius
di/dt = 50 Aus IRM = 50 mA Im=1A dv/dt = 1.75 Vius ItMm=6A Rgk = 100 M =1A
ITM duration = 275 us | dildt = —0.5Ajus | Ipm = 50 mA IrRM = 50 mA Irm = 50 mA IRM = 50 mA IRM = 50 mA
IGT = 1mA IGT = 90 mA difdt = —05A/us |dildt = —05Alus di/dt = —0.5A/us |di/dt = —05A/us |Rggk = 100 dildt = —0.5A/us
Vpx = 50V Vpx = 150V IgT = 90 mA IGT = 90 mA IGT = 90 mA IgT = 90 mA IGT = 900 mA IgT = 90 mA IgT = 90 mA
typtg = 44.8 us typtg = 26 us typ tq = 262 us typtg = 21.7 us typtq = 286 us typtg = 30 us typtg = 327 ps typtg = 37.2 us typtg = 414 us
MCR100-6 (Rgk = 1k
8A dv/dt = 160 V/us
ItM = 0.8A dv/dt = 30 V/us
IRM = 08A dv/dt = 30 Vius dv/dt = 30 V/us M = 1.12A
dildt = 12 Alus Itm = 0.25A dv/dt = 30 Vius ~Vy =9V -V =1V ItM = 1.12A IrRM = 40 mA
Vpx = 50V IRM = 40 mA Ir = 40 mA IRM = 20 mA Ir = 40 mA IRM = 40 mA dildt = —0.8 A/us
ITm duration = 275 us | dildt = —0.6 Aus |dildt = —08 A/us |dildt = —0.4 Alus dildt = —08A/us |dildt = —08Aus |Vpx = 100V
typtg = 144 us typtg = 12.7 us typtg = 135 us typtg = 137 us typtg = 13.9 us typtq = 144 ps typtg = 144 us
2N5063 Rgk = 1k
8A dv/dt = 30 Vius
ItM = 0.8A Vpx = 100V
Irm = 08A dv/dt = 5 Vius dv/dt = 5 Vius dv/dt = 5Vius
dildt = 12 Alus ltm = 0.2A dv/dt = 5 Vius M = 1.12A IRM = 40 mA IrRM = 40 mA Itm = 1.12A
IM duration = 275 us |Igm = 50 mA IRM = 50 mA IrM = 50 mA —-Vp =9V -V =1V IRM = 50 mA
Vpx = 50V difdt = —06A/us |diidt = —08Aus |didt= —08Aus dildt = —045 A/us |dildt = —08A/us |dildt = —08A
typtq = 289 us typtg = 2lus tptg = 30/us typtg = 31 ps typtg = 31.2 us typtq = 314 us typtg = 317 us
2N5061 dv/dt = 10 Vius
8A Itm = 08A
IRM = 08 A dv/dt = 3.5 Vius
dildt = 18 Alus dv/dt = 3.5 V/us v = 1.12A dv/dt = 3.58/us
ITpm duration = 275 us |ItM = 0.25A dv/dt = —35V/ius |IgRm = 40 mA M = 1.12A -V =4V —Vp =1V
Rgk = 1k IRM = 40 mA IRM = 40 mA dildt = —0.8 A/us IRM = 40 mA IRM = 20 mA IRM = 40 mA
Vpx =30V diidt = —0.7 A/us |dildt = —08A/us |Vpx = 60V difdt = —07 Alus |dildt = —02Aus |dildt = —08 Alus
typtg = 31.7 us typtq = 19.1 us typtg = 19/us typtq = 198 us typtg = 20.2 us typtq = 30 us typtg = 30.2 ps




shows what happens to the tq of the different devices
when a parameter is varied in one direction or the other.
There are also several curves (Figures 5.8, 5.9 and 5.10)
which indicate what happens to tq when other influential
parameters are varied.

THE EFFECTS OF CHANGING PARAMETERS
ON t
q

From Tables 5.1 and 5.11, it is clear that some parameters
affect tq more than others. The following discussion de-
scribes the effect on tq of the various parameters.

FORWARD CURRENT MAGNITUDE (iTp)

Of the parameters that were investigated, forward-
current magnitude and the di/dt rate have the strongest
effect on tq. Varying the It magnitude over a realistic
range of IT conditions can change the measured tq by
about 30%. The change in tq is attributed to varying cur-
rent densities (stored charge) present in the SCR's junc-
tions as the ITp magnitude is changed. Thus, if a large
SCR must have a short tq when a low IT\ is present, a
large gate trigger pulse (IgT magnitude) would be ad-
vantageous. This turns on a large portion of the SCR to
minimize the high current densities that exists if only a
small portion of the SCR were turned on (by a weak gate
pulse) and the low ITp did not fully extend the turned
on region.

In general, the SCR will exhibit longer tq times with
increasing ITM. as shown in the curves of Figures 5.8 and
5.9. Increasing temperature also increases the tq time
(Figure 5.9).

di/dt RATE

Varying the turn-off rate of change of anode current
di/dt does have some effect on the tq of SCRs, as shown
in Figure 5.10. Although the increase in tq versus increas-
ing di/dt was nominal for the SCRs illustrated, the per-
centage change for the fast SCRs was fairly high (about
30-40%).

1st
Parameter Changed Device Columns (_P'i)
IGT Increase 2N6508 Al 68
MCR2150 AF 3.15
2N6398 AG 48
MCR2080 AG 4.7
2N6240 Al 44.8
C106D Hi 27
Decrease Rgk 2N6508 AH 68
1 k to 100 ohms MCR2150 DF 3.13
2N6398 AG 48
MCR2080 AH 4.7
2N6240 Gl 41.4
Increase RGK 2N6508 EF 60
1ktoo MCR2150 DE 3.1
2N6398 DF 32
MCR2080 DF 3.3
2N6240 CH 26.2
VDX Cc106D DC 26
2N6240 BC 26.2
MCR100-6 FG 14.4
2N5063 DG 31
2N5061 DE 20.2
Decrease dv/dt Rate  2N6508 EH 65
MCR2150 DG 3.1
MCR2080 HI 4.8
c106D HJ 29
2N6240 DF 30
Increase ITp 2N6508 EG 60
MCR2150 AH 3.15
2N6398 DE 32
MCR2080 BC 2.3
C106D EH 26
2N6240 DC 26.2
DE 27.7
CE 26.2
MCR100-6 CF 135
2N5063 CcD 30.7
2N5061 BE 19.1

2nd
(us)
68
3.13
48
4.7
4.4
27
65
3.1
45
4.8
32.7

20.7

Table 5.1l. The Effects of Changing Parameters on tq

Gate Bias Conditions +V1 Rl dv/dt {v/us)
. ov -5V -V2 = -10V,Ig =3A 50 V 1 k/50 2.5/50
Device
Diode dv/dt
1 2
tq tq DI (Vipes) Remarks
Slow . .
2N6508 40 ps 30 us MR502 2.5 Slow diode faster than fast diode, (lower tq)
2N6240 16 us 9 us Slow 25 Slow diode faster. 2.5 V/us faster than 50 V/us
2N6398 30 us 25 us Slow 25 Tested slow diode only
C106D 13 us 8 us Slow 25 Tested slow diode only
Fast .
MCR2150 4 us 3.7 us MR856 50 2.5 V/us does not tq. Both diodes work.
MCR2080 2.5 us 2.3 us Fast 50 50 V/us & fast diode only work. —Vp < -8 V.

Table 5.1ll. The Effects of Gate Bias on tq

MOTOROLA THYRISTOR DEVICE DATA
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Figure 5.8. Standard SCR & TMOS SCR Turn-Off Time
tq as a Function of Anode Current it

REVERSE CURRENT MAGNITUDE (Igm)

The reverse current is actually due to the stored charge
clearing out of the SCR's junctions when a negative volt-
age is applied to the SCR anode. IR\ is very closely
related to the di/dt rate; an increasing di/dt rate causing
an increase of Ij and a decreasing di/dt rate causing a
lower IRM-

By using different series inductors and changing the
negative anode turn-off voltage, it is possible to keep the
di/dt rate constant while changing IR\. It was found that
IRM has little or no effect on tq when itis the only variable
changed (see Table 5.1 C106D, Columns F and G, for
example).

REVERSE ANODE VOLTAGE (VRm)
Reverse anode voltage has a strong effect on the Iigm

0 T T T T

1 2 5 10 20

T\, ANODE CURRENT AMPS

Figure 5.9. Normalized Turn-Off Time tq as a Function
of Anode Current ITp for Fast SCRs. Case
Temperature T¢ at 25°C & 100°C

magnitude and the di/dt rate, but when VR\ alone is
varied, with IRy and di/dt held constant, little or no
change in tq time was noticed. VR must always be
within the reverse voltage of the device.

REAPPLIED dv/dt RATE

Varying the reapplied dv/dt rate across the range of
dv/dt’'s commonly encountered can vary the tq of a given
SCR by more than 10.0%. The effect of the dv/dt rate on
tq is due to the Anode-Gate capacitance. The dv/dt ap-

10
& TMOS SCR @ [
= MCR1000 MCR1000 : 5 V/us 2A
1 MCR2080 : 12 Vips 4A
£ 67 MCR2150 : 12 V/ps 4A
i Rgk @ 100Q
g | Tp : 25°C
R VICR2080
< FAST SCRs
2(>____—.———“\=Fi MCR2150
0 T T T T T
1 2 5 10 2 50

di/dt, ANODE CURRENT RATE OF CHANGE (A/ps)

Figure 5.10. Turn-Off Time t
Current Rate of

MOTOROLA THYRISTOR DEVICE DATA

%as a Function of Anode

hange di/dt
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plied at the SCR anode injects current into the gate
through this capacitance (igT = C dv/dt). As the dv/dt
rate increased, the gate current also increases and can
trigger the SCR on. To complicate matters, this injected
current also adds to the current due to leakage or stored
charge left in the junctions just after turn-off.

The stored charge remaining in the center junction is
the main reason for long tq times and, for the most part,
the charge is removed by the recombination process. If
the reapplied dv/dt rate is high, more charge is injected
into this junction and prevents it from returning to the
blocking state, as soon as if it were a slow dv/dt rate. The
higher the dv/dt rate, the longer the tq times will be.

MAGNITUDE LIMIT OF REAPPLIED dv/dt (Vpx)

Changing the magnitude limit of the reapplied dv/dt
voltage has little or no effect on a given SCR's tq time
when the maximum applied voltage is well below the
voltage breakdown of the SCR. The t times will lengthen
ifthe SCR is being used near its voltage breakdown, since
the leakage present near breakdown is higher than at
lower voltage levels. The leakage will lengthen the time
it takes for the charge to be swept out of the SCR'’s center
junction, thus lengthening the time it takes for this junc-
tion to return to the blocking state.

GATE CATHODE RESISTANCE (Rgk)

In general, the lower the RGK is, the shorter the tq time
will be for a given SCR. This is because low RGk aids in
the removal of stored charge in the SCR’s junctions. An
approximate 15% change in the ty time is seen by chang-
ing Rgk from 100 ohms to 1000 ohms for the DUTs.

GATE DRIVE MAGNITUDE (IgT)

Changing the gate drive magnitude has little effect on
a SCR’s tq time unless it is grossly overdriven or under-
driven. When it is overdriven, there is an unnecessary
large amount of charge in the SCR’s junction. When
underdriven, it is possible that only a small portion of the
chip at the gate region turns on. If the anode current is
not large enough to spread the small turned on region,
there is a high current and charge density in this region
that consequently lengthens the tq time.

FORWARD CURRENT DURATION

Forward current duration had no measurable effect on
tg time when varied from 100 us to 300 us, which were
the limits of the Motorola tq Tester. Longer IT) durations
heat up the SCR which causes temperature effects; very
short It durations affect the tq time due to the lack of
time for the charges in the SCR's junctions to reach equi-
librium, but these effects were not seen in the range
tested.

MOTOROLA THYRISTOR DEVICE DATA

REVERSE GATE BIAS VOLTAGE

As in transistor operation, reverse biasing the gate of
the SCR decreases the turn-off time, due to the rapid
“sweeping out” of the stored charge. The reduction in tq
for standard SCRs is quite pronounced, approaching per-
haps 50% in some cases; for fast SCRs, only nominal
improvement might result. Table 5.1Il shows this effect
on six SCRs where the gate bias was set for 0 Vand -5
V, respectively (the 1 k gate resistor of the DUT was either
grounded or returned to —5 V). Due to the internal, mon-
olithic resistor of most SCRs, the actual reverse bias volt-
age between the gate-cathode is less than the reverse
bias supply.

CHARACTERIZING SCRs FOR CROWBAR
APPLICATIONS

The use of a crowbar to protect sensitive loads from
power supply overvoltage is quite common and, at the
first glance, the design of these crowbars seems like a
straightfoward, relatively simple task. The crowbar SCR
is selected so as to handle the overvoltage condition and
a fuse is chosen at 125 to 2560% of the supply’s rated full-
load line current. However, upon further investigation,
other questions and problems are encountered.

How much overvoltage and for how long (energy) can
the load take this overvoltage? Will the crowbar respond
too slowly and thus not protect the load or too fast re-
sulting in false, nuisance triggering? How much energy
can the crowbar thyristor (SCR) take and will it survive
until the fuse opens or the circuit breaker opens? How
fast will the fuse open, and at what energy level? Can the
fuse adequately differentiate between normal current lev-
els — including surge currents — and crowbar short cir-
cuit conditions?

It is the attempt of this section to answer these ques-
tions — to characterize the load, crowbar, and fuse and
thus to match their characteristics to each other.

The type of regulator of most concern is the low volt-
age, series pass regulator where the filter capacitors to
be crowbarred, due to 60 Hz operation, are relatively large
and the charge and energy stored correspondingly large.
On the other hand, switching regulators operating at
about 20 kHz require smaller capacitors and thus have
lower crowbar constraints.

These regulators are quite often line-operated using a
high voltage, two-transistor inverter, half bridge or full
bridge, driving an output step-down transformer. If a
transistor were to fail, the regulator-transformed power
would be less and the output voltage would drop, not
rise, as is the case for the linear series regulator with a
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shorted pass transistor. Thus, the need for overvoltage
protection of these types of switching regulators is
minimized.

This premise, however, does not consider the case of
the lower power series switching regulator where a
shorted transistor would cause the output voltage to rise.
Nor does it take into account overvoltage due to tran-
sients on the output bus or accidental power supply
hookup. For these types of operations, the crowbar SCR
should be considered.

HOW MUCH OVERVOLTAGE CAN THE
LOAD TAKE?

Crowbar protection is most often needed when ICs are
used, particularly those requiring a critical supply voltage
such as TTL or expensive LS| memories and MPUs.

If the load is 5V TTL, the maximum specified contin-
uous voltage is 7 V. (CMOS, with its wide power supply
range of 3 to 18 V, is quite immune to most overvoltage
conditions.) But, can the TTL sustain 8V or 10V or 15V
and, if so, for how long and for how many power cycles?
Safe Operating Area (SOA) of the TTL must be known.
Unfortunately, this information is not readily available
and has to be generated.

Using the test circuit illustrated in Appendix lll, a quasi-
SOA curve for a typical TTL gate was generated (Figure

(a). SCR Across Input of Regulator

? MmN
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Figure 5.11. Pulsed Supply Voltage versus Pulse Width

5.11). Knowing this overvoltage-time limit, the crowbar
and fuse energy ratings can be determined.

The two possible configurations are illustrated in Fig-
ure 5.12, the first case shows the crowbar SCR across the
input of the regulator and the second, across the output.
For both configurations, the overvoltage comparator sen-
ses the load voltage at the remote load terminals, par-
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o SENSE
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T l
. . o

(b). SCR Across Output of Regulator
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Figure 5.12. Typical Crowbar Configurations
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ticularly when the IR drop of the supply leads can be
appreciable. As long as the output voltage is less than
that of the comparator reference, the crowbar SCR will
be in an off state and draw no supply current. When an
over-voltage condition occurs, the comparator will pro-
duce a gate trigger to the SCR, firing it, and thus clamping
the regulator input, as in the first case — to the SCRs on-
state drop of about 1 to 1.5 V, thereby protecting the load.

Placing the crowbar across the input filter capacitors,
although effectively clamping the output, has several
disadvantages.

1. There is a stress placed on the input rectifiers during
the crowbarring short circuit time before the line fuse
opens, particularly under repeated operation.

2. Under low line conditions, the minimum short cir-
cuit current can be of the same magnitude as the maxi-
mum primary line current at high line, high load, making
the proper fuse selection a difficult choice.

3. The capacitive energy to be crowbarred (input and
output capacitor through rectifier D1) can be high.

When the SCR crowbar and the fuse are placed in the
dc load circuit, the above problems are minimized. If
crowbarring occurs due to an external transient on the
line and the regulator’s current limiting is working prop-
erly, the SCR only has to crowbar the generally smaller
output filter capacitor and sustain the limited regulator
current.

If the series pass devices were to fail (short), even with
current limiting or foldback disabled, the crowbarred en-
ergy would generally be less than of the previous case.
This is due to the higher impedance of the shorted reg-
ulator (due to emitter sharing and current sensing resis-
tors) relative to that of rectifier D1.

Fuse selection is much easier as a fault will now give
a greater percentage increase in dc load current than
when measuring transformer primary or secondary rms
current. The disadvantage, however, of placing the fuse
in the dc load is that there is no protection for the input
rectifier, capacitor, and transformer, if one of these com-
ponents were to fail (short). Secondly, the one fuse must
protect not only the load and regulator, but also have
adequate clearing time to protect the SCR, a situation
which is not always readily accomplished. The input cir-
cuitry can be protected with the addition of a primary
fuse or a circuit breaker.

HOW MUCH ENERGY HAS TO BE
CROWBARRED?

This is dictated by the power supply filter capacitors,
which are a function of output current. A survey of several
linear power supply manufacturers showed the output
filter capacitor size to be from about 100 to 400 micro-
farads per ampere with about 200 uF/A being typical. A
30 A regulator might therefore have a 6000 uF output
filter capacitor.

Additionally, the usually much larger input filter ca-
pacitor will have to be dumped if the regulator were to
short, although that energy to be dissipated will be de-

pendent on the total resistance in the circuit between that
capacitor and the SCR crowbar.
The charge to be crowbarred would be

Q=CV =l
the energy,
E = 1/2CV2,
and the peak surge current
. Ve
ka = R_T

When the SCR crowbars the capacitor, the current
waveform will be similar to that of Figure 5.13, with the
peak surge current, ipk, being a function of the total
impedance in the circuit (Figure 5.14) and will thus be
limited by the Equivalent Series Resistance (ESR) and
inductance (ESL) of the capacitor plus the dynamic
impedance of the SCR, any external current limiting re-
sistance, (and inductance) of the interconnecting wires
and circuit board conductors.

The ESR of computer grade capacitors, depending on
the capacitor size and working voltage, might vary from
10 to 1000 milliohms (mQ). Those used in this study were
in the 25 to 50 m(} range.

The dynamic impedance of the SCR (the slope of the
on-state voltage, on-state current curve), at high currents,
might be in the 10 to 20 mQ range. As an example, from
the on-state characteristics of the MCR70, 35 A rms SCR,
the dynamic impedance is

AVE (45— 34V 1.1V
dq=-—o—-= =

IF (300 — 20004 ~ 100A -~ 1 M

The interconnecting wire might offer an additional
5 mQ (#20 solid copper wire = 20 m{/ft) so that the total
circuit resistance, without additional current limiting,
might be in the 40 to 70 m{) range. The circuit inductance
was considered low enough to ignore so far as ipk is
concerned for this exercise, being in hundreds of nano-
henry range (ESL = 3 nH, L wire = 500 nH/ft). However,
di/dt will be affected by the inductance.

HOW MUCH ENERGY CAN THE CROWBAR SCR
SUSTAIN?

There are several factors which contribute to possible
SCR failures or degradation — the peak surge current,
dzi/dt, and a measure of the device’s energy capability,
14t.

If the peak current and/or duration of the surge is large,
destruction of the device due to excessive dissipation can
occur. Obviously, the ipk can be reduced by inserting
additional impedance in the crowbar path, at an increase
in dump time. However, this time, which is a measure of
how long the overvoltage is present, should be within
the SOA of the load.

The energy stored in the capacitor being a constant for
a particular voltage would suggest that the 12t integral
for any limiting resistance is also a constant. In reality,
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Figure 5.13. Typical SCR Crowbar Waveform

this is not the case as the thermal response of the device
must be taken into consideration. It has been shown that
the dissipation capability of a device varies as to the
V1 for the first tens of milliseconds of the thermal re-
sponse and, in effect, the measure of a device’s energy
capability would be closer to i2\/t. This effect is subse-
quently illustrated in the empirically derived ink versus
time derating curves being a non-linear function. How-
ever, for comparison with fuses, which are rated in 12t,
the linear time base, “t,” will be used.

The di/dt of the current surge pulse is also a critical
parameter and should not exceed the device’s ratings
(typically about 200 A/us for 50 A or less SCRs). The
magnitude of di/dt that the SCR can sustain is controlled
by the device construction and, to some extent, the gate
drive conditions. When the SCR gate region is driven on,
conduction across the junction starts in a small region
and progressively propagates across the total junction.
Anode current will initially be concentrated in this small
conducting area, causing high current densities which
can degrade and ultimately destroy the device. To min-
imize this di/dt effect, the gate should be turned on hard
and fast such that the area turned on is initially maxi-
mized. This can be accomplished with a gate current
pulse approaching five times the maximum specified
continuous gate current, Igt, and with a fast rise time
(< 1 us). The gate current pulse width should be greater
than the propagation time; a figure of 10 us minimum

should satisfy most SCRs with average current ratings
under 50 A or so.

The wiring inductance alone is generally large enough
to limit the di/dt. Since most SCRs are good for over 100
Alus, this effect is not too large a problem. However, if
the di/dt is found excessive, it can be reduced by placing

Rw lw

Rw. Lw: INTERCONNECTING WIRE IMPEDANCE
Rg, Lg: CURRENT LIMITING IMPEDANCE

Figure 5.14. Circuit Elements Affecting SCR
Surge Current

MOTOROLA THYRISTOR DEVICE DATA
1-5-14



100

22,000 uF

i

Figure 5.15

an inductance in the loop; but, again, this increases the
circuit’'s response time to an overvoltage and the trade-
off should be considered.

Since many SCR applications are for 60 Hz line oper-
ation, the specified peak non-repetitive surge current
ITsMm and circuit fusing 12t are based on 1/2 cycle (8.3 ms)
conditions. For some SCRs, a derating curve based on
up to 60 or 100 cycles of operation is also published. This
rating, however, does not relate to crowbar applications.
To fully evaluate a crowbar system, the SCR must be
characterized with the capacitor dump exponential surge
current pulse.

A simple test circuit for deriving this pulse is shown in
Figure 5.15, whereby a capacitor is charged through a
limiting resistor to the supply voltage, V, and then the
charge is dumped by the SCR device under test (DUT).
The SCR gate pulse can be varied in magnitude, pulse
width, and rise time to produce the various |GT condi-
tions. An estimate of the crowbar energy capability of
the DUT is determined by first dumping the capacitor
charged to a low voltage and then progressively increas-
ing the voltage until the DUT fails. This is repeated for
several devices to establish an average and minimum
value of the failure points cluster.

This procedure was used to test several different SCRs
of which the following Table 5.1V describes several of the
pertinent energy specifications and also the measured
crowbar surge current at the point of device failure.

This one-shot destruct test was run with a gate current
of five IGT(MAX) and a 22,000 uF capacitor whose ESR
produced the exponentially decaying current pulse about
1.5 ms wide at its 10% point. Based on an appropriate
derating, ten devices of each line where then successfully
tested under the following conditions.

.
H.P. 214A
PULSE
GENERATOR EXTERNAL
TRIGGER
Device Ve ipk t

MCR68 12V 250 A 1.5 ms
MCR69 30V 800 A 1.5 ms
MCR70 30V 800 A 1.5 ms

To determine the effect of gate drive on the SCRs, three
devices from each line were characterized at non-destruct
levels using three different capacitors (200, 6,000, and
22,000 uF), three different capacitor voltages (10, 20, and
30V), and three different gate drives (IGT(MAX). 5
IGT(MAX). and a ramp IGT(MAX) with a di/dt of about
1 mA/us). Due to its energy limitations, the MCR68 was
tested with only 10 V across the larger capacitors.

The slow ramp, IGT, was used to simulate overvoltage
sense applications where the gate trigger rise time can
be slow such as with a coupling zener diode.

No difference in SCR current characteristics were noted
with the different gate current drive conditions; the peak
currents were a function of capacitor voltage and circuit
impedance, the fall times related to RTC, and the rise
times, tr, and di/dt, were more circuit dependent (wiring
inductance) and less device dependent (SCR turn-on
time, top). Since the wiring inductance limits, ty, the effect
of various IGTs was masked, resulting in virtually iden-
tical waveforms.

The derated surge current, derived from a single (or
low number) pulse test, does not truly reflect what a
power supply crowbar SCR might have to see over the
life of the supply. Life testing over many cycles have to
be performed; thus, the circuit described in Appendix IV
was developed. This life test fixture can simultaneously

Table 5.1V. Specified and Measured Current Characteristics of Three SCRs

Maximum Specified Values Measured Crowbar
Surge Current Ipk
Device Case -
T(rms) T\ Irsm* 12t IgT(Max) Min Max Ave
(A) (A) (A) (AZs) (mA) (A) (A) (A)
MCR68 TO-220 12 8 100 40 30 380 750 480
MCR69 TO-220 25 16 300 375 30 1050 1250 1100
MCR70 TO-208 35 22 350 510 30 1100 1300 1200

*ITsm = Peak Non-Repetitive Surge Current, 1/2 cycle sine wave, 8.3 ms.

MOTOROLA THYRISTOR DEVICE DATA
1-5-15




'

C=8400 uF Tp=25C Iok
ESR~25mQ N = 2000 PULSES F=X
V<60V  f=3PULSESMIN. -
TT1TTTT
& 3000 MCR71 | 5 TC
£ s ISSRTES sl
2 MCR70 1 .
= 1000
g enes =
S a0 | MCRGE
c MCR67 = H
% .
a 100 =
k3
30
0.1 05 1 5 10 50 100

tyy, BASE PULSE WIDTH (ms)

Figure 5.16(a). Peak Surge Current versus Pulse Width

test ten SCRs under various crowbar energy and gate
drive conditions.

Each of the illustrated SCRs of Figure 5.16(a) were
tested with as many as four limiting resistors (0, 50, 100,
and 240 mQ2) and run for 1000 cycles at a nominal energy
level. If no failures occurred, the peak current was pro-
gressively increased until a failure(s) resulted. Then the
current was reduced by 10% and ten new devices were
tested for 2000 cycles (about six hours at 350 cycles/hour).
If this test proved successful, the data was further derated
by 20% and plotted as shown on log-log paper with a
slope of — 1/4. This theoretical slope, due to the I2V/t one-
dimensional heat-flow relationship (see Appendix VI),
closely follows the empirical results. Of particular interest
is that although the peak current increases with decreas-
ing time, as expected, the 12t actually decreases.

Figure 5.16(b) shows the effect of elevated ambient
temperature on the peak current capability of the illus-
trated SCRs.

FUSE CHARACTERISTICS

SCRs, like rectifiers, are generally rated in terms of
average forward current, IT(ay), due to their half-wave
operation. Additionally, an rms forward current, |T(rms)r
a peak forward surge current, ITgM, and a circuit-fusing
energy limit, 12t, may be shown. However, these speci-
fications, which are based one-half cycle 60 Hz operation,
are not related to the crowbar current pulse and some
means must be established to define their relationship.
Also, fuses which must ultimately match the SCR and the
load, are rated in rms currents.

The crowbar energy curves are based on an exponen-
tially decaying surge current waveform. This can be con-
verted* to Iymg by the equation.

lrms = 0.316 ipk

which now allows relating the SCR to the fuse.
The logic load has its own overvoltage SOA as a func-

*See Appendix V
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tion of time (Figure 5.11). The crowbar SCR must clamp
the overvoltage within a specified time, and still be within
its own energy rating; thus, the series-limiting resistance,
Rs. in the crowbar path must satisfy both the load and
SCR energy limitations. The overvoltage response time
is set by the total limitations. The overvoltage response
time is set by the total limiting resistance and dumped
capacitor(s) time constant. Since the SOA of the TTL used
in this exercise was derived by a rectangular overvoltage
pulse (in effect, over-energy), the energy equivalent of
the real-world exponentially falling voltage waveform
must be made. An approximation can be made by using
an equivalent rectangular pulse of 0.7 times the peak
power and 0.7 times the base time.

Once an overvoltage is detected and the crowbar is
enabled, in addition to sustaining the peak current, the
SCR must handle the regulator short-circuit current for
the time it takes to open the fuse.

Thus, all three elements are tied together — the load
can take just so much overvoltage (over-energy) and the
crowbar SCR must repeatedly sustain for the life of the
equipment an rms equivalent current pulse that lasts for
the fuse response time.

It would seem that the matching of the fuse to the SCR
would be straightforward — simply ensure that the fuse
rms current rating never exceed the SCR rms current
rating (Figure 5.17), but still be sufficient to handle steady-
state and normal overload currents. The more exact re-
lationship would involve the energy dissipated in the sys-
tem fI12Rdt, which on a comparative basis, can be reduced
to 12t. Thus, the “let-through” 12t of the fuse should not
exceed |2t capability of the SCR under all operating con-
ditions. These conditions are many, consisting of “avail-
able fault current,”” power factor of the load, supply volt-
age, supply frequency, ambient temperature, and various
fuse factors affecting the 12t.

There has been much detailed information published
on fuse characteristics and, rather than repeat the text
which would take many pages, the reader is referred to
those sources. Instead, the fuse basics will be defined
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and an example of matching the fuse to the SCR will be
shown.

In addition to interrupting high current, the fuse should
limit the current, thermal energy, and overvoltage due to
the high current. Figure 5.18 illustrates the condition of
the fuse at the moment the over-current starts. The peak
let-through current can be assumed triangular in shape
for a first-order approximation, lasting for the clearing
time of the fuse. This time consists of the melting or pre-
arcing time and the arcing time. The melting time is an
inverse function of over-current and, at the time that the
fuse element is opened, an arc will be formed causing
the peak arc voltage. This arc voltage is both fuse and
circuit dependent and under certain conditions can ex-
ceed the peak line voltage, a condition the user should
ensure does not overstress the electronics.

The available short-circuit current is the maximum cur-
rent the circuit is capable of delivering and is generally
limited by the input transformer copper loss and react-
ance when the crowbar SCR is placed at the input to the
regulator or the regulator current limiting when placed
at the output. For a fuse to safely protect the circuit, it
should limit the peak let-through current and clear the
fault in a short time, usually less than 10 ms.

Fuse manufacturers publish several curves for char-
acterizing their products. The current-time plot, which
describes current versus melting time (minimum time
being 10 ms), is used in general industrial applications,
but is not adequate for protecting semiconductors where
the clearing time must be in the subcycle range. Where
protection is required for normal multicycle overloads,
this curve is useful.

Two other useful curves, the total clearing 12t charac-
teristic and the peak let-through current Ip T character-
istic, are illustrated in Figures 5.19 and 5.20 respectively.
Some vendors also show total clearing time curves (over-
layed on Figure 5.19 as dotted lines) which then allows
direct comparison with the SCR energy limits. When this
clearing time information is not shown, then the designer
should determine the Ip_T and I2t from the respective
curves and then solve for the clearing time from the ap-
proximate equation relating these two parameters. As-

SCR CHARACTERISTICS

N
\(
~N

CURRENT lryg (LOG

FUSE
CHARACTERISTIC
Irms (max)
|| UmmeoevFosE T
10ms 4 HRS
TIME t (LOG)

Figure 5.17. Time-Current Characteristic Curves
of a Crowbar SCR and a Fuse
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Figure 5.18. Typical Fuse Timing Waveforms During
Short Circuit

suming a triangular waveform for |p_T, the total clearing
time, tc, would then approximately be

N 12t

¢ ipLt2

Once t¢ of the fuse is known, the comparison with the
SCR can readily be made. As long as the 12t of the fuse
is less than the 12t of the SCR, the SCR is protected. It
should be pointed out that these calculations are predi-
cated on a known value of available fault current. By
inspection of Figure 5.20, it can be seen that Ip_ T can
vary greatly with available fault current, which could have
a marked effect on the degree of protection. Also, the
illustrated curves are for particular operating conditions;
the curves will vary somewhat with applied voltage and
frequency, initial loading, load power factor, and ambient
temperature. Therefore, the reader is referred to the man-
ufacturer’s data sheet in those cases where extrapolation
will be required for other operating conditions. The final
proof is obtained by testing the fuse in the actual circuit
under worst-case conditions.

CROWBAR EXAMPLE

To illustrate the proper matching of the crowbar SCR
to the load and the fuse, consider the following example.
A 50 ATTL load, powered by a 60 A current limited series
regulator, has to be protected from transients on the sup-
ply bus by crowbarring the regulator output. The output
filter capacitor of 10,000 uF (200 uF/A) contributes most
of the energy to be crowbarred (the input capacitor is
current limited by the regulator). The transients can reach
18 V for periods of 100 ms.

Referring to Figure 5.11, it is seen that this transient
exceeds the empirically derived SOA. To ensure safe op-
eration, the overvoltage transient must be crowbarred
within 5 ms. Since the TTL SOA is based on a rectangular
power pulse even though plotted in terms of voltage, the
equivalent crowbarred energy pulse should also be de-
rived. Thus, the exponentially decaying voltage wave-
form should be multiplied by the exponentially decaying
current to result in an energy waveform proportional to
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Figure 5.19. Maximum Clearing 12t Characteristics
for 10 to 20 A Fuses

e-2X, The rectangular equivalent will have to be deter-
mined and then compared with the TTL SOA. However,
for simplicity, by using the crowbarred exponential wave-
form, a conservative rating will result.

To protect the SCR, a fuse must be chosen that will
open before the SCR’s 12t is exceeded, the current being
the regulator limiting current which will also be the avail-
able fault current to the fuse.

The fuse could be eliminated by using a 60 A SCR, but
the cost versus convenience trade-off of not replacing the
fuse is not warranted for this example. A second fuse or

on the respective energy limits of those components, is
not part of this exercise.

If a crowbar discharge time of 3 ms were chosen, it
would not only be within the rectangular pulsed SOA,
but also be well within the derived equivalent rectangular
model of the exponential waveform. It would also require
about 1.3 time constants for the overvoltage to decay
from 18 V to 5 V; thus, the RC time constant would be 3
ms/1.3 or 2.3 ms.

The limiting resistance, Rg would simply be

circuit breaker will protect the rectifiers and regulator for Rg = 23ms _ 0230=020
internal faults (shorts), but its selection, which is based 10,000 uF
z
= ,Aﬁ’
< 1
= 103 A
& —
o« -
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5 1-(2.35 x SYMMETRICAL rms AMPERES) &
> T LI =T T
3 \ P a¥C. 1 15 A
£ / AT LLH<—
T o
w102 _—
s
w
8 ‘7 i
E 4 SF 13X SERIES 7
= 130 Vypmg, 60 Hz H
= POWER FACTOR =< 15%
2 1 [ [
B i 4 102 4 103 4 104 4 108

AVAILABLE FAULT CURRENT (SYMMETRICAL rms AMPS)

Figure 5.20. Peak Let-Through Current versus Fault
Current for 10 to 20 A Fuses
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Since the capacitor quickly charges up to the over-
voltages Vcc1 of 18 V, the peak capacitor discharge cur-
rent would be

The rms current equivalent for this exponentially decay-
ing pulse would be

lrms = 0.316 Ipy = 0.316(90) = 28.4 A rms

Now referring to the SCR peak current energy curves
(Figure 5.16), it is seen that the MCR68 can sustain 210
A peak for a base time of 3 ms. This 12 A SCR must also
sustain the 60 A regulator limited current for the time
required to open the fuse. The MCR68 has a specified
peak forward surge current rating of 100 A (1/2 cycle, sine
wave, 60 Hz, non-repetitive) and a circuit fusing rating of
40 AZs,

The non-repetitive rating implies that the device can
sustian 100 occurrences of this 1/2 cycle surge over the
life of the device; the SCR crowbar surge current curves
were based on 2000 cycles.

For the 3 ms time frame, the 112t for the exponential
waveform is

112t] = (28.4 A)2(3 ms) = 2.4 AZs
Assuming that the fuse will open within 6 ms, the ap-
proximate energy that the SCR must sustain would be

60 A for an additional 3 ms. By superposition, this would
amount to

122ty = (60 A)2(6 ms) = 21.6 AZs
which, when added to the exponential energy, would re-
sult in 24 A2,

The MCR68 has a 40 A2s rating based on a 1/2 cycle
of 8.3 ms. Due to the one-dimensional heat flow in the
device, the energy capability is not linearly related to
time, but varies as to the \/t. Therefore, with a 6 ms
1/2-cycle sine wave, the 40 A2t rating would now de-
crease to approximately (see Appendix VI for derivation).

12
l12t1 (?)
1 12
40 A2s ( 6 ms )

8.3 ms
34 A2s

It

122t

Although the 1/2 cycle extrapolated rating is greater than
the actual crowbar energy, it is only characterized for 100
cycles of operation.

To ensure 2000 cycles of operation, at a somewhat
higher cost, the 25 A MCR69 could be chosen. Its expo-
nential peak current capability, at 3 ms, is about 560 A
and has a specified ITgp of 300 A for 8.3 ms. The 12t
rating is not specified, but can be calculated from the
equation

2 2
2 — "TSZM’ t = ‘3°°2A’ (8.3 ms) = 375 A2s

Extrapolating to 6 ms results in about 318 AZs, an 12t
rating much greater than the circuit 24 AZs value.
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The circuit designer can then make the cost/perfor-
mance trade-offs.

All of these ratings are predicated on the fuse opening
within 6 ms.

With an available fault current of 60 A, Figure 5.19
shows that a 10 A (SF13X series) fuse will have a let-
through 12t of about 10 A2 s and a total clearing time of
about 6 ms, satisfying the SCR requirements, that is,

12t fuse < 12t SCR
tc<6ms

Figure 5.20 illustrates that for the same conditions, in-
stantaneous peak let-through current of about 70 A would
result. For fuse manufacturers that don’t show the clear-
ing time information, the approximate time can be cal-
culated from the triangular model, as follows

‘- 312t 3(10) _ 6.1 ms
T ipr2 T 702

The fuse is now matched to the SCR which is matched
to the logic load. Other types of loads can be similarly
matched, if the load energy characteristics are known.

CHARACTERIZING SWITCHES AS LINE-TYPE
MODULATORS

In the past, hydrogen thyratrons have been used ex-
tensively as discharge switches for line type modulators.
In general, such devices have been highly satisfactory
from an electrical performance standpoint, but they have
some major drawbacks including relatively large size and
weight, low efficiency (due to filament power require-
ments), and short life expectancy compared with semi-
conductor devices, now can be eliminated through the
use of silicon controlled rectifiers.

A line type modulator is a modulator whose output-
pulse characteristics are determined by a lumped-
constant transmission line (pulse forming network) and
by the proper match of the line impedance (PFN) to the
load impedance.

A switch for this type modulator should only initiate
conduction and should have no effect on pulse charac-
teristics. This is in contrast to a hard switch modulator
where output pulse characteristics are determined by the
“hard” relationship of grid (base) control of conduction
through a vacuum tube (transistor) switch.

Referring to the schematic (Figure 5.27), when the
power supply is first turned on, no charge exists in the
PFN, and energy is transferred from the power supply to
the PFN via the resonant circuit comprising the charging
choke and PFN capacitors. At the time that the voltage
across the PFN capacitors reaches twice the power supply
voltage, current through the charging choke tries to re-
verse and the power supply is disconnected due to the
back biased impedance of the hold-off diode. If we as-
sume this diode to be perfect, the energy remains stored
in the PFN until the discharge switch is triggered to its
on state. When this occurs, assuming that the pulse trans-
former has been designed to match the load impedance
to the PFN impedance, all energy stored in the PFN re-




actance will be transferred to the load if we neglect switch
losses. Upon completion of the transfer of energy the
switch must return to its off condition before allowing
transfer of energy once again from the power supply to
the PFN storage element.

OPTIMUM SWITCH CHARACTERISTICS

FORWARD BREAKOVER VOLTAGE

Device manufacturers normally apply the variable-
amplitude output of a half-wave rectifier across the SCR.
Thus, forward voltage is applied to the device for only a
half cycle and the rated voltage is applied only as an ac
peak. While this produces a satisfactory rating for ac ap-
plications, it does not hold for dc.

An estimated 90% of devices tested for minimum
breakover voltage (VgQ) in a dc circuit will not meet the
data sheet performance specifications. A switch designed
for the pulse modulator application should therefore
specify a minimum continuous forward breakover volt-
age at rated maximum leakage current for maximum de-
vice temperatures.

THE OFF SWITCH

The maximum forward leakage current of the SCR must
be limited to a low value at maximum device tempera-
ture. During the period of device nonconduction it is de-
sired that the switch offer an off impedance in the range
of megohms to hundreds of megohms. This is required
for two reasons: (1) to prevent diminishing the efficiency
of recharge by an effective shunt path across the PFN,
and (2) to prevent the bleeding off of PFN charge during
the interpulse period. This second factor is especially im-
portant in the design of radar tansponders wherein the
period between interrogations is variable. Change of the
PFN voltage during the interpulse period could result in
frequency shift, pulse instabilities, and loss of power from
the transmitter being modulated.

THE ON SWITCH

At present, SCR design is more limited in the achiev-
able maximum forward sustaining voltage than in the
current that the device will conduct. For this reason mod-
ulators utilizing SCRs can be operated at lower imped-
ance levels than comparable thyratron circuits of yester-
day. It is not uncommon for the characteristic impedance
of the pulse forming network to be in the order of 5 to
10 ohms or less. Operating the SCR at higher current to
switch the same equivalent pulse power as a thyratron
requires the SCR on impedance to be much lower so that
the I2R loss is a reasonable value, in order to maintain
circuit efficiency. Low switch loss, moreover, is manda-
tory because internal power dissipation can be directly
translated into junction-temperature-rise and associated
leakage current increase which, if excessive, could result
in thermal runaway.

TURN-ON TIME

In radar circuits the pulse-power handling capability of
an SCR, rather than the normally specified average-
power capability, is of primary importance.

For short pulses at high PRFs the major portion of sem-
iconductor dissipation occurs during the initial turn-on
during the time that the anode rises from its forward
leakage value to its maximum value. It is necessary,
therefore, that turn-on time be as short as possible to
prevent excessive power dissipation.

The function of radar is to provide distance information
measured as a function of time. It is important, therefore,
that any delay introduced by a component be fixed in
relation to some variable parameter such as signal
strength or temperature. For radar pulse modulator ap-
plications, a minimal delay variation versus temperature
is required and any such variation must be repetitive from
SCR to SCR, in production lots, so that adequate circuit
compensation may be provided.

PULSE GATE CURRENT TO FIRE

The time of delay, the time of rise, and the delay var-
iation versus temperature associated with SCR turn-on
are functions of the gate triggering current available and
the trigger pulse duration. In order to predict pulse circuit
operation of the SCR, the pulse gate current required to
turn the device on when switching the low-impedance
modulator should be specified and the limits of turn-on-
time variation for the specified pulse trigger current and
collector load should be given at the high and low op-
erating temperature extremes.

RECOVERY TIME

After the cessation of forward conducting current in
the on device, a time of SCR circuit isolation must be
provided to allow the semiconductor to return to its off
state. Recovery time cannot be given as an independent
parameter of device operation, but must include factors
as determined by the external circuit, such as: (1) pulse
current and rate of decay; (2) availability of an inverse
voltage immediately following pulse-current conduction;
(3) level of base bias following pulse current conduction;
(4) rate of rise of reapplied positive voltage and its am-
plitude in relation to SCR breakover voltage; and
(5) maximum circuit ambient temperature.

In the reverse direction the controlled rectifier behaves
like a conventional silicon diode. Under worst circuit con-
ditions, if an inverse voltage is generated through the
existence of a load short circuit, the current available will
be limited only by the impedance of the pulse forming
network and SCR inverse characteristics. The reverse cur-
rent is able to sweep out some of the carriers from the
SCR junctions. Intentional design of the load impedance
to something less than the network impedance allows
development of an inverse voltage across the SCR im-
mediately after pulse conduction, enhancing switch turn-
off time. Careful use of a fast clamp diode in series with
afast zener diode, the two in shunt across the SCR, allows
application of a safe value of circuit-inverse-voltage with-
out preventing the initial useful reverse current. Availa-
bility of a negative base-bias following pulse current con-
duction provides a similar enhancement of switch turn-
off time.

If removal of carriers from the SCR junction enables a
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faster switch recovery time, then, conversely, operation
of the SCR at high temperatures with large forward cur-
rents and with slow rate of current decay all increase
device recovery time.

HOLDING CURRENT

One of the anomalies that exist in the design of a pulse
SCR is the requirement for a high holding current. This
need can be determined by examining the isolation com-
ponent that disconnects the power supply from the dis-
charge circuit during the time that PFN energy is being
transferred to the transmitter and during the recovery
time of the discharge switch. An inductance resonating
with the PFN capacitance at twice the time of recharge
is normally used for power supply isolation. Resonant
charging restricts the initial flow of current from the
power supply, thereby maximizing the time at which
power supply current flow will exceed the holding current
of the SCR. If the PFN recharge current from the power
supply exceeds the holding current of the SCR before it
has recovered, the SCR will again conduct without the
application of a trigger pulse. As a result continuous con-
duction occurs from the power supply through the low
impedance path of the charging choke and on switch.
This lock-on condition can completely disable the equip-
ment employing the SCR switch.

The charging current passed by the inductance is given
as (the PFN inductance is considered negligible):

T, — 2t

CoS - ——
iolt) = Epb — Vn(0) 2VLcCh
¢ VECn  \ g Tt
2VLcCh
Where
Epp = power supply voltage
Vp(0) = 0 volts if the PFN employs a clamp diode or
is matched to the load
Tr = time of resonant recharge and is usually
1
equal to PRF
L¢ = value of charging inductance
Ch = value of total PFN capacity

For a given radar pulse modulator design, the values
of power supply voltage, time of resonant recharge,
charging choke inductance, and PFN capacitance are es-
tablished. If the time (t) represents the recovery time of
the SCR being used as the discharge switch, i¢ then rep-
resents the minimum value of holding current required
by the SCR to prevent power supply lock-on. Conversely,
if the modulator design is about an existing SCR where
holding current, recovery time, and forward breakover
voltage are known, the charge parameters can be derived
by rewriting the above formula as follows:

cos Tr—2{recovery time)
Iy = YBO—Vn(0) 2VLc Cn
VIdCn sin T
2V Cp

The designer may find that for the chosen SCR the
desired characteristics of modulator pulse width and
pulse repetition frequency are not obtainable.

One means of increasing the effective holding current
of an SCR is for the semiconductor to exhibit some turn-
off gain characteristic for the residual current flow at the
end of the modulator pulse. The circuit designer then can
provide turn-off base current, making the SCR more ef-
fective as a pulse circuit element.

THE SCR AS A UNIDIRECTIONAL SWITCH

When tirggered to its on state, the SCR, like the hy-
drogen thyratron, is capable of conducting current in one
direction. A load short circuit could result in an inverse
voltage across the SCR due to the reflection of voltage
from the pulse forming network. The circuit designer may
wish to provide an intentional load-to-PFN mismatch
such that some inverse voltage is generated across the
SCR to enhance its turn-off characteristics. Nevertheless,
since the normal circuit application is unidirectional, the
semiconductor device designer could take advantage of
this fact in restricting the inverse-voltage rating that the
SCR must withstand. The circuit designer, in turn, can
accommodate this lack of peak-inverse-voltage rating by
use of a suitable diode clamp across the PFN or across
the SCR.

A PRACTICAL PULSE MODULATOR SCR

Motorola makes several SCRs especially designed as
radar modulators, including the 2N4199, MCR729 and
MCR1718 families.

One actual use of the MCR729 has been in a radar
modulator requiring pulse outputs of 60 and 450 ns at a
peak pulse power of 2700 watts and a PRF of 10,000 pps.
Detected RF pulse rise time, to a large extent dependent
on the SCR rate of current rise, is only 20 ns (Figure 5.21).

A second application (Figure 5.22) uses a single
MCR729 to switch 5000 watts of peak pulse power, with
a circuit recovery time of 45 us at an 85°C ambient tem-
perature. Maximum duty cycle of this circuit is 0.0024.
The current and detected RF waveforms were obtained
using an MCR729-9 with this circuit. The current pulse
being switched is 18 amperes. Pulse width is approxi-
mately 0.75 us. The rise and fall times of the detected RF
pulse are both less than 50 ns.

Measurements made on the MCR729 prior to circuit
use have shown the switch to be stable, fast, and efficient.
Pulse “on” impedance has consistently measured less
than 0.5 ohm. Delay variation versus temperature is typ-
ically +20 ns measured from —55°C to + 105°C. Time of
delay averages about 300 ns.

MOTOROLA THYRISTOR DEVICE DATA
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Figure 5.21. Vertical 5 A/cm; Horizontal, 0.2 us/cm.
Current Pulse Through an MCR729-9, Driving
Magnetron Load

SCRs TESTS FOR PULSE CIRCUIT APPLICATION

The suitability for pulse circuit applications of SCRs not
specifically characterized for such purposes can be de-
termined from measurements carried out with relatively
simple test circuits under controlled conditions. Appli-
cable test circuits and procedures are outlined in the fol-
lowing section.

FORWARD BLOCKING VOLTAGE AND LEAKAGE
CURRENT

Mount the SCRs to a heat sink and connect the units
to be tested as shown in Figure 5.23. Place the assembly
in an oven and stabilize at maximum SCR rated temper-
ature. Turn on the power supply and raise the voltage to
rated VgQ. Allow units to remain with the voltage applied
for a minimum of four hours. At the end of the temper-
ature soak, determine if any units exhibit thermal runa-
way by checking for blown fuses (without removing the
power). Reject any units which have blown circuit fuses.
The forward leakage current, ||, of the remaining units
may be calculated after measuring the voltage V|, across
resistor R2. Any units with a leakage current greater than
manufacturer’s rating should be rejected.
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Figure 5.22. Vertical Set to 4 cm, Horizontal 0.2 us/cm.
Detected RF Magnetron Pulse
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TURN-ON TIME, VARIATION AND ON IMPEDANCE

This circuit assumes that the pulse gate current re-
quired to switch a given modulator load current is spec-
ified by the manufacturer or that the designer is able to
specify the operating conditions. Typical operating val-
ues might be:

Time of trigger pulse t = 1 us

Pulse gate current Ig = 200 mA
Forward blocking voltage Vgo = 400 V
Load current I pgd = 30 A

To measure turn-on time using a Tektronix 545 oscil-
loscope {or equivalent) with a dual trace type CA plug-
in, connect probes of Channels A and B to Test Points A
and B. Place the Mode selector switch in the Added Al-
gebraically position and the Channel B Polarity switch in
the Inverted position. Adjust the HR212A pulse generator
to give a positive pulse 1 us wide (100 pps) as viewed at
Test Point A. Adjust the amplitude of the “added” voltage
across the 100-ohm base resistor for the specified pulse
gate current (200 mA in this example).

Switch the Mode selector knob to the alternate posi-
tion. Connect Channel A to Test Point D. Leave the os-
cilloscope probe, Channel B, at Test Point B, thereby dis-
playing the input trigger waveform. Measure the time
between the 50 percent voltage amplitudes of the two
waveforms. This is the Turn-On Time (tp + tR).

To measure turn-on time versus temperature, place the
device to be tested on a suitable heat sink and place the
assembly in a temperature chamber. Stabilize the cham-
ber at minimum rated (cold) temperature. Repeat the
above measurements. Raise the chamber temperature to
maximum rated (hot) temperature and stabilize. Repeat
the measurements above.

To measure the turn-on impedance for the specified

¥
REGULATED o
POWER VL Sk
SUPPLY | —
116 A
L -
ADDITIONAL UNITS
ANODE , %AE B .
CATHODE CONNECTED
G?ATE [} PARALLEL
[ w

Figure 5.23. Test Setup for SCR Forward Blocking
Voltage and Leakage Current Measurements

RESISTOR R1 1S USED ONLY IF MANUFACTURER CALLS FOR BIAS RESISTOR

BETWEEN GATE AND CATHODE. RESISTOR R2 CAN HAVE ANY SMALL VALUE

WHICH, WHEN MULTIPLIED BY MAXIMUM ALLOWABLE LEAKAGE CURRENT,
WILL PROVIDE A CONVENIENT READING OF VOLTAGE V|.

1-5-22




VBo

E=Veo
VBo 1
2 2
Von
ov =
100k
t = AS SPECIFIED Ic = AS SPECIFIED t = AS SPECIFIED
I A B8 D
n=Hh
14 100
HP ' VWV Vgo
212A - Thom
51
WHERE |
as sPECRED

=

Figure 5.24. Suggested Test Circuit for SCR “On"’
Measurements

current load, the on impedance can be measured as an
SCR forward voltage drop. The point in time of mea-
surement shall be half the output pulse width. Fora 1 us
output pulse, the measurement procedure would be:

Connect the oscilloscope probe, Channel B, to Point D
shown in Figure 5.24. Use the oscilloscope controls Time/
CM and Muitiplier to a setting of 0.5 us per centimeter
or faster. With the Amplitude Control set to view 100 volts
per centimeter (to prevent amplifier overloading) mea-
sure the amplitude of the voltage drop, VF, across the
SCR 0.5 us after the PFN voltage waveform has dropped
to half amplitude. It may be necessary to check ground
reference several times during this test to provide the
needed accuracy of measurement.

HOLDING CURRENT

The SCR holding current can be measured with or with-
out a gate turn-off current, according to the position of
switch S2. The Motorola Trigger Pulse Generator is a
transistor circuit capable of generating a 1.5 us turn-on
pulse followed by a variable-duration turn-off pulse. Mea-
surements should be made at the maximum expected

temperature of operation. Resistor R1 should be chosen
to allow an initial magnitude of current flow at the device
pulse current rating.

To measure holding current, connect the SCRs under
test as illustrated in Figure 5.25. Place SCRs in oven and
stabilize at maximum expected operating temperature.
View the waveform across R1 by connecting the oscil-
loscope probe (Tektronix 2465) Channel A to Point A, and
Channel B to Point B. Place the Mode Selector switch in
the Added Algebraically position. Place the Polarity swich
of Channel B in the Inverted position. Adjust both Volts/
CM switches to the same scale factor, making sure that
each Variable knob is in its Calibrated position. Adjust
pulse generator for a positive pulse, 1 us wide, and 1,000
pps pulse repetition frequency. Adjust power supply volt-
age to rated VgQ. Adjust input pulse amplitude until unit
fully triggers. Measure amplitude of voltage drop across
R1, V(A — B), and calculate holding current in mA from
the equation

A_VIA-B)  Vao

R1 100 k Q

Any unit which turns on but does not turn off has a hold-
ing current of less than

Vpo V
100 kQ
The approximate voltage setting to view the amplitude
of the holding current will be 10 or 20 volts per centimeter.
The approximate sweep speed will be 2 to 5 us per cen-
timeter. These settings will, of course, vary, depending
upon the holding current of the unit under test.
SCRrecovery time is greatly dependent upon the circuit
in which the device is used. However, any test of SCR
recovery time should suffice to compare devices of var-
ious manufacturers, as long as the test procedure is
standardized. Further evaluation of the selected devices
could be made in an actual modulator circuit tester
wherein techniques conducive to SCR turn-off are used.

HARRISON B A
800 A 2W
PS. ) 100k
+12-12 ——AAAA— + TIME AT WHICH TO MEASURE Iy
L R1 R3
B T S1A
ANODE o
wz | sz | oG S18 = 7500 fd.
PULSE GEN. fowpd  PULSE 4O GATE
GEN
CAT?;’DE SUPPLY
VOLTAGE LEVEL FROM
WHICH TO CALCULATE
HOLDING CURRENT

B NOTE: ADDITIONAL UNITS MAY BE TESTED BY SWITCHING THE

ANODE AND GATE CONNECTIONS 70 SIMILARLY
MOUNTED SCRs. SHORT LEAD LENGTHS ARE DE-

SIRABLE.

Figure 5.25. Test Setup for Measuring Holding Current
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Figure 5.26. Modulator Circuit for SCR Tests

The above circuit setup shown in Figures 5.26 and 5.27
can be employed for such tests. A slight load to PFN
mismatch is called for to generate an inverse voltage
across the SCR at the termination of the output pulse. An
SCR gate turn-off pulse is used. The recharge component
is a charging choke, providing optimized conditions of
reapplied voltage to the PFN (and across the SCR). Ad-

equate heat sinking of the SCR should be provided.
PARALLEL CONNECTED SCRs

When an application requires current capability in ex-
cess of a single economical SCR, it can be worthwhile to
consider paralleling two or more devices. To help deter-

CHARGE
IMPEDANCE LOAD
POWER ENERGY DISC
SUPPLY STORE SWITCH
BLOCK DIAGRAM;
CHARGING CHOKE
=——  HOLDOFF DIODE PULSE TRANSFORMER
Y'Y\
.
T

g % LOAD
TRIGGER

i1

SIMPL!FIED SCHEMATIC

Figure 5.27. Radar Modulator, Resonant Line Type
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mine if two or more SCRs in parallel are more cost ef-
fective than one high current SCR, some of the advan-
tages and disadvantages are listed for parallel devices.

Advantages

1. Less expensive to purchase

2. Less expensive to mount

3. Less expensive to replace, in case of failure
4. Ease of mounting

5. Ease of isolation from sink

Disadvantages

1. Increased SCR count

2. Selected or matched devices
3. Increased component count
4. Greater R & D effort

There are several factors to keep in mind in paralleling
and many are pertinent for single SCR operations as well.

GATE DRIVE

The required gate current (IgT) amplitude can vary
greatly and can depend upon SCR type and load being
switched. As a general rule for parallel SCRs, |GT should
be at least two or three times the IGT(MAX) specification
on the data sheet and ideally close to, but never exceed-
ing, the maximum specified gate power dissipation or
peak current. Adequate gate current is necessary for rapid
turn-on of all the parallel SCRs and to ensure simulta-
neous turn-on without excessive current crowding across
any of the individual die. The rise time of the gate drive
pulse should be fast, ideally < 100 ns. Each gate should
be driven from a good current source and through its
own resistor, even if transformer drive is used. Gate pulse
width requirements vary but should be of sufficient width
to ensure simultaneous turn-on and last well beyond the
turn-on delay of the slowest device, as well as beyond
the time required for latching of all devices. Ideally, gate
current would flow for the entire conduction period to
ensure latching under all operating conditions.

With low voltage switching, which includes conduction
angles near 180° and near zero degrees, the gate drive
requirements can be more critical and special emphasis
may be required of gate pulse amplitude and width.

PARAMETER MATCHING

For reliable current sharing with parallel SCRs, there
are certain device parameters that should be matched or
held within close tolerances. The degree of matching re-
quired varies and can be affected by type of load (resis-
tive, inductive, incandescent lamp or phase controlled
loads) being switched.

The most common device parameters that can effect
current sharing are:

1) tg — turn-on delay time

2) ty — turn-on rise time of anode current

3) Va(mIN)— minimum anode voltage at which deyice

will turn on

4) Static on-state voltage and current

5) I — Latching current

MOTOROLA THYRISTOR DEVICE DATA

The four parameters shown in Table 5.Vl were mea-
sured with a curve tracer and are:

IL, latching current; VTM\, on-state voltage; |GT and
VGT, minimum gate current and voltage for turn on.

Of the four parameters, I and V1) can greatly affect
current sharing.

The latching current of each SCR is important at turn-
on to ensure each device turns on and will stay on for
the entire conduction period. On-state voltage deter-
mines how well the SCRs share current when cathode
ballasting is not used.

Table 5.V gives turn-on delay time (tg) and turn-on rise
time (t;) of the anode-cathode voltage and the minimum
forward anode voltage for turn-on. These parameters
were measured in the circuits shown in Figures 5.30 and
5.31. One SCR at a time was used in the circuit shown in
Figure 5.30.

Turn-on delay on twenty-five SCRs was measured (only
ten are shown in Table 5.V) and they could be from one
or more production lots. The variation in tq was slight
and ranged from 35 to 44 ns but could vary considerably
on other production lots and this possible variation in tq
would have to be considered in a parallel application.

Waveforms for minimum forward anode voltage for
turn-on are shown in Figure 5.28. The trailing edge of the
gate current pulse is phase delayed (R3) so that the SCR
is not turned on. The width of the gate current pulse is
now increased (Rg) until the SCR turns on and the forward
anode voltage switches to the on-state at about 0.73 V.
This is the minimum voltage at which this SCR will turn
on with the circuit conditions shown in Figure 5.28.

For dynamic turn-on current sharing, tqg, tr and VA(MIN)
are very important. As an example, with a high wattage
incandescent lamp load, it is very important that the in-
rush current of the cold filament be equally shared by
the parallel SCRs. The minimum anode voltage at which
a device turns on is also very important. If one of the

Table 5.V. 2N6394 Turn-On Delay, Rise Time and
Minimum Forward Anode Voltage For Turn-On

Turn-On Delay and Rise Time Minimum Anode
Voltage For
Off-State Voltage=8 V Peak
Turn-On Off-State
RL=10 Ohms, Ip = 6.5 A Peak| \, \ -~ """
i = PW=100 ps) | 'O, 096=% Y Pea
Device | 1G=100mA ( Ri 2 0.5 Ohm
i Ia=5A
Conduction Angle 90 Degrees Ig=100 mA
td(ns) tr(us) (Volts)
1 35 0.80 0.70
2 38 0.95 0.81
3 45 1 0.75
4 44 1 0.7
5 44 0.90 0.75
6 43 0.85 0.75
7 38 1.30 0.75
8 38 1.25 0.70
9 38 1 0.7
10 37 0.82 0.70
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100 us/Div

Figure 5.28. Minimum Anode Voltage For Turn-On
Off-State Voltage = 4 V Peak, R = 0.5 Ohm,
In=5A,Ig =75 mA

parallel devices turns on before the other devices and its
on-state voltage is lower than the required minimum an-
ode voltage for turn-on of the unfired devices, they there-
fore cannot turn on. This would overload the device
which turned on, probably causing failure from over-
current and excessive junction temperature.

Turn-off time — tg is important in higher frequency
applications which require the SCR to recover from the
forward conduction period and be able to block the next
cycle of forward voltage. Thus, tq matching for high fre-
quency operation can be as important as tg, ty and
VA(MIN) matching for equal turn-on current sharing.

Due to the variable in tq measurement, no further at-
tempt will be made here to discuss this parameter and
the reader is referred to Application Note AN914.

The need for on-state matching of current and voltage
is important, especially in unforced current sharing
circuits.

UNFORCED CURRENT SHARING

When operating parallel SCRs without forced current
sharing, such as without cathode ballasting using resis-
tors or inductors, it is very important that the device pa-
rameters be closely matched. This includes tg, ty, mini-
mum forward anode voltage for turn-on and on-state
voltage matching. The degree of matching determines
the success of the circuit.

In circuits without ballasting, it is especially important
that physical layout, mounting of devices and resistance
paths be identical for good current sharing, even with
on-state matched devices.

Figure 5.29 shows how anode current can vary on de-
vices closely matched for on-state voltage (1, 3 and 4)
and a mismatched device (2). Without resistance bal-
lasting, the matched devices share peak current within
one ampere and device 2 is passing only nine amps,
seven amps lower than device 1. Table 5.Vl shows the
degree of match or mismatch of V1 of the four SCRs.

With unforced current sharing (Rg = 0), there was a
greater tendency for one device (1) to turn-on, preventing
the others from turning on when low anode switching
voltage (< 10 V rms) was tried. Table 5.V shows that the

(& N R, e

minimum anode voltage for turn-on is from 7 to 14%
lower for device 1 than on 2, 3 and 4. Also, device 1 turn-
on delay is 35 ns versus 38, 45 and 44 ns for devices 2,
3and 4.

The tendency for device 1 to turn on, preventing the
other three from turning on, is most probably due to its
lower minimum anode voltage requirement and shorter
turn on delay. The remedy would be closer matching of
the minimum anode voltage for turn-on and driving the
gates hard (but less than the gate power specifications)
and increasing the width of the gate current pulse.

FORCED CURRENT SHARING

Cathode ballast elements can be used to help ensure
good static on-state current sharing. Either inductors or
resistors can be used and each has advantages and dis-
advantages. This section discusses resistive ballasting,
but it should be kept in mind that the inductor method
is usually better suited for the higher current levels. Al-
though they are more expensive and difficult to design,
there is less power loss with inductor ballasting as well
as other benefits.

The degree of peak current sharing is shown in Figure
5.29 for four parallel 2N6394 SCRs using cathode resistor
ballasting with an inductive anode load. With devices 1,
3 and 4, on-state voltage is matched within 10 mV at an
anode current of 15 A (See Table 5.VI) and are within
1 A of each other in Figure 5.29, with cathode resistance
(RK) equal to zero. As Rk increases, the current sharing
becomes even closer. The unmatched device 2, with a
VTm of 1.41 V (Table 5.Vl), is not carrying its share of
current (Figure 5.29) with R equal zero. As Rk increases,
device 2 takes a greater share of the total current and
with Rg around 0.25 ohm, the four SCRs are sharing peak
current quite well. The value of Rk depends on how close
the on-state voltage is matched on the SCRs and the
degree of current sharing desired, as well as the permis-
sible power dissipation in Rk.
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g 13 #4 B
S
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= INDUCTIVE LOAD
, CONDUCTION ANGLE = 120°
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Figure 5.29. Effects Of Cathode Resistor On Anode
Current Sharing
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Table 5.VI. 2N6394 Parameters Measured On Curve
Tracer, T¢c = 25°C

Minimum Gate
IL, Latching |VTM, On-State| Current & Voltage
Device # Current Voltage for Turn-On
Vp=12 Vdc IA=15 A Vp =12 Vdc,
IG=100 mA | PW=300 us RL=140 O
laT VGt
1 13 mA 1.25V 56 mA 0.6'5V
2 27 1.41 8.8 0.679
3 28 1.26 12 0.658
4 23 1.26 9.6 0.649
5 23 1.28 9.4 0.659
6 23 1.26 9.6 0.645
7 18 1.25 7.1 0.690
8 19 1.25 7 0.687
9 19 1.25 8.4 0.694
10 16 1.25 6.9 0.679

LINE SYNCHRONIZED DRIVE CIRCUIT

Gate drive for phase control of the four parallel SCRs
is accomplished with one complementary MOS hex gate,
MC14572, and two bipolar transistors (Figure 5.30). This
adjustable line-synchronized driver permits SCR conduc-
tion from near zero to 180 degrees. A Schmitt trigger
clocks a delay monostable multivibrator that is followed

by a pulse-width monostable multi-vibrator.

Line synchronization is achieved through the half-wave
section of the secondary winding of the full-wave, center-
tapped transformer (A). This winding also supplies power
to the circuit through rectifiers D1 and D3.

The full-wave signal is clipped by diode Ds, referenced
to a + 15 volt supply, so that the input limit of the CMOS
chip is not exceeded. The waveform is then shaped by
the Schmitt trigger, which is composed of inverters
U1 — gand U1 _p. Afast switching output signal B results.

The positive-going edge of this pulse is differentiated
by the capacitive-resistive network of Cq and Rp and trig-
gers the delay multivibrator that is composed of
Uq _¢ and U7 _(g. As a result, the normally high output
is switched low. The trailing edge of this pulse (C) then
triggers the following multivibrator, which is composed
of NAND gate U1_¢ and inverter Uq _f. The positive
going output pulse (waveform D) of this multivibrator,
whose width is set by potentiometer Rg, turns on tran-
sistors Q1 and Qp, which drives the gates of the four
SCRs. Transistor Qg supplies about 400 mA drive current
to each gate through 100 ohm resistors and has a rise
time of < 100 ns.

PARALLEL SCR CIRCUIT

The four SCRs are 2N6394s, housed in the TO-220 pack-
age, rated at 12 A rms, 50 V and are shown schematically
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60 Hz 1 . |
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Dy | WAVE 1 i
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Figure 5.30. Line-Synchronized Gate Driver
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LOAD: FOUR STANCOR FILTER CHOKES (#C-2688) IN PARALLEL
EACH RATED AT: 10 mH @ 12.5 Adc AND 0.11 OHMS
ALL ANODES COMMON TO HEAT SINK
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Figure 5.31. Parallel Thyristors

in Figure 5.31. Due to line power limitations, it was de-
cided to use a voltage step down transformer and not try
working directly from the 120 V line. Also, line isolation
was desirable in an experiment of this type.

The step down transformer ratings were 120 V rms
primary, 26 V rms secondary, rated at 100 A, and was
used with a variable transformer for anode voltage ad-
justment. The inductive load consisted of four filter
chokes in paraliel (Stancor #C-2688 with each rated at 10
mH, 12.5 Adc and 0.11 ohm).

For good current sharing with parallel SCRs, symmetry
in layout and mounting is of primary importance. The
four SCRs were mounted on a natural finish aluminum
heat sink and torqued to specification which is 8 inch
pounds. Cathode leads and wiring were identical, and
when used, the cathode resistors R were matched
within 1%. An RC snubber network (R7 and C3) was con-
nected across the anodes-cathodes to slow down the
rate-of-rise of the off-state voltage, preventing unwanted
turn-on.

CHARACTERIZING RFI SUPPRESSION IN
THYRISTOR CIRCUITS

In order to understand the measures for suppression
of EMI, characteristics of the interference must be ex-
plored first. To have interference at all, we must have a
transmitter, or creator of interference, and a receiver, a
device affected by the interference. Neither the trans-
mitter nor the receiver need be related in any way to
those circuits commonly referred to as radio-frequency
circuits. Common transmitters are opening and closing
of a switch or relay contacts, electric motors with com-
mutators, all forms of electric arcs, and electronic circuits
with rapidly changing voltages and currents. Receivers
are generally electronic circuits, both low and high
impedance which are sensitive to pulse or high frequency
energy. Often the very circuits creating the interference
are sensitive to similar interference from other circuits
nearby or on the same power line.

EMI can generally be separated into two categories —

s

radiated and conducted. Radiated interference travels by
way of electro-magnetic waves just as desirable RF en-
ergy does. Conducted interference travels on power,
communications, or control wires. Although this sepa-
ration and nomenclature might seem to indicate two neat
little packages, independently controllable, such is not
the case. The two are very often interdependent such that
in some cases control of one form may completely elim-
inate the other. In any case, both interference forms must
be considered when interference elimination steps are
taken.

Phase control circuits using thyristors (SCRs, triacs,
etc.) for controlling motor speed or resistive lighting and
heating loads are particularly offensive in creating inter-
ference. They can completely obliterate most stations on
any AM radio nearby and will play havoc with another
control on the same power line. These controls are gen-
erally connected in one of the two ways shown in the
block diagrams of Figure 5.32.

A common example of the connection of 5.32(a) is the
wall mounted light dimmer controlling a ceiling mounted
lamp. A motorized appliance with a built-in control such
as a food mixer is an example of the connection shown
in 5.32(b).

Figure 5.32(a) may be re-drawn as shown in Figure 5.33,
illustrating the complete circuit for RF energy. The switch
in the control box represents the thyristor, shown in its
blocking state. In phase control operation, this switch is
open at the beginning of each half cycle of the power line
alternations. After a delay determined by the remainder
of the control circuitry, the switch is closed and remains
that way until the instantaneous current drops to zero.
This switch is the source from which the RF energy flows
down the power lines and through the various capacitors
to ground.

If the load is passive, such as a lamp or a motor which
does not generate interference, it may be considered as
an impedance bypassed with the wire-to-wire capaci-
tance of its leads. If it is another RF energy source, how-
ever, such as a motor with a commutator, it must be
treated separately to reduce interference from that
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Figure 5.32. Block Diagrams of Control Connections

source. The power supply may be considered as dc since
the interference pulse is extremely short (10 us) com-
pared to the period of the power line frequency (16 ms
for 60 Hz). The inductance associated with the power
source comes from two separate phenomena. First is the
leakage impedance of the supply transformer, and sec-
ond is the self-inductance of the wires between the power
line transformer and the load.

One of the most difficult parameters to pin down in the
system is the effect of grounding. Most industrial and
commercial wiring and many homes use a grounded con-
duit system which provides excellent shielding of ra-
diated energy emanating from the wiring. However, a
large number of homes are being wired with two to three
wire insulated cable without conduit. In three-wire sys-
tems, one wire is grounded independently of the power
system even though one of the power lines is already
grounded. The capacitances to ground shown in Figure
5.33 will be greatly affected by the type of grounding
used. Of course, in any home appliance, filtering must
be provided suitable for all three different systems.

Before the switch in the control is closed, the system
is in a steady-state condition with the upper line of the
power line at the system voltage and the bottom line and
the load at ground potential. When the switch is closed,
the upper line potential instantaneously falls due to the
line and source inductance, then it rises back to its orig-
inal value as the line inductance is charged. While the
upper line is rising, the line from the control to the load
also rises in potential. The effect of both of these lines
increasing in potential together causes an electro-static
field change which radiates energy. In addition, any other
loads connected across the power lines at point A, for
example, would be affected by a temporary loss of: volt-
age created by the closing of the switch and by the line

H

and source inductance. This is a form of conducted
interference.

A second form of radiated interference is inductive cou-
pling in which the power line and ground form a one-
turn primary of an air core transformer. In this mode, an
unbalanced transient current flows down the power lines
with the difference current flowing to ground through the
various capacitive paths available. The secondary is the
radio antenna or the circuit being affected. This type of
interference is a problem only when the receiver is within
about one wavelength of the transmitter at the offending
frequency.

Radiated interference from the control circuit proper is
of little consequence due to several factors. The lead
lengths in general are so short compared to the wave-
lengths in question that they make extremely poor an-
tenna. In addition, most of these control circuits are
mounted in metal enclosures which provide shielding for
radiated energy generated within the control circuitry.

A steel box will absorb radiated energy at 150 kHz such
that any signal inside the box is reduced 12.9 dB per mil
of thickness of the box. In other words, a 1/16 inch thick
steel box will attenuate radiated interference by over 800
dB! A similar aluminum box will attenuate 1 dB per mil
or 62.5 dB total. Thus, even in an aluminum box, the
control circuitry will radiate very little energy.

Both forms of radiated interference which are a prob-
lem are a result of conducted interference on the power
lines which is in turn caused by a rapid rise in current.
Thus, if this current rise is slowed, all forms of interfer-
ence will be reduced.

RFI SOLUTIONS

Since the switch in Figure 5.33, when it closes, provides
a very low impedance path, a capacitor in parallel with
it will show little benefit in slowing down the rise of cur-
rent. The capacitor will be charged to a voltage deter-

A
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Figure 5.33. RF Circuit for Figure 5.32(a)
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Figure 5.34. One Possible EMI Reduction Circuit

mined by the circuit constants and the phase angle of the
line voltage just before the switch closes. When the

switch closes, the capacitor will discharge quickly, its cur-
rent limited only by its own resistance and the resistance
of the switch. However, a series inductor will slow down
the current rise in the load and thus reduce the voltage
transient on all lines. A capacitor connected as shown in
Figure 5.34 will also help slow down the current rise since
the inductor will now limit the current out of the capacitor.
Thus, the capacitor voltage will drop slowly and corre-
spondingly the load voltage will increase slowly.

Although this circuit will be effective in many cases,
the filter is unbalanced, providing an RF current path
through the capacitances to ground. It has, therefore,
been found advantageous to divide the inductor into two
parts and to put half in each line to the control. Figure
5.35 illustrates this circuit showing the polarity marks of
two coils which are wound on the same core.

A capacitor at point A will help reduce interference
further. This circuit is particularly effective when used
with the connection of Figure 5.32(b) where the load is
not always on the grounded side of the power line. In
this case, the two halves of the inductor would be located
in the power line leads, between the controlled circuit
and the power source.

Where the control circuit is sensitive to fast rising line
transients, a capacitor at point B will do much to eliminate
this problem. The capacitor must charge through the
impedance of the inductor, thus limiting the rate of volt-
age change (dv/dt) applied to the thyristor while it is in
the blocking state.

DESIGN CRITERIA

Design equations for the split inductor have been de-
veloped based on parameters which should be known
before attempting a design. The most difficult to deter-
mine is ty, the minimum allowable current rise time which
will not cause objectionable interference. The value of
this parameter must be determined empirically in each
situation if complete interference reduction is needed.
Motorola has conducted extensive tests using an AM ra-
dio as a receiver and a 600 Watt thyristor lamp dimmer
as a transmitter. A rate of about 0.35 Amp per us seems
to be effective in eliminating objectionable interference
as well as materially reducing false triggering of the thy-
ristor due to line transients. The value of t; may be cal-
culated by dividing the peak current anticipated by the
allowable rate of current rise.

Ferrite core inductors have proved to be the most prac-
tical physical configuration. Most ferrites are effective;
those with highest permeability and saturation flux den-
sity are preferred. Those specifically designed as high
frequency types are not necessarily desirable.

Laminated iron cores may also be used; however, they
require a capacitor at point A in Figure 5.35 to be at all
effective. At these switching speeds, the iron requires
considerable current in the windings hefore any flux
change can take place. We have found currents rising to
half their peak value in less than one us before the in-
ductance begins to slow down the rise. The capacitor
supplies this current for the short period without drop-
ping in voltage, thus eliminating the pulse on the power
line.

Once a core material has been selected, wire size is the
next decision in the design problems. Due to the small
number of turns involved (generally a single layer)
smaller sizes than normally used in transformers may be
chosen safely. Generally, 500 to 800 circular mills per
ampere is acceptable, depending on the enclosure of the
filter and the maximum ambient temperature expected.

An idea of the size of the core needed may be deter-
mined from the equation:

26 Awire Erms tr
(1) AAw = T Buaxw

MAX

Ac = the effective cross-sectional area of the core
in in2
Aw = available core window area in in2
Awire = Wwire cross section in circular mils
BMmAX = core saturation flux density in gauss
ty = allowable current rise time in seconds
Erms = line voltage

(A factor of 3 has been included in this equation to allow
for winding space factor.) Once a tentative core selection
has been made, the number of turns required may be
found from the equation:
1 Efms trX 106

(2) = ——

BMAXAC
where: )

N = the total number of turns on the core

The next step is to check how well the required number
of turns will fit onto the core. If the fit is satisfactory, the
core design is complete; if not, some trade-offs will have
to be made.
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Figure 5.35. Split Inductor Circuit
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In most cases, the inductor as designed at this point
will have far too much inductance. It will support the
entire peak line voltage for the time selected as t, and
will then saturate quickly, giving much too fast a current
rise. The required inductance should be calculated from
the allowable rise time and load resistance, making the
rise time equal to two time constants. Thus:

(3) 2 = tr or L= E

2

Paper or other insulating material should be inserted be-
tween the core halves to obtain the required inductance

by the equation:
2 -8
@) Ig=3.19N Ac x 10 e
L 7

where:

= total length of air gap in inches

n = effective ac permeability of the core material at
the power line frequency

Ic = effective magnetic path length of the core in

inches

effective cross sectional area of the core in square

inches

L = inductance in henries

DESIGN EXAMPLE
Consider a 600 watt, 120 Volt lamp dimmer using a

a
|

>
&
1

Motorola 2N6148 triac. Line current is % = b amperes.

#16 wire will provide about 516 circular mils per ampere.

For core material, type 3C5 of Ferroxcube Corporation
of America, Saugerties, New York, has a high By and
. The company specifies Bppax = 3800 gauss and p =
1900 for material.
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As was previously mentioned, a current rise rate of
about 0.35 ampere per us has been found to be accept-
able for interference problems with ac-dc radios in most
wiring situations. With 5 amperes rms, 7 amperes peak,

7
tr = 035 " 20 us
Then by equation (1):

AA. — 26x2580x120x20x10 —6
cw 3800 gauss
Core part number 1F30 of the same company in a U-1
configuration has an AcAyy product of 0.0386, which
should be close enough.
10.93x120x20x10 — 6x106

N= 3800 x 0.137 = 42 turns

Two coils of 21 turns each should be wound on either
one or two legs and be connected as shown in Figure
5.35.

The required inductance of the coil is found from equa-
tion (3).

L=Rtr_Erated, tr_ 120,20, 446 _ 5910-6
2 Irated 2 52

L = 240 pH

To obtain this inductance, the air gap should be

3.19x422x0.137x10—8  3.33
Ig = 240x10—6 ~ 7900 = 0.0321-0.00175

Ig = 0.03035

Thus, 15 mils of insulating material in each leg will pro-
vide the necessary inductance.

If a problem still exists with false triggering of the thy-
ristor due to conducted interference, a capacitor at point
B in Figure 5.35 will probably remedy the situation.

= 0.044
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CHAPTER 6
APPLICATIONS

Because they are reliable solid state switches, thyris-
tors have many applications, especially as controls.

One of the most common uses for thyristors is to con-
trol ac loads such as electric motors. This can be done
either by controlling the part of each ac cycle when the
circuit conducts current (phase control) or by controlling
the number of cycles per time period when current is
conducted (cycle control).

In addition, thyristors can serve as the basis of relax-
ation oscillators for timers and other applications. Most
of the devices covered in this book have control
applications.

PHASE CONTROL WITH THYRISTORS

The most common method of electronic ac power con-
trol is called phase control. Figure 6.1 illustrates this con-
cept. During the first portion of each half-cycle of the ac
sine wave, an electronic switch is opened to prevent the
current flow. At some specific phase angle, a, this switch
is closed to allow the full line voltage to be applied to
the load for the remainder of that half-cycle. Varying «
will control the portion of the total sine wave that is ap-
plied to the load (shaded area), and thereby regulate the
power flow to the load.

The simplest circuit for accomplishing phase control is
shown in Figure 6.2. The electronic switch in this case is
a triac (Q) which can be turned on by a small current
pulse to its gate. The TRIAC turns off automatically when
the current through it passes through zero. In the circuit
shown, capacitor CT is charged during each half-cycle by
the current flowing through resistor RT and the load. The
fact that the load is in series with RT during this portion
of the cycle is of little consequence since the resistance
of RT is many times greater than that of the load. When
the voltage across CT reaches the breakdown voltage of
the DIAC bilateral trigger (D), the energy stored in ca-
pacitor CT is released. This energy produces a current
pulse in the DIAC, which flows through the gate of the
TRIAC and turns it on. Since both the DIAC and the TRIAC
are bidirectional devices, the values of RT and Ct will
determine the phase angle at which the TRIAC will be
triggered in both the positive and negative half-cycles of
the ac sine wave.

PORTION OF WAVEFORM
/ APPLIED TO LOAD

Figure 6.1. Phase Control of AC Waveform
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Figure 6.2. Simplest Circuit for Phase Control

a = 150°
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Figure 6.3. Waveforms of Capacitor Voltage
at Two Phase Angles

The waveform of the voltage across the capacitor for
two typical control conditions (a = 90° and 150°) is shown
in Figure 6.3. If a silicon controlled rectifier is used in this
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circuit in place of the TRIAC, only one half-cycle of the
waveform will be controlled. The other half-cycle will be
blocked, resulting in a pulsing dc output whose average
value can be varied by adjusting RT.

CONTROL OF INDUCTION MOTORS

Shaded-pole motors driving low-starting-torque loads
such as fans and blowers may readily be controlled using
any of the previously described full-wave circuits. One
needs only to substitute the winding of the shaded-pole
motor for the load resistor shown in the circuit diagrams.

Constant-torque loads or high-starting-torque loads
are difficult, if not impossible, to control using the voltage
controls described here. Figure 6.4 shows the effect of
varying voltage on the speed-torque curve of a typical
shaded-pole motor. A typical fan-load curve and a
constant-torque-load curve have been superimposed
upon this graph. It is not difficult to see that the torque
developed by the motor is equal to the load torque at
two different points on the constant-torque-load curve,
giving two points of equilibrium and thus an ambiguity
to the speed control. The equilibrium point at the lower
speed is a condition of high motor current because of
low counter EMF and would result in burnout of the mo-
tor winding if the motor were left in this condition for
any length of time. By contrast, the fan speed-torque
curve crosses each of the motor speed-torque curves at
only one point, therefore causing no ambiguities. In ad-
dition, the low-speed point is one of low voltage well
within the motor winding's current-carrying capabilities.

Permanent-split-capacitor motors can also be con-
trolled by any of these circuits, but more effective control
is achieved if the motor is connected as shown in Figure
6.5. Here only the main winding is controlled and the
capacitor winding is continuously connected to the entire
ac line voltage. This connection maintains the phase shift
between the windings, which is lost if the capacitor phase
is also controlled. Figure 6.6(a) shows the effect of voltage
on the speed-torque characteristics of this motor and'a
superimposed fan-load curve.
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Figure 6.4. Characteristics of Shaded-Pole Motors
at Several Voltages

o] -0
AC LINE
VOLTAGE
CONTROL
CIRCUIT
o] I 0

Figure 6.5. Connection Diagram for
Permanent-Split-Capacitor Motors

Not all induction motors of either the shaded-pole or
the permanent-split-capacitor types can be controlled ef-
fectively using these techniques, even with the proper
loads. Motors designed for the highest efficiencies and,
therefore, low slip also have a very low starting torque
and may, under certain conditions, have a speed-torque

HIGH-STARTING-
TORQUE FAN
LOAD

SPEED

TORQUE
(b). High-Efficiency Motor

Figure 6.6. Speed-Torque Curves for Permanent-Split-Capacitor Motors at Various Applied Voltages
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characteristic that could be crossed twice by a specific
fan-load speed-torque characteristic. Figure 6.6(b) shows
motor torque-speed characteristic curves upon which has
been superimposed the curve of a fan with high starting
torque. It is therefore desirable to use a motor whose
squirrel-cage rotor is designed for medium-to-high
impedance levels and, therefore, has a high starting
torque. The slight loss in efficiency of such a motor at
full rated speed and load is a small price to pay for the
advantage of speed control.

A unique circuit for use with capacitor-start motors in
explosive or highly corrosive atmospheres, in which the
arcing or the corrosion of switch contacts is severe and
undesirable, is shown in Figure 6.7. Resistor R1 is con-
nected in series with the main running winding and is of
such aresistance that the voltage drop under normal full-
load conditions is approximately 0.2 V peak. Since start-
ing currents on these motors are quite high, this peak
voltage drop will exceed 1V during starting conditions,
triggering the TRIAC, which will cause current to flow in
the capacitor winding. When full speed is reached, the
current through the main winding will decrease to about
0.2 V, which is insufficient to trigger the TRIAC — thus
the capacitor winding will no longer be energized. Re-
sistor R2 and capacitor C2 form a dv/dt suppression net-
work; this prevents the TRIAC from turning on due to
line transients and inductive switching transients.

CONTROL OF UNIVERSAL MOTORS

Any of the half-wave or full-wave controls described
previously can be used to control universal motors. Non-
feedback, manual controls, such as those shown in Figure
6.2, are simple and inexpensive, but they provide very
little torque at low speeds. A comparison of typical speed-
torque curves using a control of this type with those of
feedback control is shown in Figure 6.8.

These motors have some unique characteristics which
allow their speed to be controlled very easily and effi-
ciently with a feedback circuit such as that shown in Fig-
ure 6.9. This circuit provides phase-controlled half-wave
power to the motor; that is, on the negative half-cycle,
the SCR blocks current flow in the negative direction
causing the motor to be driven by a pulsating direct cur-
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Figure 6.7. Circuit Diagram for Capacitor-Start Motor
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Figure 6.8. Comparison of Feedback Control
with Non-Feedback Control

rent whose amplitude is dependent on the phase control
of the SCR.

The theory of operation of this control circuit is not at
all difficult to understand. Assuming that the motor has
been running, the voltage at point A in the circuit diagram
must be larger than the forward drop of Diode D1, the
gate-to-cathode drop of the SCR, and the EMF generated
by the residual MMF in the motor, to get sufficient current
flow to trigger the SCR.

The waveform at point A (Va) for one positive half-
cycle is shown in 6.9(b), along with the voltage levels of
the SCR gate (VgcR). the diode drop (Vp), and the motor-
generated EMF (V). The phase angle (a) at which the
SCR would trigger is shown by the vertical dotted line.
Should the motor for any reason speed up so that the
generated motor voltage would increase, the trigger
point would move upward and to the right along the
curve so that the SCR would trigger later in the half-cycle
and thus provide less power to the motor, causing it to
slow down again.

Similarly, if the motor speed decreased, the trigger
point would move to the left and down the curve, causing
the TRIAC to trigger earlier in the half-cycle providing
more power to the motor, thereby speeding it up.

Resistors R1, R2, and R3, along with diode D2 and ca-
pacitor C1 form the ramp-generator section of the circuit.
Capacitor C1 is charged by the voltage divider R1, R2,
and R3 during the positive half-cycle. Diode D2 prevents
negative current flow during the negative half-cycle,
therefore C1 discharges through only R2 and R3 during
that half-cycle. Adjustment of R3 controls the amount by
which C1 discharges during the negative half-cycle. Be-
cause the resistance of R1 is very much larger than the
ac impedance of capacitor C1, the voltage waveform on
C1 approaches that of a perfect cosine wave with a dc
component. As potentiometer R2 is varied, both the dc
and the ac voltages are divided, giving a family of curves
as shown in 6.9(c).

The gain of the system, that is, the ratio of the change
of effective SCR output voltage to the change in generator
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Figure 6.9 (a). Speed-Control Scheme for
Universal Motors

EMF, is considerably greater at low speed settings than
it is at high speed settings. This high gain coupled with
a motor with a very low residual EMF will cause a con-
dition sometimes known as cycle skipping. In this mode
of operation, the motor speed is controlled by skipping
entire cycles or groups of cycles, then triggering one or
two cycles early in the period to compensate for the loss
in speed. Loading the motor would eliminate this con-
dition; however, the undesirable sound and vibration of
the motor necessitate that this condition be eliminated.
This can be done in two ways.

The first method is used if the motor design is fixed
and cannot be changed. In this case, the impedance level
of the voltage divider R1, R2, and R3 can be lowered so
that C1 will charge more rapidly, thus increasing the slope
of the ramp and lowering the system gain. The second
method, which will provide an overall benefitinimproved
circuit performance, involves a redesign of the motor so
that the residual EMF becomes greater. In general, this
means using a lower grade of magnetic steel for the lam-
inations. As a matter of fact, some people have found
that ordinary cold-rolled steel used as rotor laminations
makes a motor ideally suited for this type of electronic
control.

Another common problem encountered with this cir-
cuit is that of thermal runaway. With the speed control
set at low or medium speed, at high ambient tempera-
tures the speed may increase uncontrollably to its max-
imum value. This phenomenon is caused by an excessive
impedance in the voltage-divider string for the SCR being
triggered. If the voltage-divider current is too low, current
will flow into the gate of the SCR without turning it on,
causing the waveform at point A to be as shown in 6.9(d).
The flat portion of the waveform in the early part of the
half-cycle is caused by the SCR gate current loading the
voltage divider before the SCR is triggered. After the SCR
is triggered, diode D1 is back-biased and a load is no
longer on the voltage divider so that it jumps up to its
unloaded voltage. As the ambient temperature increases,
the SCR becomes more sensitive, thereby requiring less
gate current to trigger, and is triggered earlier in the half-
cycle. This early triggering causes increased current in
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(d). Point “A” Voltage with Excessive Resistance R1

the SCR, thereby heating the junction still further and
increasing still further the sensitivity of the SCR until
maximum speed has been reached.

The solutions to this problem are the use of the most
sensitive SCR practical and a voltage divider network of
sufficiently low impedance. As a rough rule of thumb,
the average current through the voltage divider during
the positive half-cycle should be approximately three
times the current necessary to trigger the lowest-
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sensitivity (highest gate current) SCR being used.

In addition to the type of steel used in the motor lam-
inations, consideration should also be given to the design
of motors used in this half-wave speed control. Since the
maximum rms voltage available to the motor under half-
wave conditions is 85 V, the motor should be designed
for use at that voltage to obtain maximum speed. How-
ever, U.L. requirements state that semiconductor devices
used in appliance control systems must be able to be
short-circuited without causing danger. Many designers
have found it advantageous, therefore, to use 115 V mo-
tors with this system and provide a switch to apply full-
wave voltage to the motor for high-speed operation. Fig-
ure 6.10 shows the proper connection for this switch. If
one were to simply short-circuit the SCR for full-speed
operation, a problem could arise. If the motor were op-
erating at full speed with the switch closed, and the
switch were then opened during the negative half-cycle,
the current flowing in the inductive fieid of the motor
could then break down the SCR in the negative direction
and destroy the control. With the circuit as shown, the
energy stored in the field of the motor is dissipated in
the arc of the switch before the SCR is connected into
the circuit.

CONTROL OF PERMANENT-MAGNET MOTORS

As a result of recent developments in ceramic
permanent-magnet materials that can be easily molded
into complex shapes at low cost, the permanent-magnet
motor has become increasingly attractive as an appliance
component. Electronic control of this type of motor can
be easily achieved using techniques similar to those just
described for the universal motor. Figure 6.11 is a circuit
diagram of a control system that we have developed and
tested successfully to control permanent-magnet motors
presently being used in blenders. Potentiometer R3 and
diode D1 form a dc charging path for capacitor C1; var-
iable resistor R1 and resistor R2 form an ac charging path
which creates the ramp voltage on the capacitor. Resistor
R4 and diode D2 serve to isolate the motor control circuit
from the ramp generator during the positive and negative
half-cycles, respectively.

A small amount of cycle skipping can be experienced
at low speeds using this control, but not enough to
necessitate further development work. Since the volt-
age generated during off time is very high, the thermal
runaway problem does not appear at all. Typical speed-
torque curves for motors of this type are shown in Fig-
ure 6.12.

MOTOR SPEED CONTROL WITH FEEDBACK

While many motor speed control circuits have used
SCRs, the TRIAC has not been very popular in this ap-
plication. At first glance, it would appear that the TRIAC
would be perfect for speed control because of its bilateral
characteristics. There are a couple of reasons why this is
not true. The major difficulty is the TRIAC's dv/dt char-
acteristic. Another reason is the difficulty of obtaining a
feedback signal because of the TRIAC's bilateral nature.

o—¢
g
3
>
2 CONTROL o
3 CIRCUIT
o
O—

Figure 6.10. Switching Scheme for
Full-Wave Operation

While the TRIAC has its disadvantages, it does offer some
advantages. In a SCR speed control either two SCRs must _
be used, or the line voltage must be full-wave rectified
using relatively high current rectifiers, or the control must
be limited to half-wave. The TRIAC eliminates all these
difficuities. By using a TRIAC the part count, package size,
and cost can be reduced. Figure 6.13 shows a TRIAC
motor speed control circuit that derives its feedback from
the load current and does not require separate connec-
tions to the motor field and armature windings. There-
fore, this circuit can be conveniently built into an appli-
ance or used as a separate control.

The circuit operates as follows: When the TRIAC con-
ducts, the normal line voltage, less the drop across the
TRIAC and resistor R5, is applied to the motor. By delay-
ing the firing of the TRIAC until a later portion of the
cycle, the rms voltage applied to the motor is reduced
and its speed is reduced proportionally. The use of feed-
back maintains torque at reduced speeds.

(o

AC LINE VOLTAGE

moT

O-

Figure 6.11. Circuit Diagram for Controlling
Permanent-Magnet Motors
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VR

VR = FULL RATED VOLTAGE

SPEED

TORQUE

Figure 6.12. Speed-Torque Characteristic of Permanent-
Magnet Motors at Various Applied Voltages

Diodes D1 through D4 form a bridge which applies full-
wave rectified voltage to the phase-control circuit. Phase
control of the TRIAC is obtained by the charging of ca-
pacitor C1 through resistors R2 and R3 from the voltage
level established by zener diode D5. When C1 charges to
the firing voltage of unijunction transistor Q1, the TRIAC
is triggered through transformer T1. C1 discharges
through the emitter of Q1. While the TRIAC is conducting,
the voltage drop between points A and B falls below the
breakdown voltage of D5. Therefore, during the conduc-

tion period, the voltage on C1 is determined by the volt-
age drop from A to B and by resistors R1, R2, and R3.
Since the voltage between A and B is a function of motor
current due to resistor R5, C1 is charged during the con-
duction period to a value which is proportional to the
motor current. The value of R5 is chosen so that C1 cannot
charge to a high enough voltage to fire Q1 during the
conduction period. However, the amount of charging re-
quired to fire Q1 has been decreased by an amount pro-
portional to the motor current. Therefore, the firing angle
at which Q1 will fire has been advanced in proportion to
the motor current. As the motor is loaded and draws
more current, the firing angle of Q1 is advanced even
more, causing a proportionate increase in the rms voltage
applied to the motor, and a consequent increase in its
available torque.

Since the firing voltage of Q1 depends on the voltage
from base one to base two, it is necessary to support the
base two voltage during the conduction portion of the
cycle to prevent the feedback voltage from firing Q1. D6
and C2 perform this function.

Because the motor is an inductive load, it is necessary
to limit the commutation dv/dt for reliable circuit oper-
ation. R6 and C3 perform this function.

Nominal values for R5 can be obtained from the table
or they can be calculated from the equation given. Exact
values for R5 depend somewhat on the motor charac-
teristics. Therefore, it is suggested that R5 be an adjust-

S
A
R1
AN
18k
2w
Q2 R6
115 VAC D5 NS 00
A920A4 — (2
60 Hz MDASZ0 IN751A ™ 10 uF I
51V 0V C3
N 0.1 uF :
T RS
SPRAGUE SEE TABLE
112
B
MOTOR NOMINAL R5 VALUES
Motor R5
Rating
(Amperes) OHMS | Watts R5 = 2
M
2 1 5
3 067 | 10 IM = Max. Rated
6.5 0.32 15 Motor Current (rms)

Figure 6.13. Motor Speed Control with Feedback
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able wirewound resistor which can be calibrated in terms
of motor current, and the speed control can be adapted
to many different motors. If the value of R5 is too high,
feedback will be excessive and surging or loss of control
will result. If the value is too low, a loss of torque will
result. The maximum motor current flows through R5,
and its wattage must be determined accordingly.

This circuit has been operated successfully with 2 and
3 ampere 1/4-inch drills and has satisfactorily controlled
motor speeds down to 1/3 or less of maximum speed
with good torque characteristics.

CONSTANT SPEED MOTOR CONTROL USING
TACHOMETER FEEDBACK

Tachometer feedback sensing rotor speed provides ex-
cellent performance with electric motors. The principal
advantages to be gained from tachometer feedback are
the ability to apply feedback control to shaded-pole mo-
tors, and better brush life in universal motors used in
feedback circuits. This latter advantage results from the
use of full-wave rather than half-wave control, reducing
the peak currents for similar power levels.

THE TACHOMETER

The heart of this system is, of course, the speed-
sensing tachometer itself. Economy being one of the prin-
cipal goals of the design, it was decided to use a simple
magnetic tachometer incorporating the existing motor
fan as an integral part of the magnetic circuit. The gen-
erator consists of a coil wound on a permanent magnet
which is placed so that the moving fan blades provide a
magnetic path of varying reluctance as they move past
the poles of the magnet. Several possible configurations
of the magnetic system are shown in Figure 6.14.

COIL WIRES
MAGNET
MOTOR
ARMATURE
MOTOR FAN
SIDE VIEW
MOTOR FAN
colL
WIRES
MOTOR
ARMATURE
MAGNET
TOP VIEW

Figure 6.14(a). Locations for Magnetic Sensing
Tachometer Generator Using a Horseshoe Magnet

Flux in a magnetic circuit can be found from the “mag-
netic Ohm’s law"’:

MMF
“ TR
where ¢ = the flux,
MMF = the magnetomotive force (strength of
the magnet), and
R = the reluctance of the magnetic path.

Assuming the MMF of the permanent magnet to be con-
stant, it is readily apparent that variations in reluctance
will directly affect the flux. The steel fan blades provide
a low-reluctance path for the flux once it crosses the air
gap between them and the poles of the magnet. If the
magnet used has a horseshoe or U shape, and is placed
so that adjacent fan blades are directly opposite each pole
in one position of the motor armature, the magnetic path
will be of relatively low reluctance; then as the motor
turns the reluctance will increase until one fan blade is
precisely centered between the poles of the magnet. As
rotation continues, the reluctance will then alternately
increase and decrease as the fan blades pass the poles
of the magnet. If a bar- or L-shaped magnet is used so
that one pole is close to the shaft or the frame of the
motor and the other is near the fan blades, the magnetic
path reluctance will vary as each blade passes the magnet
pole near the fan. In either case the varying reluctance
causes variations in the circuit flux and a voltage is gen-
erated in the coil wound around the magnet. The voltage
is given by the equation:

- N9, q0-8
e = thx10 §

where e = the coil voltage in volts,
N = the number of turns in the coil, and
d¢ = the rate of change of flux in lines per

dt  second.

<

“— |

N5

@E

FERROUS
MOTOR HOUSING

MOTOR
ARMATURE

POSSIBLE MAGNET SHAPES
L& AND LOCATIONS

(b). Locations for Magnetic Sensing Tachometer
Generator Using an “L"” or Bar Magnet
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In a practical case, a typical small horseshoe magnet
wound with 1000 turns of wire generated a voltage of
about 0.5 volts/1000 rpm when mounted in a blender.
Since both generated voltage and frequency are di-
rectly proportional to the motor speed, either parameter
can be used as the feedback signal. However, circuits
using voltage sensing are less complex and therefore less
expensive. Only that system will be discussed here.

THE ELECTRONICS

In one basic circuit, which is shown in Figure 6.15, the
generator output is rectified by rectifier D1, then filtered
and applied between the positive supply voltage and the
base of the detector transistor Q1. This provides a neg-
ative voltage which reduces the base-voltage on Q1 when
the speed increases.

The emitter of the detector transistor is connected to
a voltage divider which is adjusted to the desired tachom-
eter output voltage. In normal operation, if the tachom-
eter voltage is less than desired, the detector transistor,
Q1, is turned on by current through R1 into its base. Q1
then turns on Q2 which causes the timing capacitor for
unijunction transistor Q3 to charge quickly. Standard uni-
junction transistor circuitry is used to trigger the thyristor.

As the tachometer output approaches the voltage de-
sired, the base-emitter voltage of Q1 is reduced to the
point at which Q1 is almost cut off. Thereby, the collector
current of Q2, which charges the unijunction timing ca-
pacitor, is reduced, causing that capacitor to charge
slowly and trigger the thyristor later in the half cycle. In
this manner, the average power to the motor is reduced
until just enough power to maintain the desired motor
speed is allowed to flow.

Input circuit variations are used when the tachometer
output voltage is too low to give a usable signal with a
silicon rectifier. In the variation shown in Figure 6.15(b),
the tachometer is connected between a voltage divider
and the base of the amplifier transistor. The voltage di-
vider is set so that with no tachometer output the tran-
sistor is just barely in conduction. As the tachometer out-
put increases, QT is cut off on negative half cycles and
conducts on positive half cycles. Resistors R9 and R10
provide a fixed gain for this amplifier stage, providing
the hpg of QT is much greater than the ratio of R9 to R10.
Thus the output of the ampilifier is a fixed multiple of the
positive values of the tachometer waveform. The rectifier
diode D1 prevents C1 from discharging through R9 on
negative half cycles of the tachometer. The remainder of
the filter and control circuitry is the same as the basic
circuit.

In the second variation, shown in 6.15(c), R8 has been
replaced by a semiconductor diode, D2. Since the voltage
and temperature characteristics more closely match
those of the transistor base-to-emitter junction, this cir-
cuit is easier to design and needs no initial adjustments
as does the circuit in 6.15(b). The remainder of this circuit
is identical to that of Figure 6.14.

In the second basic circuit, which is shown in Figure
6.16, the rectified and filtered tachometer voltage is
added to the output voltage of the voltage divider formed

MOTOROLA THYRISTOR DEVICE DATA

1-6-8

+V1  (PURE dc)
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TACHOMETER
GENERATOR !
\ R4§
INPUT  CIRCUIT |
1
DETECTOR AND POWER
CONTROL CIRCUIT

Figure 6.15(a). Basic Tachometer Control Circuit

(b). Variation Used when the Tachometer Output is
Too Low for Adequate Control

(c). Variation Providing Better Temperature Tracking
and Easier Initial Adjustment

by R1 and R2. If the sum of the two voltages is less than
V1 — VBE Q1 (where VBE Q1 is the base-emitter voltage
of Q1), Q1 will conduct a current proportional to V1 —
VBE Q1. charging capacitor C. If the sum of the two volt-
ages is greater than V1 — VBg 1. Q1 will be cut off and
no current will flow into the capacitor. The operation of
the remainder of the circuit is the same as the previously
described circuits.

All of the circuits that have been described show a
unijunction transistor as the trigger device. A three-layer
bilateral trigger diode may also be used as shown in
Figure 6.17. The rectifier diode which is connected to the
pulsing dc voltage, V2, discharges the capacitor at the
end of each half cycle of the line voltage alternations,
providing synchronization to the line voltage.

Complete circuit diagrams using the two basic circuits
are shown in Figure 6.18.




PHASE CONTROL WITH TRIGGER DEVICES

Phase control using thyristors is one of the most com-
mon means of controlling the flow of power to electric
motors, lamps, and heaters. With an ac voltage applied
to the circuit, the gated thyristor (SCR, TRIAC, etc.) re-
mains in its off-state for the first portion of each halif cycle
of the power line, then, at a time (phase angle) deter-

+V1 (PURE dc)

Vv
+V2 PULSATING dc

=
)
Ul

120 VAC

Figure 6.16. Another Basic Tachometer Circuit

mined by the control circuit, the thyristor switches on for
the remainder of the half cycle. By controlling the phase
angle at which the thyristor is switched on, the relative
power in the load may be controlled.

PHASE CONTROL WITH UNIJUNCTION
TRANSISTORS

Unijunction transistors provide a simple, convenient

120 VAC

T0
CHARGING
CIRCUIT

MBS4991

Yl

NOTE: V1 > Vgg OF TRIGGER

Figure 6.17. Use of a Bidirectional Switch as the
Triggering Device Instead of the Unijunction
Transistors Shown in Other Figures

120 VAC o
60 Hz
f 1N4001
68k TN984A 10k 47 k;ﬁk 1k
W MOTOR
a MpsA70 STk
"
MDA201 12% CF:L+ MPSA20 ! 10k
2N4870
MPSA20 10k . MAC210-4
~ 0.1 uF
NGOOT S 1k
(T-SPRAGUE
11212)
© OR EQUIV
Figure 6.18(a). Complete Diagram of Tachometer Speed Control Shown in 6.15
120 VAC o
60 Hz
. i 1N40D1
68k
W i . MOTOR
N984A MMBD7000
X
+ * 100 wF MPSA70
MDA201 T s0v
1N4001 24871
. MAC210-4
(T-SPRAGUE
|z
OR EQUIV

Figure 6.18(b). Complete Diagram of Tachometer Speed Control Shown in 6.16
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means for obtaining the thyristor trigger pulse synchro-
nized to the ac line at a controlled phase angle.

These circuits are all based on the simple relaxation
oscillator circuit of Figure 6.19. RT and Ct in the figure
form the timing network which determines the time be-
tween the application of voltage to the circuit (repre-
sented by the closing of S1) and the initiation of the pulse.
In the case of the circuit shown, with Vg pure dc, the
oscillator is free running, RT and CT determine the fre-
quency of oscillation. The peak of the output pulse volt-
age is clipped by the forward conduction voltage of the
gate to cathode diode in the thyristor. The principal wave-
forms associated with the circuit are shown in Figure
6.19(b).

Operation of the circuit may best be described by re-
ferring to the capacitor voltage waveform. When the
power is applied, CT charges at the rate determined by
its own capacitance and the value of Rt until its voltage
reaches the peak point voltage of the UJT emitter. At that
time the UJT switches into the conduction condition, dis-
charging Ct1 through Rg1 and the gate of the thyristor.
With Vg pure dc, the cycle then repeats immediately;
however, in many cases Vg is derived from the anode

Rt

:r?—’?
»n
@

. Ab\: )

Y
PAl
i)

it
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[=)
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|

ver
CAPACITOR
VOLTAGE

N

=
]
|
l
|
|
|
I
l
|
I
|
|
I

<

VRB1
OUTPUT VOLTAGE

I
|
|

|
S R ]
|
|
I
<
8

188RB1

(b)

Figure 6.19. Basic Relaxation Oscillator Circuit (a)
and Waveforms (b)

voltage of the thyristor so that the timing cycle cannot
start again until the thyristor is blocking forward voltage
and once again provides Vg.

During the time in which the capacitor is being charged,
current flows through the interbase resistance (rgg) of
the unijunction. Rg1 is included in the circuit to provide
a path for this current so that it does not flow through
the gate of the thyristor and cause an undesirable turn
on. Its value is selected so that a maximum voltage de-
veloped across it will be less than 0.2 volt. For a typical
unijunction with rgg = 4 to 9 kohms, and a typical op-
erating voltage of 20 volts, the value of Rg1 would be:

_ 0.2RBB(MIN) 0.2x4k
BI =7V, T
RB2 is necessary only if some degree of temperature
compensation is necessary. In most cases, particularly in
the feedback systems described later, it may be left out
and base 2 of the unijunction may be connected to the
positive side of V.

It is often necessary to synchronize the timing of the
output pulses to the power line voltage zero-crossing
points. One simple method of accomplishing synchro-
nization is shown in Figure 6.20. Zener diode D1 clips the
rectified supply voltage resulting in a Vg as shown in
6.20(b). Since Vgg, and therefore the peak point voltage
of the unijunction drops to zero each time the line voltage
corsses zero, Ct is discharged at the end of every half
cycle and begins each half cycle in the discharged state.
Thus, even if the UJT has not triggered during one half
cycle, the capacitor begins the next half cycle discharged
so that the phase angle at which the pulse occurs is di-
rectly controlled for each cycle by the values of RT and
CT. The zener diode also provides voltage stabilization
for the timing circuit giving the same pulse phase angle
regardless of normal line voltage fluctuations.

= 40 ohms

APPLICATIONS

The most elementary application of the UJT trigger
circuit, shown in Figure 6.21, is a half-wave control circuit.
In this circuit, Rp is selected to limit the current through
D1 so that the diode dissipation capability is not ex-
ceeded. Dividing the allowable diode dissipation by one-
half the zener voltage will give the allowable positive
current in the diode since it is conducting in the voltage
regulating mode only during positive half cycles. Once
the positive half-cycle current is found, the resistor value
may be calculated by subtracting 0.7 times the zener volt-
age from the rms line voltage and dividing the result by
the positive current:

Ipositive

The power rating of Rp must be calculated on the basis
of full wave conduction as D1 is conducting on the neg-
ative half cycle acting as a shunt rectifier as well as pro-
viding Vg on the positive half cycle.

The thyristor is acting both as a power control device
and a rectifier, providing variable power to the load dur-
ing the positive half cycle and no power to the load during

SR e
Eil ﬁ £

Rp =

ER A RS

Yo o
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Figure 6.20. Control Circuit (a) with Zener Clipped,
Rectified Voltage (b)

the negative half cycle. The circuit is designed to be a
two terminal control which can be inserted in place of a
switch. If full wave power is desired as the upper extreme
of this control, a switch can be added which will short
circuit the SCR when R is turned to its maximum power
position. The switch may be placed in parallel with the
SCR if the load is resistive; however, if the load is in-
ductive, the load must be transferred from the SCR to the
direct line as shown in Figure 6.22.

Full wave control may be realized by the addition of a
bridge rectifier, a pulse transformer, and by changing the
thyristor from an SCR to a TRIAC, shown in Figure 6.23.
In this circuit Rgq is not necessary since the pulse trans-
former isolates the thyristor gate from the steady-state
UJT current.

Occasionally a circuit is required which will provide
constant output voltage regardless of line voltage
changes. Adding potentiometer P1 to the circuits of Fig-
ures 6.21 and 6.23 will provide an approximate solution
to this problem. The potentiometer is adjusted to provide

LOAD
T aow RD%SSk
AC Rr
LINE Dy THYRISTOR
1N5250A
1 7
0.1 uF

Figure 6.21. Half Wave Control Circuit with Typical
Values for a 600 Watt Resistive Load

(oo A2 ]

CONTROL
CIRCUIT

. il

(a). Resistive Load

o—

CONTROL |
CIRCUIT

o . *
(b). Inductive Load

Figure 6.22. Half Wave Controls with Switching for
Full Wave Operation

reasonably constant output over the desired range of line
voltage. As the line voltage increases, so does the voltage
on the wiper of P1 increasing Vgpg and thus the peak point
voltage of the UJT. The increased peak point voltage re-
sults in CT charging to a higher voltage and thus taking
more time to trigger. The additional delay reduces the
thyristor conduction angle and maintains the average
voltage at a reasonably constant value.

FEEDBACK CIRCUITS

The circuits described so far have been manual control
circuits; i.e., the power output is controlled by a poten-
tiometer turned by hand. Simple feedback circuits may
be constructed by replacing RT with heat or light-
dependent sensing resistors; however, these circuits
have no means of adjusting the operating levels. The
addition of a transistor to the circuits of Figures 6.21 and
6.23 allows complete control.

1k
MAC210-4

2N4870

LINE T
[ ]
MDA920A4
SPRAGUE 0
1212
! {OR EQUIVALENT)

Figure 6.23. A Simple Full Wave Trigger Circuit with
Typical Values for a 900 Watt Resistive Load

.
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Figure 6.24. Circuit for Line Voltage Compensation

6.8k

Rp2
1k

Rg*
1N5250A

RECTIFIED
LINE

MPS6512

(FULL OR
HALF WAVE) 2N4870
1002 10
o THYRISTOR

*Rg SHOULD BE SELECTED TO BE ABOUT GATE

3 TO 5 KOHMS AT THE DESIRED OUTPUT LEVEL
Figure 6.25. Feedback Control Circuit

Figure 6.25 shows a feedback control using a sensing
resistor for feedback. The sensing resistor may respond
to any one of many stimuli such as heat, light, moisture,
pressure, or magnetic field. Rg is the sensing resistor and
Rc is the control resistor that establishes the desired op-
erating point. Transistor Q1 is connected as an emitter
follower such that an increase in the resistance of Rg
decreases the voltage on the base of Q4, causing more
current to flow. Current through Q1 causes voltage to
charge Cr, triggering the UJT at some phase angle. As
Rs becomes larger, more current flows into the capacitor,
the voltage builds up faster, causing the UJT to trigger
at a smaller phase angle and more power is applied to
the load. When Rg decreases, less power is applied to
the load. Thus, this circuit is for a sensing resistor which
decreases in response to too much power in the load. If
the sensing resistor increases with load power, then Rg
and R should be interchanged.

If the quantity to be sensed can be fed back to the circuit
in the form of an isolated, varying dc voltage such as the
output of a tachometer, it may be inserted between the
voltage divider and the base of Q1 with the proper po-
larity. In this case, the voltage divider would be a poten-
tiometer to adjust the operating point. Such a circuit is
shown in Figure 6.26.

In some cases, average load voltage is the desired feed-
back variable. In a half wave circuit this type of feedback
usually requires the addition of a pulse transformer,
shown in Figure 6.27. The RC network, Rq, Ry, Cq, av-
erages load voltage so that it may be compared with the
set point on Rg by Q4. Full wave operation of this type
of circuit requires dc in the load as well as the control
circuit. Figure 6.28 is one method of obtaining this full
wave control.

5
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Figure 6.26. Voltage Feedback Circuit
IN4442
o2

SPRAGUE 11212
(OR EQUIVALENT)
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J) (OR EQUIVALENT)
ACLINE ©
Figure 6.28. Full Wave, Average Voltage
Feedback Control

There are, of course, many more sophisticated circuits
which can be derived from the basic circuits discussed
here. If, for example, very close temperature control is
desired, the circuit of Figure 6.25 might not have sufficient
gain. To solve this problem a dc amplifier could be in-
serted between the voltage divider and the control tran-
sistor gate to provide as close a control as desired. Other
modifications to add multiple inputs, switched gains,
ramp and pedestal control, etc., are all simple additions
to add sophistication. Basically, however, it is the UJT
itself which provides the fast rising, high current pulse,
which is desirable for reliable thyristor operation. The
ease of adding feedback and relative insensitivity to line
voltage changes are additional benefits gained from
using this trigger device.

B
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CYCLE CONTROL WITH OPTICALLY
ISOLATED TRIAC DRIVERS

In addition to the phase control circuits, TRIAC drivers
can also be used for ac power control by on-off or burst
control, of a number of ac cycles. This form of power
control allows logic circuits and microprocessors to eas-
ily control ac power with TRIAC drivers of both the zero-
crossing and non zero-crossing varieties.

USING NON-ZERO CROSSING OPTICALLY
ISOLATED TRIAC DRIVERS
USING THE MOC3011 ON 240 VAC LINES

The rated voltage of a MOC3011 is not sufficiently high
for it to be used directly on 240 V line; however, the

designer may stack two of them in series. When used
this way, two resistors are required to equalize the volt-
age dropped across them as shown in Figure 6.29.

REMOTE CONTROL OF AC VOLTAGE

Local building codes frequently require all 115 V light
switch wiring to be enclosed in conduit. By using a
MOC3011, a TRIAC, and a low voltage source, it is pos-
sible to control a large lighting load from a long distance
through low voltage signal wiring which is completely
isolated from the ac line. Such wiring usually is not re-
quired to be put in conduit, so the cost savings in in-
stalling a lighting system in commercial or residential
buildings can be considerable. An example is shown in
Figure 6.29. Naturally, the load could also be a motor,
fan, pool pump, etc.

+5V
7 150 180
MOC3011 » WA Sim
YA
240 Vac
MOC3011 1 A jx 3™
1k 3%
o

Figure 6.29. Two MOC3011 TRIAC Drivers in Series to Drive 240 V TRIAC

NON-CONDUIT #22 WIRE

180

AAA,

VWA

nsv

x_ VA A Nesin

MOC3011
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SOLID STATE RELAY

Figure 6.30 shows a complete general purpose, solid
state relay snubbed for inductive loads with input pro-
tection. When the designer has more control of the input
and output conditions, he can eliminate those compo-
nents which are not needed for his particular application
to make the circuit more cost effective.

INTERFACING MICROPROCESSORS TO 115 VAC
PERIPHERALS

The output of a typical microcomputer input-output (I/
O) port is a TTL-compatible terminal capable of driving
one or two TTL loads. This is not quite enough to drive
the MOC3011, nor can it be connected directly to an SCR
or TRIAC, because computer common is not normally
referenced to one side of the ac supply. Standard 7400
series gates can provide an input compatible with the
output of an MC6821, MC6846 or similar peripheral in-
terface adaptor and can directly drive the MOC3011. If
the second input of a 2 input gate is tied to a simple
timing circuit, it will also provide energization of the
TRIAC only at the zero crossing of the ac line voltage as
shown in Figure 6.32. This technique extends the life of

incandescent lamps, reduces the surge current strains on
the TRIAC, and reduces EMI generated by load switching.
Of course, zero crossing can be generated within the
microcomputer itself, but this requires considerable soft-
ware overhead and usually just as much hardware to
generate the zero-crossing timing signals.

APPLICATIONS USING THE ZERO CROSSING
TRIAC DRIVER

For applications where EMI induced, non-zero
crossing-load switching is a problem, the zero crossing
TRIAC driver is the answer. This TRIAC driver can greatly
simplify the suppression of EMI for only a nominal in-
creased cost. Examples of several applications using the
MOC3031, 41 follows.

MATRIX SWITCHING

Matrix, or point-to-point switching, represents a
method of controlling many loads using a minimum
number of components. On the 115 V line, the MOC3031
is ideal for this application; refer to Figure 6.33. The large
static dv/dt rating of the MOC3031 prevents unwanted

150 180 24k
o— A WS °
W !_ A A1~ 01 uF I
INI002 ING071B
MOC3011 15V
IN3904
b S0k
< <
o )
Figure 6.31. Solid-State Relay
+5V 20w
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MPU mcesss | | | - A e
K DATA 10 T MOC3011 =041 pf (1|:150YJCT|VE
-
2N60718
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Figure 6.32. Interfacing an M6800 Microcomputer System to 115 Vac Loads

MOTOROLA THYRISTOR DEVICE DATA
1-6-14



¢ LOAD [ LOAD & LOAD
MoC
|| 3031
LOAD ¢ LOAD LOAD
| moc
3031
LOAD LOAD LOAD
1 moc
‘ ‘ | a0st
MoC Moc MOC
el A (vl aw | W 2w b
15V
150 Q 150 Q
: 150 )
CONTROL BUS
I I I I I I 7T 77 77 VA D N N A S SRS

Figure 6.33. Matrix Switching

loads from being triggered on. This might occur, in the
case of non-zero crossing TRIAC drivers, when a TRIAC
driver on a vertical line was subjected to a large voltage
ramp due to a TRIAC on a horizontal line being switched
on. Since non-zero crossing TRIAC drivers have lower
static dv/dt ratings, this ramp would be sufficiently large
to trigger the device on.

R is determined as before:

POWER RELAYS

The use of high-power relays to control the application
of ac power to various loads is a very widespread prac-
tice. Their low contact resistance causes very little power
loss and many options in power control are possible due
to their multipole-multithrow capability. The MOC3041 is
well suited to the use of power relays on the 230 Vac
line; refer to Figure 6.34. The large static dv/dt of this
device makes a snubber network unnecessary, thus re-
ducing component count and the amount of printed cir-
cuit board space required. A non-zero crossing TRIAC

Vin(pk)
R . —_
(min) = “irsm
170 V
=12A " 150 ohms

300

o—— ANN—¢-

CONTROL ';”O‘if F

o— _
POWER r
RELAY !

{230 VAC COIL) |

230 VAC

i
'
o

Figure 6.34. Power Relay Control
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Figure 6.35. M68000 Microcomputer Interface

driver (MOC3021) could be used in this application, but
its lower static dv/dt rating would necessitate a snubber
network.

MICROCOMPUTER INTERFACE

The output of most microcomputer input/output (I/0)
ports is a TTL signal capable of driving several TTL gates.
This is insufficient to drive a zero-crossing TRIAC driver.
In addition, it cannot be used to drive an SCR or TRIAC
directly, because computer common is not usually ref-
erenced to one side of the ac supply. However, standard
7400 NAND gates can be used as buffers to accept the
output of the I/O port and in turn, drive the MOC3031
and/or MOC3041; refer to Figure 6.35.

The zero-crossing feature of these devices extends the
life of incandescent lamps, reduces inrush currents and
minimizes EMI generated by load switching.

AC MOTORS

The large static dv/dt rating of the zero-crossing TRIAC
drivers make them ideal when controlling ac motors. Fig-
ure 6.36 shows a circuit for reversing a two phase motor
using the MOC3041. The higher voltage MOC3041 is re-
quired, even on the 115 Vac line, due to the mutual and
self-inductance of each of the motor windings, which may

cause a voltage much higher than 115 Vac to appear
across the winding which is not conducting current.

DETERMINING LIMITING RESISTOR R FOR A
HIGH-WATTAGE INCANDESCENT LAMP

Many high-wattage incandescent lamps suffer short-
ened lifetimes when switched on at ac line voltages other
than zero. This is due to a large inrush current destroying
the filament. A simple solution to this problem is the use
of the MOC3041 as shown in Figure 6.37. The MOC3041
may be controlled from a switch or some form of digital
logic.

The minimum value of R is determined by the maxi-
mum surge current rating of the MOC3041 (ITgm):

Vin(pk)
Rlmin) = Trom (10)
_ Vin(pk)
T 1.2A
On a 230 Vac Line:
340 V
R(min) = 12A - 283 ohms (11)

In reality, this would be a 300 ohm resistor.

Oo— ]
OPTIONAL
// CURRENT LIMITING RESISTOR
15V —
c
30 30
o—- | AAA—9 —A—] L—o
Moc moc
e y\ A ay o
o— e R —o
o

Figure 6.36. Reversing Motor Circuit
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Figure 6.37. High-Wattage Lamp Control

AC POWER CONTROL WITH SOLID-STATE
RELAYS

The Solid-State Relay (SSR) as described below, is a
relay function with:

Four Terminals (Two Input, Two Output)

. DC or AC Input

Optical Isolation Between Input and Output

. Thyristor (SCR or TRIAC) Output

. Zero Voltage Switching Output (Will Only Turn On
Close to Zero Volts)

f. AC Output (50 or 60 Hz)

Figure 6.38 shows the general format and waveforms
of the SSR. The input on/off signal is conditioned (per-
haps only by a resistor) and fed to the Light-Emitting-
Diode (LED) of an optoelectronic-coupler. This is ANDed
with a go signal that is generated close to the zero-
crossing of the line, typically < 10 Volts. Thus, the output
is not gated on via the amplifier except at the zero-cross-
ing of the line voltage. The SSR output is then re-gated
on at the beginning of every half-cycle until the input on
signal is removed. When this happens, the thyristor out-
put stays on until the load current reaches zero, and then
turns off.

Pcoo oo

ADVANTAGES AND DISADVANTAGES OF SSRs

The SSR has several advantages that make it an at-
tractive choice over its progenitor, the Electromechanical
Relay (EMR) although the SSR generally costs more than
its electromechanical counterpart. These advantages are:

1) No Moving Parts — the SSR is all solid-state. There
are no bearing surfaces to wear, springs to fatigue,
assemblies to pick up dust and rust. This leads to
several other advantages.

No Contact Bounce — this in turn means no contact
wear, arcing, or Electromagnetic Interference (EMI)
associated with contact bounce.

Fast Operation — usually less than 10 us. Fast turn-
on time allows the SSR to be easily synchronized
with line zero-crossing. This also minimizes EMI and
can greatly increase the lifetime of tungsten lamps,
of considerable value in applications such as traffic
signals.

2

3

4) Shock and Vibration Resistance — the solid-state
contact cannot be “shaken open” as easily as the
EMR contact.

Absence of Audible Noise — this devolves from the
lack of moving mechanical parts.

Output Contact Latching — the thyristor is a latching
device, and turns off only at the load current zero-
crossing, minimizing EMI.

High Sensitivity — the SSR can readily be designed
to interface directly with TTL and CMOS logic, sim-
plifying circuit design.

Very Low Coupling Capacitance Between Input and
Output. This is a characteristic inherent in the opto-
electronic-coupler used in the SSR, and can be use-
ful in areas such as medical electronics where the
reduction of stray leakage paths is important.

5

6

7

8

This list of advantages is impressive, but of course, the
designer has to consider the following disadvantages:

1) Voltage Transient Resistance — the ac line is not
the clean sine wave obtainable from a signal gen-
erator. Superimposed on the line are voltage spikes
from motors, solenoids, EMRs (ironical), lightning,
etc. The solid-state components in the SSR have a
finite voltage rating and must be protected from
such spikes, either with RC networks (snubbing),
zener diodes, MOVs or selenium voltage clippers. If
not done, the thyristors will turn on for part of a half
cycle, and at worst, they will be permanently dam-
aged, and fail to block voltage. For critical applica-
tions a safety margin on voltage of 2 to 1 or better
should be sought.

The voltage transient has at least two facets —
the first is the sheer amplitude, already discussed.
The second is its frequency, or rate-of-rise of voltage
(dv/dt). All thyristors are sensitive to dv/dt to some
extent, and the transient must be snubbed, or
“soaked up,” to below this level with an RC net-
work.(1) Typically this rating (“critical” or "static”

(1) For a more thorough discussion of snubbers, see page 1-3-9.
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Figure 6.38. SSR Block Diagram

dv/dt) is 50 to 100 V/us at maximum temperature.
Again the failure mode is to let through, to a half-
cycle of the line, though a high energy transient can
cause permanent damage. Table 6. gives some
starting points for snubbing circuit values. The com-
ponent values required depend on the characteris-
tics of the transient, which are usually difficult to
quantify. Snubbing across the line as well as across
the SSR will also help.

Load Current Resistance Capacitance
A rms Q pF
5 47 0.047
10 33 0.1
25 10 0.22
40 22 0.47

Table 6.l. Typical Snubbing Values

2) Voltage Drop — The SSR output contact has some
offset voltage — approximately 1 V, depending on
current, causing dissipation. As the thyristor has an
operating temperature limit of +125°C, this heat
must be removed, usually by conduction to air via
a heat sink or the chassis.

Leakage Current — When an EMR is open, no cur-
rentcan flow. When an SSR is open however, it does

3

-~

MOTOROLA THYRISTOR DEVICE DATA
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LINE

not have as definite an off condition. There is always
some current leakage through the output power
switching thyristor, the control circuitry, and the
snubbing network. The total of this leakage is usu-
ally 1 to 10 mA rms — three or four orders of mag-
nitude less than the on-state current rating.
Multiple Poles — are costly to obtain in SSRs, and
three phase applications may be difficult to
implement.

Nuclear Radiation — SSRs will be damaged by nu-
clear radiation.

4

=

5

-

TRIAC SSR CIRCUIT

Many SSR circuits use a TRIAC as the output switching
device. Figure 6.39(a) shows a typical TRIAC SSR circuit.
The control circuit is used in the SCR relay as well, and
is defined separately. The input circuit is TTL compatible.
Output snubbing for inductive loads will be described
later.

A sensitive-gate SCR (SCR1) is used to gate the power
TRIAC, and a transistor amplifier is used as an interface
between the optoelectronic-coupler and SCR1. (A
sensitive-gate SCR and a diode bridge are used in pref-
erence to a sensitive gate TRIAC because of the higher
sensitivity of the SCR.)

CONTROL CIRCUIT OPERATION

The operation of the control circuit is straightforward.
The AND function of Figure 6.38 is performed by the
wired-NOR collector configuration of the small-signal
transistors Q1 and Q2. Q1 clamps the gate of SCR1 if
optoelectronic-coupler OC1 is off. Q2 clamps the gate if
there is sufficient voltage at the junction of the potential
divider R4, R5 to overcome the Vgg of Q2. By judicious
selection of R4 and R5, Q2 will clamp SCR1’s gate if more
than approximately 5 Volts appear at the anode of SCR1;
i.e., Q2 is the zero-crossing detector.

If OC1is on, Q1 is clamped off, and SCR1 can be turned
on by current flowing down R6, only if Q2 is also off —
which it is only at zero crossing.

The capacitors are added to eliminate circuit race con-
ditions and spurious firing, time ambiguities in operation.
Figure 6.39(b) shows the full-wave rectified line that ap-
pears across the control circuit. The zero voitage firing
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level is shown in 6.39(b) and 6.39(c), expanded in time
and voltage. A race condition exists on the up-slope of
the second half-cycle in that SCR1 may be triggered via
R6 before Q1 has enough base current via R2 to clamp
SCR1's gate. C1 provides current by virtue of the rate of
change of the supply voltage, and Q1 is turned on firmly
as the supply voltage starts to rise, eliminating any pos-
sibility of unwanted firing of the SSR; thus eliminating
the race condition.

This leaves the possibility of unwanted firing of the
SSR on the down-slope of the first half cycle shown. C2
provides a phase shift to the zero voltage potential di-
vider, and Q2 is held on through the real zero-crossing.
The resultant window is shown in 6.39(d).

CONTROL CIRCUIT COMPONENTS

The parts list for the control circuit at two line voltages
is shown in Table 6.11.

R1 limits the current in the input LED of OC1. The input
circuit will function over the range of 3 to 33 Vdc.

D1 provides reverse voltage protection for the input of
OcC1.

D2 allows the gate of SCR1 to be reverse biased, pro-
viding better noise immunity and dv/dt performance.

R7 eliminates pickup on SCR1’s gate through the zero-
crossing interval.

SCR1 is a sensitive gate SCR; the 2N5064 is a TO-92
device, the 2N6240 is a Case 77 device.

Alternatives to the simple series resistor (R1) input cir-
cuit will be described later.

POWER CIRCUIT COMPONENTS

The parts list for the TRIAC power circuit in Figure
6.39(a) is shown in Table 6.lll for several rms current
ratings, and two line voltages. The metal TRIACs are in
the half-inch pressfit package in the isolated stud config-
uration; the plastic TRIACs are in the TO-220 Thermowatt
package. R12 is chosen by calculating the peak control
circuit off-state leakage current and ensuring that the volt-
age drop across R12 is less than the VGT(MIN) of the
TRIAC.

Table 6.1. Control Circuit Parts List

Line Voltage
Part 120 V rms 240 V rms
Cc1 220 pF, 20%, 200 Vdc 100 pF, 20%, 400 Vdc
C2 0.022 uF, 20%, 50 Vdc 0.022 uF, 20%, 50 Vdc
D1 1N4001 1N4001
D2 1N4001 1N4001
0ocC1 MOC1005 MOC1005
(o)} MPS5172 MPS5172
Q2 MPS5172 MPS5172
R1 1kQ, 10%, 1TW 1kQ, 10%, 1TW
R2 47 kQ, 5%, 1/2 W 100 kQ, 5%, 1 W
R3 1 MQ, 10%, 1/4 W 1 MQ, 10%, 1/4 W
R4 110 kQ, 5%, 1/2 W 220 kQ, 5%, 1/2 W
R5 15 kQ, 5%, 1/4 W 15 kQ, 5%, 1/4 W
R6 33 kQ, 10%, 172 W 68 k2, 10%, 1 W
R7 10 kQ, 10%, 1/4 W 10 kQ, 10%, 1/4 W
SCR1 | 2N5064 2N6240

C11 must be an ac rated capacitor, and with R13 pro-
vides some snubbing for the TRIAC. The values shown
for this network are intended more for inductive load
commutating dv/dt snubbing than for voltage transient
suppression. Consult the individual data sheets for the
dissipation, temperature, and surge current limits of the
TRIACs.

TRIACs AND INDUCTIVE LOADS

The TRIAC is a single device which to some extent is
the equivalent of two SCRs inverse parallel connected;
certainly this is so for resistive loads. Inductive loads
however, can cause problems for TRIACs, especially at
turn-off.

A TRIAC turns off every line half-cycle when the line
current goes through zero. With a resistive load, this co-
incides with the line voltage also going through zero. The
TRIAC must regain blocking-state before there are more
than 1 or 2 Volts of the reverse polarity across it — at
120 V rms, 60 Hz line this is approximately 30 us. The
TRIAC has not completely regained its off-state charac-

Table 6.11l. TRIAC Power Circuit Parts List

Voltage 120 V rms 240 V rms
rms Current Amperes 8 12 25 40 8 12 25 40
BR11 MDA102A | MDA102A | MDA102A | MDA102A | MDA104A | MDA104A | MDA104A | MDA104A

C11, uF 0.047 0.047 0.1 0.1 0.047 0.047 0.1 0.1
(10%, line voltage ac rated)
R11 39 39 39 39 39 39 39 39
(10%, 1 W)
R12 18 18 18 18 18 18 18 18
(10%, 1/2 W)
R13 620 620 330 330 620 620 330 330
(10%, 1/2 W)

TR Plastic 2N6342 2N6342A — — 2N6343 2N6343A _ -

Metal — T4121B 2N6163 T6420B — T4121D T4121D T6420D

S
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Figure 6.41. TRIAC with Snubber Network

teristics, but does so as the line voltage increases at the
60 Hz rate.

Figure 6.40 indicates what happens with an inductive
or lagging load. The on signal is removed asynchro-
nously and the TRIAC, a latching device, stays on until

the next current zero. As the current is lagging the applied
voltage, the line voltage at that instant appears across
the TRIAC. It is this rate-of-rise of voltage, the commu-
tating dv/dt, that must be limited in TRIAC circuits, usually
to a few volts per microsecond. This is normally done by
use of a snubber network Rg and Cg as shown in Figure
6.41.

SCRs have less trouble as each device has a full half-
cycle to turn off and, once off, can resist dv/dt to the
critical value of 50 to 100 V/us.

CHOOSING THE SNUBBING COMPONENTS(1)

There are no easy methods for selecting the values of
Rg and Cg in Figure 6.41 required to limit commutating
dv/dt. The circuit is a damped tuned circuit comprised by
Rs, Cs, RL and L, and to a minor extent the junction
capacitance of the TRIAC. At turn-off this circuit receives
a step impulse of line voltage which depends on the
power factor of the load. Assuming the load is fixed,
which is normally the case, the designer can vary Rg and
(1) For a more thorough discussion of snubbers, see page 1-3-9.
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R22
D23
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Figure 6.42. SCR SSR Circuit
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Cs. Cg can be increased to decrease the commutating
dv/dt; Rg can be increased to decrease the resonant over-
ring of the tuned circuit — to increase damping. This can
be done empirically, beginning with the values for C11
and R13 given in Table 6.1ll, and aiming at close to critical
damping and the data sheet value for commutating dv/
dt. Reduced temperatures, voltages, and off-going di/dt
(rate-of-change of current at turn-off) will give some
safety margin.

SCR SSR CIRCUIT )
The inverse parallel connected Silicon Controlled Rec-

tifier (SCR) pair (shown in Figure 6.42) is less sensitive
'to commutating dv/dt. Other advantages are the

improved thermal and surge characteristics of having
two devices; the disadvantage is increased cost.
- The SCR power circuit can use the same control circuit
as the TRIAC Circuit shown in Figure 6.39(a). In Figure
6.42, for positive load terminal and when the control cir-
cuit is gated on, current flows through the load, D21, R21,
SCR1, D22, the gate of SCR21 and back to the line, thus
turning on SCR21. Operation is similar for the other line
polarity. R22 and R23 provide a path for the off-state
leakage of the control circuit and are chosen so that the
voltage dropped across them is less than the VGT(MIN)
of the particular SCR. R24 and C21 provide snubbing and
line transient suppression, and may be chosen from
Table 6.V or from the C11, R13 rows of Table 6.Ill. The
latter values will provide less transient protection but also
less off-state current, with the capacitor being smaller.
Other circuit values are shown in Table 6.1V.

Consult the individual data sheets for packages and
dissipation, temperature, and surge current limits.

While the SCRs have much higher dv/dt commutation
ability, with inductive loads, attention should be paid to
maintaining the dv/dt below data sheet levels.

ALTERNATE INPUT CIRCUITS

CMOS COMPATIBLE

The 1 kQ resistor, R1, shown in Figure 6.39(a) and Table
6.ll, provide an input that is compatible with the current
that a TTL gate output can sink. The resistor R1 must be
changed for CMOS compatibility, aiming at 2 mA in the

+0- *
oc1
R31
330k
INPUT
Q32
& D31 -t
1N4001 ING427
oaﬁ
172
MPS5 -
TH31 WESTERN THERMISTOR {330
CORP,, CURVE 2,
650 QO = 10% @ 25°C
P/N2C6500 OR
EQUIVALENT
-0

Figure 6.43. TTL/CMOS Compatible Input

LED for adequate performance to 100°C. At 2 mA do not
use the CMOS output for any other function, as a LOGIC
0 or 1 may not be guaranteed. Assume a forward voltage
drop of 1.1V for the LED, and then make the Ohm’s Law
calculation for the system dc supply voltage, thus defin-
ing a new value for R1.

TTL/CMOS COMPATIBLE

To be TTL compatible at 5 Volts and CMOS compatible
over 3 to 15 Volts, a constant current circuit is required,
such as the one in Figure 6.43. The current is set by the
VBE of Q31 and the resistance of the R32, R33, and ther-
mistor TH31 network, and is between 1 and 2 mA, higher
at high temperatures to compensate for the reduced
transmission efficiency of optoelectronic-couplers at
higher temperature. The circuit of Figure 6.43 gives an
equivalentimpedance of approximately 50 k(). The circuit

Table 6.IV. SCR Power Circuit Parts List

Voltage 120 V rms 240 V rms
rms Current Amperes 5 l 11 | 22 i 49 5 } 1 | 22 | 49
C21 (10%, line voltage ac rated) - SEE TEXT >
D21-24 1N4003 | 1N4003 | 1N4003 | 1N4003 | 1N4004 | 1N4004 | 1N4004 | 1N4004
R21 (10%, 1 W) 39 39 39 39 39 39 39 39
R22, 23 (10%, 1/2 W) 18 18 18 18 18 18 18 18
R24 - SEE TEXT >
SCR21.22 Plastic 2N6239 | 2N4442 | 2N6402 — 2N6240 | 2N4443 | 2N6403 —
Metal —_ 2N4170 | 2N6168 | 2N6172 — 2N4172 | 2N6169 | 2N6173

MOTOROLA THYRISTOR DEVICE DATA
1-6-22



BR41

INPUT AC MDATO0A

c4 2 uF
10%
50V

Ri2 S 2K, 10%

17w
| Re1
—
— 120V 1 22K, 10%, 1W
oct 20V 47K, 10%, 2 W
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performs adequately over 3 to 33 Vdc and —40 to
+100°C. Note that though the SSR is protected against
damage from improperly connected inputs, the external
circuit is not, as D31 acts as a bypass for a wrongly con-
nected input driver.

AC LINE COMPATIBLE

To use SSRs as logic switching elements is inefficient,
considering the availability and versatility of logic fami-
lies such as CMOS. When it is convenient to trigger from
ac, a circuit such as shown in Figure 6.44 may be used.
The capacitor C41 is required to provide current to the
LED of OC1 through the zero-crossing time. An in-phase
input voltage gives the worst case condition. The circuit
gives 2 mA minimum LED current at 75% of nominal line
voltage.

INVERSE PARALLEL SCRs FOR POWER
CONTROL

TRIACs are very useful devices. They end up in solid
state relays, lamp drivers, motor controls, sensing and
detection circuits; just about any industrial full-wave ap-
plication. But in high-frequency applications or those re-
quiring high voltage or current, their role is limited by
their present physical characteristics, and they become
very expensive at current levels above 40 amperes rms.

SCRs can be used in an inverse-parallel connection to

bypass the limitations of a TRIAC. A simple scheme for
doing this is shown in Figure 6.45. Table 6.V. lists sug-
gested SCR’s for this circuit configuration. The control
device can take any of many forms, shown is the reed
relay (Figure 6.45). TRIACs and Opto couplers can be
inserted at point A-A to replace the reed relay.

Compared to a TRIAC, an inverse-parallel configuration
has distinct advantages. Voltage and current capabilities
are dependent solely on SCR characteristics with ratings
today of over a thousand volts and several hundred
amps. Because each SCR operates only on a half-wave
basis, the system’s rms current rating is V2 times the
SCR’s rms current rating (see Suggested SCR chart). The
system has the same surge current rating as the SCRs
do. Operation at 400 Hz is also no problem. While turn-
off time and dv/dt limits control TRIAC operating speed,
the recovery characteristics of an SCR need only be better
than the appropriate half-wave period.

With inductive loads you no longer need to worry about
commutating dv/dt, either. SCRs only need to withstand
static dv/dt, for which they are typically rated an order of
magnitude greater than TRIACs are for commutating dv/
dt.

Better reliability can be achieved by replacing the reed
relay with a low current TRIAC to drive the SCRs, al-
though some of its limitations come with it. In the pre-
ferred circuit of Figure 6.45(b), the main requirements of
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Figure 6.45. Use of Inverse Parallel SCRs
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Table 6.V. Suggested SCRs

Line Load SCR Current
Voltage Current SCR Rating
(rms) (rms) (rms)
120V 25 A 2N5169 20A
220V 25 A 2N5170 20A
120V 35A 2N6506 25 A
220V 35A 2N6507 25 A
120V 50 A 2N3897 35A
220V 50 A 2N3898 35 A
120V 75 A MCR64-4 55 A
220 V 75 A MCR64-6 55 A

the TRIAC are that it be able to block the peak system
voltage and that it have a surge current rating compatible
with the gate current requirements of the SCRs. This is
normally so small that a TO-92 cased device is adequate
to drive the largest SCRs.

In circuits like Figure 6.45, the control devices alter-
nately pass the gate currents Ig1 and Ig2 during the ““a”
and “b" half cycles, respectively. || 3 and I} j, are the load
currents during the corresponding half cycles. Each SCR
then gets the other half cycle for recovery time. Heat
sinking can also be done more efficiently, since power is
being dissipated in two packages, rather than all in one.
The load can either be floated or grounded. If the SCRs
are not of the shunted-gate variety, a gate-cathode resis-
tance should be added to shunt the leakage current at
higher temperatures. The diodes act as steering diodes
so the gate-cathode junctions are not avalanched. The
blocking capability of the diodes need only be as high as
the VGT of the SCRs. A snubber can also be used if con-
ditions dictate.

This circuit offers several benefits. One is a consider-
able increase in gain. This permits driving the TRIAC with
almost any other semiconductors such as linear ICs,
photosensitive devices and logic, including MOS. If nec-
essary, it can use an optically coupled TRIAC driver to
isolate (up to 7500 V isolation) delicate logic circuits from
the power circuit (see Figure 6.46(c)). Table 6.VI. lists sug-
gested components. Another benefit is being able to gate
the TRIAC with a supply of either polarity. Probably the
most important benefit of the TRIAC/SCR combination is
its ability to handle variable-phase applications — nearly
impossible for non solid-state control devices.

INTERFACING DIGITAL CIRCUITS TO
THYRISTOR CONTROLLED AC LOADS

Because they are bidirectional devices, TRIACs are the
most common thyristor for controlling ac loads. A TRIAC
can be triggered by either a positive or negative gate
signal on either the positive or negative half-cycle of ap-
plied MT2 voltage, producing four quadrants of opera-
tion. However, the TRIAC's trigger sensitivity varies with
the quadrant, with quadrants Il and Il (gate signal neg-
ative and MT2 either positive or negative) being the most
sensitive and quadrant IV (gate positive, MT2 negative)
the least sensitive.

For driving a TRIAC with IC logic, quadrants |l and IlI
are particularly desirable, not only because less gate trig-
ger current is required, but also because IC power dis-
sipation is reduced since the TRIAC can be triggered by
an "‘active low” output from the IC.

There are other advantages to operating in quadrants
Il and lIl. Since the rate of rise of on-state current of a
TRIAC (di/dt) is a function of how hard the TRIA